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Preface 

The field of Solid State Ionics deals with ionically conducting materials in the 
solid state and numerous devices based on such materials. Solid State Ionic 
Materials cover a wide spectrum, ranging from inorganic crystalline and 
polycrystalline solids, ceramics, glasses, polymers, composites and also nano-
scale materials. 

A large number of Scientists in Asia is engaged in research in Solid State 
Ionic Materials and Devices. The Asian Society for Solid State Ionics has played 
a key role in organizing a series of bi-ennial conferences on Solid State Ionics in 
different Asian countries starting from 1988. The last two conferences were held 
in Langkawi Island, Malaysia (2002) and Jeju Island, Korea (2004). The present 
conference, organized by the Postgraduate Institute of Science (PGIS) and the 
Faculty of Science, University of Peradeniya, Sri Lanka, is the tenth in the series 
and it also coincides with the 10th Anniversary of the Postgraduate Institute of 
Science (PGIS). 

Research papers based on a wide variety of solid state ionic materials and 
devices are published in the proceedings. The topics cover inorganic crystalline 
and poly crystalline solids, ceramics, glasses, polymers, composite materials 
and nano-scale materials as well as devices such as solid state batteries, fuel 
cells, sensors, electrochromic devices and so on. The aspects covered include, 
theoretical studies and modeling, experimental techniques, materials synthesis 
and characterization, device fabrication and characterization and many more. 

Our sincere thanks are extended to all the invited speakers and the authors 
of the contributed papers for their prompt cooperation which enabled the 
publication of the Proceedings in time. 

We express our gratitude to all the sponsors listed in the Proceedings 
for their sponsorship and interest in this activity. In particular, we are grateful 
to the Materials Research Society of Singapore for sponsoring the entire cost 
of publication of the Proceedings. The International Programme in Physical 
Sciences (IPPS), Uppsala, Sweden has been supporting the Solid State Ionics 
Research Project at Peradeniya since 1984. The Director of IPPS, Prof. Lennart 
Hasselgren deserves our fondest gratitude. We mention with pride that 
the Peradeniya group completes its 20th year of solid state ionics research 
this year. 
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We are grateful to the Vice-Chancellor of the University of Peradeniya and 
the Dean and the Staff of the Faculty of Science at Peradeniya, and the Staff of 
the Postgraduate Institute of Science for their active cooperation rendered in 
organizing the Conference. 

Last, but not least, we thank the International and Local Advisory 
Committees for their guidance and the Local Organizing Committee for their 
untiring efforts which has made this event a success. 

20 April 2006 

B. V. R. Chowdari 
M. A. Careem 
M. A. K. L. Dissanayake 
R. M. G. Rajapakse 
V. A. Seneviratne 
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CHALLENGES AND OPPORTUNITIES 
OF SOLID STATE IONIC DEVICES 

WERNER WEPPNER 

Chair for Sensors and Solid State Ionics 
Faculty of Engineering, Chr.-Albrechts University Kiel 

Kaiserstr. 2, 24143 Kiel, Germany 
ww@tf.uni-kiel.de 

High energy density batteries, fuel cells, electrolysis cells, electrochromic devices, chemical 
sensors, thermoelectric converters or photogalvanic solar cells are solid state ionic devices of 
large practical interest in view of our energy and environmental problems. The engineering of 
new or improved devices is commonly based on individual materials considerations and their 
interaction in galvanic cells. Conflicts exist in view of the formation of chemically stable 
interfaces of functionally different electrolyte and electrode materials, simultaneous high energy 
and power densities because of commonly low conductivities of chemically stable materials, fast 
chemical diffusion in electrodes which should have a wide range of non-stoichiometry, practical 
problems of using less expensive polycrystalline materials which have high intergranular 
resistances and finally reaching both ionic and electronic equilibria at the electrolyte-electrode 
interfaces at low temperatures. Simultaneously high ionic conductivity and chemical stability 
may be reached by designing structures of large poly-ions of the non-conducting components. 
Electrodes should not be made of metallic conductors but of electronic semi-conductors with fast 
enhancement of the diffusion of the electroactive ions by internal electrical fields. Device 
considerations are based on the development of single element arrangements (SEAs) which 
incorporate the electrodes into the electrolyte in the case of fuel and electrolysis cells. The same 
simplification may be applied for electrochromic systems which consist of a single active layer 
instead of the conventional three materials. A new design of active chemical sensors probing the 
environment by the magnitude of the applied voltage or current may overcome the limitations of 
cross-sensitivities and interfacial reactions, which allows simultaneous sensing of several species 
by a single galvanic cell. 

1. Introduction 

The science and technology of Ionics is based on the phenomenon of ionic transport 
in the solid state. Since the very beginning of Nernst's discovery of ionic transport 
in several refractory oxides in the 1890's [1], there has been interest in the curiosity 
and application of this phenomenon. Major break-throughs have occurred with the 
understanding of the role of defects and the observation of ionic transport in solids 
as a quite general phenomenon [2] which may be also observed at ambient 
temperature [3]. The conductivities of several silver and alkaline ion conductors are 
of the same order of magnitude as the electronic conductivity in semi-conductors 
and ionic transport in common liquid electrolytes [4], 

Both the numbers and mobilities of the defects play important roles. Doping 
with aliovalent ions is a common tool which turned out to be very successful, but 
structural pecularities are more frequently the cause of high ionic conduction. In the 
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latter case, many sites are available for the moving ion which are energetically 
nearly equivalent and serve as fast pathways for the ions.. The transition from 
doping to structural disorder is continuous and there are examples for both features, 
e.g., solid solutions of Li4Si04 and Li3PC>4 [5] which form extraordinarily large 
numbers of lithium vacancies. 

In spite of the fast progress in disclosing many new compounds with fast ionic 
transport, progress is rather slow in most technologies where ionic and mixed 
electronic-ionic conductors play an essential role, e.g., fuel cells, batteries, 
electrochromics, sensors and thermoelectric converters. This is due to the fact that 
individual materials are rather meaningless for applications and instead the 
interfaces between ionically and mixed conducting materials are predominantly 
important [6]. This situation is similar to electronics where junctions between two 
different materials play the important role and not the electronic conductivity in 
bulk materials. Ionic devices take - in addition to the electronic junctions -
advantage of the energetic equilibration of the mobile ions across the interface and 
the blocking of the ionic conductor for the electronic charge carriers in the bulk 
which therefore have to move through the outer circuit and may perform work in 
this way. 

It is apparent that the ionic junctions are more complex because of the 
equilibration and motion of several charge carriers at interfaces and the alternating 
motion of different charge carriers in the different materials of the electrical circuit. 
Accordingly, specific engineering of solid state ionic devices is required which has 
to take into account the materials requirements of interfaces which appear to be 
often contradictary. The conflict in developing appropriate materials will be 
described and solutions of engineering ionic devices will be given for the 
development of materials and entire devices. 

2. Requirements and Conflicts 

A substantial number of fast predominantly ionically conducting solid electrolytes 
and mixed conducting electrodes with high chemical diffusion rates is presently 
known. In addition to these properties, several other requirements have to be 
fulfilled, which are often contradictory. 

Interfacial Stability. The electrical fields occur at the electrolyte/electrode 
interfaces over a distance of atomic dimensions. Chemical reactions should 
therefore not occur within this regime over the lifetime of the device. 

In a first approach it seems appropriate to choose materials which exist in 
thermodynamic equilibrium. As illustrated in Fig. 1 for a (quasi-) ternary lithium 
system, the electrolyte E should be located in the phase diagram in-between the 
positions of the anode A and cathode C on the straight line toward the lithium 
corner. Two-phase regimes have to exist in-between. Such systems may exist, 
however, the electrolyte and the electrodes have to have quite different functional 
properties. It is not very likely to find many systems in which this requirement is 
fulfilled, since the electronic and stoichiometric requirements are too different. 
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Fig. 1. Ternary or quasi-ternary lithium system with ideal compositions of the electrolyte E in-between the 
anode A and cathode C on a straight line which passes through the lithium comer. 2-phase regimes exist 
in-'jetween the three phases. Anode and cathode should have wide ranges of non-stoichiometry in the 
direction of the lithium comer, while the electrolyte has a rather narrow stoichiometric width. Appropriate 
electronic and ionic conductivities of the three phases should exist. 

Furthermore, a close mechanical contact has to exist at the interface in order to 
provide sufficiently large areas of ionic and electronic exchange. Since many 
systems have to undergo thermal cycling during preparation, the expansion 
coefficients should be as close as possible. 

Energy vs. Power Density. For high energy densities electrodes have to be 
employed with large differences in the activities of the mobile component, i.e., 
electrolytes have to be employed with high decomposition voltages. In order to 
achieve also high current densities, it is necessary that the ions show high 
mobilities. Figure 2 compiles the decomposition voltage as a function of the 
activation energy of the ionic conductivity in the case of binary lithium ion 
conductors. In the limiting case of very high temperatures, the conductivities 
become more and more the same for all ionic conductors and the activation energy 
is accordingly reflecting the inverse of the conductivity at lower temperature at 
which the device is being employed. There is accordingly a dilemma in choosing 
either materials with high ionic conductivity but low stability or materials with low 
conductivity but high decomposition voltage. This is readily understood from the 
point of view that high decomposition voltages require strong chemical bonds which 
is in contrast to weak ones required for low interaction between the ions to allow 
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Fig. 2. Activation energy of the ionic conductivity vs. the decomposition voltage of binary lithium ion 
conductors. For a given temperature, the activation energy is inversely proportional to the conductivity. 
Therefore, chemically stable compounds show low conductivities while compounds with low chemical 
stability have high ionic conductivities. Strong chemical bonds prevent the ions from moving. 
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Fig. 3. The range of non-stoichiometry of compounds depends on the concentration of electronic charge 
carriers. The chemical potentials of the components are constant in 2-phase mixtures according to Gibbs' 
phase rule (in the case of binary or quasy-binary compounds), while the chemical potential of the neutral 
component drops over the range of stoichiometry. The chemical potential of the neutral component may 
be expressed by those of the ions and electrons. Considering that the chemical potential depends 
logarithmically on the concentration, the chemical potentials of the lithium ions, which are present in 
large numbers, may be considered to be constant. The electrons then control the drop of the chemical 
potential of the neutral component which is rapid in the case of small concentrations of electrons. 

high mobilities. 
Chemical Diffusion in Electrodes. In order to minimize concentration polarization, 
the ions have to be rapidly transported from the interior of the anode to the interface 
with the electrolyte and at the opposite interface into the cathode. For this purpose, 
high mobilities of the electroactive ions are required in both electrodes. In addition, 
the motion of the ions should be enhanced by the internal electrical fields generated 
by simultaneously moving electrons. The large enhancement of the motion of ions 
in chemical diffusion processes requires a small number of electronic charge 
carriers, which corresponds to a small stoichiometric width (Fig. 3). This is in 
contrast to the requirement of large reservoirs for the mobile ions in the electrodes. 

The requirements of large phase widths and fast chemical diffusion in the 
electrodes are accordingly commonly not fulfilled simultaneously. 

Practical Problems. The preparation of practically useful ionic conductors often 
involves the application of high temperatures, sputtering or evaporation. It is 
common that the compounds include some components that have high vapour 
pressures and other ones that have very low volatility. It is necessary to avoid the 
formation of compounds, which have eventually different stoichiometries than 
anticipated. 

Further, for practical reasons, polycrystalline materials should be used instead of 
single crystals. These show commonly large resistances at the grain boundaries 
which are often larger than the bulk resistance. An example is shown in Fig. 4 
which shows the polycrystalline structure of the fast ion conductor 
Lio.3Sro.6Tio.5Tao.5O3 [7]. The knowledge on this transport of ions across interfaces is 
presently quite limited. 

http://Lio.3Sro.6Tio.5Tao.5O3
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Fig. 4. Polycrystalline structure of the fast ion conductor LituSro.sTVsTao.sOj. Large 
resistances are commonly observed at grain boundaries which are often larger than the 
bulk conductivity. Other materials are known with comparatively small contributions of 
the grain boundaries to the total conductivities. 

Several investigations on the chemical composition of near-surface regimes 
have shown that major deviations occur compared to the bulk. Commonly, these are 
segregations of impurities or dopants. A practically important example is yttria 
stabilized zirconia of the composition 0.9 Zr02 - 0.1 Y2O3 which has been 
investigated by LEIS first in the pristine state after room temperature preparation 
followed by subsequent increase in temperature and analysis of the surface 
composition [8]. Starting at a temperature of about 900 °C, monolayers of impurity 
metal (Na, Si, Ca) oxides have been observed. Underneath these layers, yttria has 
been drastically enriched and the concentration has been increased to 45 %. Similar 
results have been observed for tetragonal zirconia which has a nominal yttria 
concentration of 3 mol-% but is enhanced at the surface up to 30 mol-%. 

Chemical Non-Equilibria. Nernst's law requires thermodynamic equilibria at the 
electrolyte-electrode interfaces. The energies of both electrons and ions have to 
become balanced and thermodynamically most favourable phases should be formed. 
Very often, slow kinetics and relaxation processes prevents equilibration. An 
example is the interface between platinum and the oxide ion conductor zirconia, 

Oi(ps) Os(g«s) 

Fig. 5. Contact of the electronic lead with an oxide ion conducting zirconia electrolyte. Oxygen from the 
gas may be only incorporated into the zirconia lattice at the triple point electrolyte/platinurn/gas. The 
voltages are generated by the electronic junction between the platinum plagues and the electrolyte. The 
response time is given by the diffusion of oxygen in zirconia along the phase boundary and electrons in 
the platinum. 
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which is used in the commercial ^.-probe (Fig. 5) [9]. The oxygen molecules from 
the gas may take up electrons at the surface of platinum and may be only 
incorporated into the zirconia lattice at the triple point electrolyte/platinum/gas. The 
voltages are, however, generated along the entire interface Pt/Zr02. Only electrons 
may be exchanged at this interface since the solubility of oxygen in Pt is negligibly 
small. This junction is fully identical with a common electronic Schottky junction of 
a metal-semiconductor interface. However, the electronic concentration in zirconia 
is variable upon the change in the oxygen partial pressure of the gas. In case of an 
increase in the oxygen partial pressure, oxygen will be incorporated into the lattice, 
which decreases the number of electrons due to ionisation of the oxygen. The 
electrostatic potential drop across the interface will increase at the edge near the 
triple point since a larger concentration difference of the electrons between the two 
phases is generated. In the center of the platinum contact, the former concentration 
difference still exists and the voltage drop across the interface is lower in the center 
of the platinum contact than at the edges. 

Other kinetic effects are based on side reactions, especially when a less stable 
compound is formed then thermodynamically favorable It has to be also taken into 
consideration that only the redox process which includes the electrons from the 
electrode and the ions from the electrolyte generate the voltage. E.g., the formation 
of Na2C03 in electrochemical CO2 sensors based on fast solid state sodium ion 
conductors is assumed to take place at the interface between the sodium ion 
conductor and the electronic lead. This process involves both C0 2 and 0 2 from the 
gas besides e" from the electronic lead and Na+ from the electrolyte. If, by kinetic 
reasons, sodium oxide is being formed initially before this compound reacts 
subsequently with C0 2 to form Na2C03, only the energy of formation of the oxide is 
seen by the cell voltage. The energy of the later reaction with C0 2 is converted into 
heat [10]. 

The various problems mentioned here require careful design and engineering of 
appropriate materials and their interplay in devices. In the following, solutions and 
concepts will be given, which are based on systematic understanding of functional 
materials properties. 

3. Materials Considerations 

Most approaches in developing ionic devices are based on trial-and-error. It appears 
favorable, however, to follow more systematic paths of materials and device 
development. 

Simultaneous High Conductivity and Chemical Stability. As an example, the 
strong electrostatic interaction between lithium cations and chlorine anions has been 
overcome by employing another chloride which is capable to screen partially the 
attractive forces of the anions. A1C13 has been employed to form the new ternary 
compound LiAlCl4. The structure consists of large A1C14 tetrahedra with aluminium 
in the centre and four chlorine ions at the corners. The lithium ions are located in-
between with a substantially decreased cationic-anionic interaction. As shown in 
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Fig. 6. Structure of the lithium ion conductor LiAlCU. The A1C14 anions form tetrahedra. The lithium 
ions arc located in-between and have much less chemical interaction with the chlorine ions compared to 
LiCl. 

Fig. 6, the lithium ions are mobile along various pathways. The motion is 3-
dimensional, but channels are especially visible in a-direction. The ionic 
conductivity of LiAlCL, has been found to be one of the highest among all lithium 
ion conductors [11]. 

An example of forming large structural units of the counter ions and ionic 
defects for fast ionic motion is Li4Si04 + Li3P04 which are completely miscible. Si 
and P form tetrahedra with oxygens at the corners and lithium ions in-between. 
Replacement of the 4-valent SiC^4- by the 3-valent P04

3~ substitutes three lithium 
ions and generates one lithium vacancy. A maximum ion conductivity is found in 
the case of approximately 50 % replacement [5]. 

In addition to the improvement of the lithium ion conduction in solids by the 
addition of different cations, the ionic conduction and stability have been improved 
by doping the non-conducting partial lattice. Examples are new compounds being 
formed along the quasy binary sections lithium halides - lithium nitride [12]. The 
^liovalent anions generate defects in the lithium partial lattice, which results in 
lithium ion conductivity values in-between those of Li3N and LiHal. 

Kinetic Stability. Conventional organic electrolytes employed in commercialised 
lithium ion batteries show instabilities with the electrodes which are summarized 
under the acronym SEI (Solid Electrolyte Interface). The formation of several 
different layers has been reported. This effect contributes to the limitations in the 
lifetime of the presently commercially available lithium ion batteries. 

Only components with extraordinary low diffusion coefficients should be 
employed. The interfacial layer growth rate is related to the chemical diffusion in 
the product phase, but may be also controlled by polarisations such as redox and 
transfer processes. Assuming the parabolic rate law for bulk controlled growth, the 

/ ~ \xl2 

thickness of the grown layer after a period of time x is given by L = I 2 D T 1 , 

where D is the chemical diffusion coefficient. 
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Assuming that L is only 1 A, for a lifetime of the device of 10 years, the 
chemical diffusion coefficient should be smaller than 1(T25 cm2/s. Such a value is 
rather low as compared to gases or liquids but not uncommon at all for many atomic 
species in the solid state. E.g., it has been estimated that Zr4+ diffuses at a rate 
slower than 1(T50 cm2/s in zirconia at room temperature. 

In view of the large variation in the concentration of the electrons across the 
electrolyte it is essential that the mobilities of the electronic charge carriers are very 
low. Otherwise, small concentrations of impurities would readily result in 
predominant electronic conductivities. This aspect may be taken into consideration 
as a criterion in the search for new ionic conductors [13,14]. All suitable solid ionic 
conductors have small polaron type electronic conduction. The mobility is low 
because of the relaxation of the surrounding lattice. The activation energies are 
similar to those for the motion of ions and have been found to be even substantially 
higher in some cases [13]. 

Semiconducting Electrodes. Textbooks commonly require metallic conducting 
electrodes. Practically no voltage drop should occur before the electrons have 
reached the electrode/electrolyte interface where the redox process takes place. This 
requirement is in conflict with fast diffusion of the electro-active component. The 
concentration polarization should be minimized in order to reduce energy losses and 
to provide high power densities. 

The low concentration of electronic charge carriers for high enhancement factors 
of the chemical diffusion requires high mobilities of the electrons in order to make 
the material predominantly electronically conducting. This has so far been best 
fulfilled in the case of intermetallic lithium compounds, especially Li3Sb which 

holds the presently highest Wagner factor of W = 7-104 [15]. High values have 
also been observed for Li3Bi, LiAl, Li22Sn5, Li22Si5, Lii3Sn5, Lii3Si4, etc. These 
intermetallic compounds have higher chemical diffusion than the self-diffusion of 
lithium in molten lithium or the self-diffusion of copper in molten copper at 1100 
°C. Accordingly, the ions are diffusing at liquid like rates in the solid state. 

4. Device Considerations 

In some applications it is not required to change the compositions of the electrodes 
in contact with the electrolyte during operation, e.g. in the case of fuel or 
electrolysis cells. In some other cases, only a minor change in the composition is 
required, e.g. in the case of electrochromic devices or chemical sensors. In these 
cases, electrodes may be omitted and the entire galvanic cell may be formed by a 
single material of the same thermodynamic phase which has a compositional 
gradient. This approach has been named SEA concept [10] which stands for Single 
Element Arrangement. 

SEA Concept for Fuel and Electrolysis Cells. Solid ionic conductors show 
commonly ionic conductivities independent of the activity of the electro-active 
component. The number of ionic defects, which contribute to the ionic conductivity, 
is very large and does not depend on the variation of the activity of the mobile 
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component, which is imposed from the outside by the oxidizing and reducing gases 
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Fig. 7. Dependencies of the concentrations of excess electrons and holes as minority charge carriers in a 
proton or oxide ion conductor as a function of the partial pressure of hydrogen and oxygen at T = 800 K. 
An activity of water of 1 is assumed. 

at the cathode and anode in fuel cell operation mode and anode and cathode in 
electrolysis operation mode, respectively. That means, the ionic conductivity of the 
oxide ion or proton conductor is the same anywhere in the electrolyte. This does not 
hold, however, for the electronic minority charge carriers. Their conductivities 
depend strongly on the oxygen and hydrogen activity as described by Brouwer 
diagrams. The uptake of oxygen into the electrolyte is accompanied by a decrease in 
the concentration of free electrons or increase in the concentration of holes. 
Similarily, the uptake of hydrogen is accompanied by a decrease of the 
concentration of holes or an increase in the concentration of free electrons. 

The dependencies of the concentrations of the electronic minority charge carriers 
on the partial pressure of hydrogen and oxygen are shown in Fig. 7. Depending on 
the ionic and electronic defect chemistry of the material, predominant hole 
conduction may be achieved at the air or oxygen electrode while predominant 
excess electronic conduction may prevail at the hydrogen or fuel electrode side. The 
electrolyte may serve in this way also as electrodes under the given partial pressures 
of the gases. No separate electronic leads are necessary, except possibly a grid of 
good electronic conduction in order to avoid high resistances of the current 
collection along the surface. In practical cases, those grids are simultaneously the bi
polar plates, which carry the gas along perpendicular channels. No separate 
electrodes with a chance of chemical reactions, poor contact, high interfacial 
resistances and different expansion coefficients are needed any longer. 

Instead of making an ionic conductor more electronically conducting at the 
electrodes, the SEA concept has been also approached from the opposite side of 
employing originally electronic conductors. SrFe03 and SrSn03 are commonly 
known as semi-conductors. Solid solutions of both compounds generate appreciable 
disorder and ionic conductivity, which results in a predominantly ionically 
conducting regime in-between the oxygen partial pressures established in a fuel cell. 
This has been observed by measuring cell voltages in the range of 800 mV at 750 
°C. Together with the impedance measurements under high and low oxygen partial 
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Fig. 8. Conductivities of SrSn03 with various amounts of Fe replacing Sn in increments of 10 % from 0 -
100 %. Excess electronic conductivity is observed at low oxygen partial pressures while predominant 
hole conduction is observed at high oxygen partial pressures. In-between, ionic conducting regimes are 
observed which provide voltages up to 800 mV. 

pressures, this results in the Brouwer diagram shown in Fig, 8. It seems, however, 
that the ionically conducting regime is not yet large enough for practical application 
and has to be improved in further work. 

SEA Concept for Electrochromic Devices. Common electrochromic devices 
consist of three layers of the electrochromic active material (often W03), the liquid 
or solid electrolyte and a suitable counter electrode plus electronic leads (commonly 
ITO), i.e., 5 layers have to be prepared which should be all-together thin enough in 
the case of windows with variable transmission in the visible. The coloration occurs 
as a result of the change in the chemical composition by a current flux in at least one 
of the layers. 

Alternatively, the chemical composition may be changed in compounds with an 
originally homogeneous composition by the application of voltages. There is no 
special restriction whether the materials are predominantly ionically or 
electronically conducting. It is only required that ions are mobile and may move 
over the distance of the thickness of the layer within the given period of the 
switching time of the device. 

The compound becomes oxidized at one side and reduced at the opposite side. 
If a starting composition at or near the ideal stoichiometry is being used, the 
material shows a higher excess electron concentration at the negative electrode side 
and a higher hole concentration at the positive electrode side. This is 
accompanied by color changes in appropriately chosen materials at one or even 
both sides. 

Successfully engineered materials should include chemical elements which may 
be reduced at the negative electrode side and elements which may be oxidized at the 
positive electrode side. Examples of such materials are LixLay(2_X)/3FezTii_y03 which 
includes reducible titanium and oxidizable Fe and Lio.3Sro.6Tao.5Tio.5O3 [16]. The 
electrochromic effect of this material has been successfully demonstrated by 
employing samples in the shape of bars which became sectioned after the 

http://Lio.3Sro.6Tao.5Tio.5O3
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application of the voltage and separately characterized subsequently. Colored areas 
have been observed at both electrode sides. The oxidation and reduction occurs via 
the motion of lithium ions. In view of Duhem-Margules' law, the lithium activity is 
related to the oxygen activity. 

Theta Sensors. Also the engineering of chemical sensors may take advantage of 
new concepts in order to overcome the limitations of poor reproducibility and cross 
sensitivity. The arrangements are simplified by considering that the solid 
electrolytes may play a more active role than previously attributed. So far, 
electrolytes are employed to generate a voltage according to Nernst's law in 
potentiometric sensors or to act as a filter and pump for passing the component of 
interest through the ionic conductor in amperometric sensors. All previous devices 
may be called "passive" since the action of the gas on the voltage or current is 
observed. 

In the Theta (0) sensors, the solid ionic conductor plays a more "active" role 
[17]. The voltage or current are changed with time, i.e., a variable activity of the 
electro-active component is imposed on the gas. There has to be a chemical reaction 
occuring at the interface which may be rate-determined by various processes, 
including concentration polarization, redox and absorption processes. The reactions 
will change with time with the applied voltage or current and may thus provide a 
finger print of more than one component. A single galvanic cell may be sufficient to 
detect simultaneously a large fraction or even the entire gas composition. The gas is 
forced to respond to a driving force which is generated by the applied voltage. 
Besides varying the activity of the electro-active component it is also possible to 
apply activities of other components by employing secondary equilibria, e.g. 
employing one of the fast sodium ion conductors with Na2C03 at the surface which 
relates the sodium activity to partial pressures of C0 2 and 0 2 . 

5. Conclusions 

New approaches in engineering solid state ionic devices have to overcome many 
conflicting requirements by developing simpler and more reliable materials design. 
The advantages of solid ionic and mixed conducting materials have hardly been 
taken into account. Reliability, safety and energy densities are favourable features 
which may overcome the present limits of liquid systems. 

Various requirements can be met by new approaches to design suitable 
individual materials. The chemical stability may be improved to accommodate the 
highest possible voltage drops across the electrolyte and suitable structures may 
provide high ionic conductivities. Electrodes may be engineered with fast chemical 
diffusion to reach high power density rates. Compromises have to be made, 
however, and there is still a major degree of innovation with regard to appropriate 
materials needed. Most important is the need in bringing the materials together to 
generate solid state galvanic cells. New concepts may overcome the limitations of 
generating reaction products at the interfaces and to avoid the interface at all. 
Controlling and reading both voltage and current offers many new opportunities in 
the design of gas sensors for the detection of multiple numbers of species in gases or 
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liquids. Many new technologies will come up in the future following new designs of 
appropriate devices. 
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ABSTRACT 

Mass transport phenomena in phosphoric acid, an important fuel cell compound, of 

varying concentration were studied by multinuclear NMR measurements including 

pulsed gradient spin-echo (PGSE) and static field gradient techniques. The latter 

method was developed in order to be able to measure self-diffusion as a function of 

applied hydrostatic pressure. The high pressure measurements were carried out at 

288 K, and variable pressure up to 2.5 kbar. The high pressure data were obtained 

for four different concentrations of phosphoric acid in water in the range of 6% -

100% by weight. The calculated activation volume for XH nuclei, increasingly 

dominated by the water protons, decreased as the acid concentrations decreased, 

exhibiting behavior approaching that of liquid bulk water. In addition 31P data show 

higher activation volumes than the corresponding 'H data, mainly due to the larger 

molecular size of the phosphate groups compared to water molecules. This 

difference is a factor of two for 100% acid, suggesting a proton transport 

mechanism for high concentration acid which involves the hopping transfer of 

protons between the larger phosphate groups. Using 'H and 3IP pulsed gradient 

spin-echo techniques, self-diffusion coefficients have been measured for a range of 

phosphoric acid concentrations (6-100 wt %) over the temperature region from 293 

to 363 K. The data show again that protons diffuse faster than the phosphorus 

carrying species. Different activation energies are obtained above and below 12 wt 

% acid concentration, suggesting the presence of ion association effects at this 

concentration. 

Introduction 

Phosphoric acids have many important industrial applications such as in the food 

and detergent industries'. In addition, their use as proton conductors in 

electrochemical devices such as fuel cells and solid state batteries2 is another area 
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which has recently attracted considerably interest. For this reason it is essential to 
know the ion transport mechanism in these materials in order to optimize the proton 
conductivity of polymeric membranes containing phosphoric acid for efficient fuel-
cell performance. In this regard the important experimental parameters are viscosity, 
ionic conductivity, and self-diffusion coefficients, which characterize the 
translational mobility of a molecular or ionic species in homogeneous media. In 
particular, temperature-dependent measurements of these variables provide 
valuable information on molecular organization and interactions with the 
environment. A number of conductivity3'4'5'6'7 and diffusion measurement8'9'10'11 

have been reported for various concentrations of phosphoric acids. Previous NMR 
investigations of mass transport in phosphoric acid systems have demonstrated that 
phosphate transport is vehicular, while proton transport occurs via a Grotthus 
hopping mechanism8'12'13 which is not associated with movement of the whole ion 
or molecular species through the viscous medium (as in the vehicular mechanism). 
In this mechanism the electric conduction is believed to occur by the disassociation 
of hydrogen-bonded protons and their transfer from one solvated acid molecule to a 
neighboring one in the solution. From the same investigations they have 
demonstrated that phosphate ion transport mechanism is vehicular. 

In this investigation, self-diffusion coefficients are measured and then 
used to evaluate mass transport in phosphoric acid, a useful material for fuel cell 
applications. In general, the study of ion transport in polymers can be greatly 
assisted by employing pressure and temperature as independent thermodynamic 
variables. Molecular motions and ionic diffusion are associated with volume 
fluctuations that can be probed directly by performing measurements as a function 
of pressure. The activation volume associated with ionic and molecular motion, 
which is a measure of the volume change of the material as the ions or molecules 
pass from an equilibrium position to a saddle point, can be derived directly from the 
variable pressure data. Activation volumes for four different phosphoric acids 
concentrations are reported in the present work. Self-diffusion measurements are 
customarily made by the pulsed gradient spin-echo (PGSE) method14'15, but in first 
part of this work the static gradient associated with the fringe field of the NMR 
magnet was used. Two advantages of the static gradient are its typically much 
larger magnitude than obtainable with NMR probe gradient coils, and the relative 
ease of incorporating a pressure cell into the experiment. 

For the second part of this work, complementary 31P self-diffusion 
coefficients have been measured using the PGSE diffusion measurements as a 
function of temperature to probe the motion of the ions for different concentrations 
of phosphoric acid in aqueous solutions (6~wt 100%). While there are published 
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reports8'11 of temperature-dependent 31P and *H self-diffusion NMR measurements 
on phosphoric acid, we are not aware of any self-diffusion NMR investigations for 
concentrations less than 85% H3PO4. 

Experimental Details 
Analysis grade phosphoric acid (85%) from Sigma Chemicals was used without 
further purification. Stock solutions of 85% phosphoric acid in water were prepared. 
Solutions of desired concentrations were then prepared by dilution of the stock 
solution. 

High pressure measurements were carried out for four different 
concentrations of phosphoric acid in the range of 6% - 100% for 'H species and 
100% and 85% acids used for 31P species. For NMR measurements the solutions 
were placed in to 0.6 cm x 0.5 cm x 0.18 mm hermetically sealed thin polyethylene 
bags, which were shown to produce a negligible proton NMR background signal 
compared to the signal from the solution. This was necessary in order to isolate the 
sample from the pressure transmitting fluid. The naturally existing field gradient of 
a conventional 7.3 T superconducting magnet was used for the measurements. The 
central field and gradient strength were varied continuously, within the limits of the 
magnet, by moving the NMR probe head within the bore of the magnet. The 
position of the NMR coil (which contains the sample) determines both the resonant 
frequency and the magnetic field gradient. A home-built counter controlled 
motorized stage, capable of moving the probe in precise steps of 0.25 mm, was 
used to center the coil at a field gradient strength (G = dBJdz) of 0.28 T/cm for 'H 
nuclei and for 3IP nuclei. These values were determined experimentally using the 
standard self-diffusion coefficient of water.16 Accurate variation of the pressure (0 
to 2.5 kbar) was carried out using an ENERPAC 11-400 hydraulic system fitted to a 
sealed Cu-Be alloy high-pressure chamber (bomb) inside of which resides the NMR 
excitation coil and sample. Electronic connection between the coil inside the 
pressure bomb and external matching and tuning capacitors was facilitated by a 
high pressure hermetic feed through. 

A homebuilt broadband NMR spectrometer operating at 74 MHz (the 
central field value corresponding to the position of the sample in the fringe-field) 
and utilizing a phase cycled spin-echo pulse sequence (n/2 - r - n - T - acquire) was 
used to detect the proton and phosphorus echo signal from the sample. Pulse widths 
(7t/2) were typically of 2.6 (xs duration. 

For PGSE NMR measurements, the solutions were placed in a 5 (OD) x 
20 mm NMR tubes and sealed with the sample cap and parafilm. The temperatures 
was varied from 293 to 363 K with equilibration times of 20 - 25 minutes between 
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each temperature change. The PGSE NMR measurements were performed on a 

Chemagnetics CMX-300 spectrometer with a 'H and 3IP Larmor frequencies of 

301.0 and 121.8 MHz respectively. The NMR experiments were carried out using 

a 5mm dual broad band gradient PGSE probe provided by Nalorac. Self-diffusion 

coefficients were obtained using the Hahn spin-echo pulse sequence (n/2 - x - 71). 

For a diffusing system in the presence of a magnetic field the application of square-

shaped magnetic gradients of magnitude g and duration 8 results in attenuation of 

the echo amplitude A. This attenuation may be represented by A(g) = exp [-y2 g2 

D s2(A-(8/3))], where y, D and A represents the nuclei's gyromagnetic constant, 

self-diffusion coefficient, and gradient delay. Applied gradient strengths ranged 

from 0.2 - 1.2 T/m, 5 and A ranged from 1-10 and 10 - 40 ms respectively. The 

resulting echo profile vs. gradient strengths is fitted to the above equation and D is 

extracted. Uncertainties in self-diffusion coefficient measurements are ~5%. 

Results 

Proton spin echo intensities M(j) were measured as a function of the pulse 

separation, r, and self-diffusion coefficients D were extracted from the data using 

equation (1), below.17 

M{T) = A/ 0 exp{-2/3[3r / r 2 +(yG)2Dr2]} (1) 

In this expression M0 is the maximum magnetization (at r = 0) and y is the proton 

gyromagnetic ratio. To assist in the analysis, proton transverse relaxation times T2 

were measured independently and the data were fit to a linearized version of 

equation (1) with slope = 2(yG)2D/3 and intercept = 2/T2. In this way the diffusion 

coefficients were gathered with respect to applied pressure. The self-diffusion 

coefficients for 'H species and 3IP as a function of pressure for different 

concentrations of phosphoric acids are plotted in Fig.l. 

The data in Fig. 1 can be further analyzed to yield the activation volume 

Av associated with the diffusing water molecules according to equation (2). 

Av = -kT 
rd\r\D 

V dP j T 

(2) 
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Pre s sural kbar] 

Figure 1. Semi log plot of the self-diffusion coefficient, as the function of pressure for different acid 

concentrations at temperature 288K 

The activation volumes for four different concentrations of phosphoric acids are 
given in table I. 

Table 1: Activation volumes for different concentrations of phosphoric acids. 

Acid Concentration % 

6 
55 
85 
100 

Acid Concentration % 

85 
100 

Activation volume of 'H (cm3/mol) 

0.97 ± 0.08 
3.15 ±0.25 
4.20±0.34 
6.13 ±0.49 

Activation volume of 31P (cm3/mol) 

8.70±0.70 
12.60± 1.00 

Figure 2 shows plots of 31P diffusion coefficients as a function of inverse 
temperature for the range of phosphoric acid concentrations investigated. 
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Figure 2. 3IP self-diffusion coefficients for various concentrations of H3PO4 as a function of inverse 

temperature. Solid lines are guides for the eye. 

The slopes of the lines for concentrations 50-100% in Fig. 2 are approximately 
constant indicating that the activation energies in these materials are similar to the 
reported value8 of 0.38eV for 85% solution. Below 50%, a distinct curvature in the 
data is noted. 
Figure 3 shows the 'H and 31P diffusion coefficients for the 100% H3PO4 solution, 
reproduced from reference 8. 

Fig. 3.-"P and 'H self-diffusion coefficients for 100% H3PO4 as a function of inverse temperature. The 

solid lines are non-linear least squares fits to the Arrhenius relation (from reference 8). 
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The effect of temperature upon diffusion coefficients at constant pressure can 
usually be represented satisfactorily by a simple Arrhenius-type equation of the 
form D=D0exp(-Ea/kBT) where T is the temperature in Kelvins, kB is the Boltzmann 
constant, Ea is the average activation energy for diffusion and D0 is the diffusion 
prefactor. From Figs. 2 and 3, it can be seen that the diffusion coefficients closely 
follow an Arrhenius relationship over the temperature range investigated. The 
calculated activation energy values from a non-linear least squares fit to the 
Arrhenius relation is shown in Table 2. 

Table 2. 100%H3PO4 (aq) solution. Arrhenius 

diffusion equation fitting parameters. 

Nucleus 

31p 

'H 

Do(103cm2/s) 

0.61 

6.61 

Ea (eV) 

0.34 

0.24 

The activation energy values obtained for the 100% solution are similar to those 
found for the 85% solution8. 

Discussion 

Pressure dependence 
The self-diffusion coefficients of proton and phosphorous species decrease with 
increasing acid concentration and also with increasing pressure as both factors 
cause restrictions for proton and phosphorous motions. The first factor is due to the 
increase of viscosity of the solution with increasing acid concentration. In addition, 
the activation volume of proton Av increases with increasing acid concentration, 
altogether by a factor of six as the 'icid concentration increases from 6% to 100%. 
This result provides evidence of the Grotthuss hopping mechanism in which the 
proton hops from H3P04 to H2P04", and between nearby water molecules through 
the formation of intermediate H30+ ions in all but the 100% acid sample. The 
calculated activation volume for 'H for low acid concentration 6% is relatively 
small and approaches the value of liquid bulk water, an expected result because the 
*H NMR signal is dominated by water. This behavior has been previously observed 
by others8'17'19 in conductivity and diffusion results. 
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Another observation is that the activation volume Ay of 31P increases with 
increasing acid concentration from 85% to 100%. In addition 31P data show higher 
activation volumes than the corresponding !H data, as expected mainly due to the 
larger molecular size of the phosphate groups compared to water molecule. The 
likely mechanism for anion transport in this system is the vehicular-type in which 
H2P04" is the main negative charge carrier. 

Temperature dependence 
In agreement with the pressure-dependent data Fig. 3 shows that the protons diffuse 
faster than the phosphorus carrying species in the 100% phosphoric acid sample 
indicating that there are two separate transport mechanisms for the phosphorus and 
proton species. The higher activation energy of 0.34 eV obtained for the slower 
phosphorus diffusion is consistent with ion transport associated with a vehicular 
type mechanism whereas the lower activation energy value of 0.24 eV obtained for 
proton diffusion is consistent with that of proton hopping transport. The latter 
value is related to the dissociation of an H-bonded proton in the phosphoric acid 
solution and is within the range of values for H-bond strengths in aqueous 
solutions20. 

The curvature noted in the 31P data of Fig. 2 for the 12% and 6% 
concentration suggests a complex diffusion mechanism not expected for simple 
isotropic fluids. This behavior occurs in a concentration regime where anomalous 
ion transport is reported to take place9. In an attempt to delineate these anomalies in 
the ion transport of H3P04, we have made detailed 31P T, and self-diffusion 
coefficients over the concentration range c=0.01 to 14.6 M. The isotherm of 31P 
self-diffusion at 303 K shows a monotonic 30-fold increase with decreasing 
concentration. However in the vicinity of 12% phosphoric acid, a pronounced dip 
in both the Ti and D data as a function of concentration is observed. These results, 
which will be reported elsewhere, suggest that phosphoric acid is especially prone 
to ion association in the vicinity of 12% H3P04. 

Summary 
Proton and 3IP NMR self-diffusion measurements of aqueous phosphoric acid 
solutions ranging from 6 to 100 wt% acid were carried out, under both variable 
temperature and variable pressure conditions, the former yielding activation 
energies and the latter providing activation volumes. Both kinds of measurements 
demonstrate more facile mobility of protons, whether as a hopping species or 
within intact water molecules, than phosphate ions. Proton transport in high acid 
content solutions proceeds via a Grotthus hopping mechanism, whereas phosphate 
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ion transport occurs through a vehicular mechanism, with a nearly constant 
activation energy from 100% down to 50% acid. Non-Arrhenius behavior is noted 
for the 12% solution and attributed to ion significant pairing effects. 
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Abstract 

Ionocovalent crystals or glasses as well as molten salts or salt polymer complexes 
are currently studied as electrolytes for high energy density batteries. Their large 
Red/Ox stability range results from their thermodynamic or kinetic characteristics. 

For all these electrolytes, charge carriers are the consequence of local deviations from 
electroneutrality, identified as point defects for ionic crystals or partial dissociation in 
disordered structures. The charge carriers formation derives from a similar activated 
process. 

The main difference comes from the migration process, which depends on the dynamic 
properties of the surrounding medium. When the structural relaxation time is large, an 
activated process, mainly enthalpic, prevails for charge carriers migration. It is the 
usual case for ionic crystals or glasses. In the liquid or overcooled liquid states, the 
structural relaxation time of the medium is shorter that the time required for the 
activated migration process to occur and a local reorganization of the medium vanishes 
the energy barrier and provides the free volume necessary to ionic migration. In that 
case, the migration is mainly an entropic process. 

The configurational entropy necessary to this process decreases with temperature and 
vanishes at the so called ideal glass transition temperature which can be estimated by 
extrapolation of the transport properties or of the thermodynamic characteristics of the 
medium. However, at the experiment time scale, this configurational entropy 
disappears at a somewhat higher temperature, the glass transition temperature at which 
the structural relaxation time corresponds to the measurement time. 

Some glass forming ionic melts studied in a large temperature scale, over and below 
the glass transition temperature, evidence the two, enthalpic and entropic, migration 
mechanisms, allowing the determination of the thermodynamic characteristics of the 
charge carriers formation and migration. 

Some recent results indicate that entropic process, associated to long scale 
deformations, may also exist in crystalline structures. 
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Nuclear Magnetic Resonance (NMR) and Nuclear Quadrupole Resonance 
(NQR) experiments in solid electrolytes started around 1975 when a new 
interest arose in solids with high ionic conductivity. The emphasis of this 
revue is on experiments rather than theoretical issues. We will present typical 
NMR/NQR studies which demonstrate the power of these techniques to elu
cidate dynamic and static behavior of these solids at a microscopic level. Be
cause of the overwhelming wealth of results accumulated in the last 30 years, 
we will be limited to some characteristic examples. 

1. Introduction 

Since Solid State Ionics is an interdisciplinary subject involving chemistry, physics, 
and material sciences, the research comprises many methods, among these Nuclear 
Magnetic Resonance (NMR) and Nuclear Quadrupole Resonance (NQR). Indeed, 
NMR and NQR are spectroscopic methods with the ability to probe static and dy
namic properties of a solid at the microscopic level. This paper passes revue of some 
typical NMR/NQR experiments performed in solid electrolytes starting around 1975 
when a new interest arose in solids with high ionic conductivity. The emphasis of 
this revue is on experiments rather than theoretical issues. 

The experiments range from relatively simple ones like the well-known line 
narrowing and magic-angle spinning measurements to quite sophisticated tech
niques. These comprise: (i) measurements of the diffusion coefficient employing 
the pulsed-field gradient and the static fringe-field method; (ii) the experimentally 
related NMR imaging; (iii) measurements of various NMR/NQR parameters at 
high pressure, (iv) various types of nuclear relaxation, in particular spin-lattice 
relaxation. A special class are NMR double resonance experiments like spin-echo 
double resonance (SEDOR), rotational-echo double resonance (REDOR), and two-
dimensional Fourier transform NMR (2D-FT NMR). 

A wealth of information about these materials can be acquired, for instance: (1) 
the kind and number of diffusing ions and their diffusion pathways (one- or two-
dimensional character of the motion); (2) details of the ion hopping frequencies like 
prefactor, activation energy, and activation volume (via pressure studies); (3) corre
lation effects and cooperative phenomena of these motions; (4) local symmetry, 
nature of bonding, and imperfections; (5) order-disorder phenomena and phase 
transitions. 

The progress made in these NMR studies has been reviewed in several papers 
[1-3]. General NMR background knowledge is provided by, for instance, Ref. [4]; 
Ref. [5] lists some books with special emphasis on chemistry. 
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2. Chemical Shift and Magic Angle Spinning 

In principle, the NMR experiment is the observation of the nuclear Zeeman effect, 
that is the splitting of the magnetic energy levels of magnetic nuclei in a static 
magnetic field. A radio-frequency field applied at the proper frequency, induces 
transitions between these levels and gives rise to an NMR signal at a certain fre
quency V. From these signals one deduces information on static and dynamic 
properties of the solid electrolyte at its molecular level. We will start with the 
discussion of some structural information. 

For nuclei with a nuclear spin 1/2 (e.g *H, 19F, 31P, 107'109Ag), the NMR fre
quency, V, measured in an external static magnetic field, BQ , is given by 2jtv 
— CO—y(B0 +AS) . Here, y is the gyromagnetic ratio, which has a unique value 
for each magnetic isotope, and A.B is an additiona/ local field. Nowadays, exter
nal fields of the order 7 to 10 Tesla or even more are employed; the corresponding 
frequencies are in the range of 50 to 100 MHz. Since nearly all stable chemical 
elements (with the exception of argon and technetium) possess at least one isotope 
with a nuclear magnetic dipole moment, an NMR experiment can be performed in 
nearly each solid. Of course, a low natural abundance of the magnetic isotope (for 
instance 0.037 % for 170 in the case of oxygen) and other inherent properties of 
the sample may cause problems. 

AB arises from electric currents induced by B0 in the electron cloud of the 

molecule under investigation. Since AB ~ B^ , the resonance equation may be re

written as (ti= yS0(l - c ) , where 0 = — AB I B0 is the shielding or screening 

constant of the order 10 to 10 . Since O depends on the chemical environ
ment, the frequencies of NMR signals of the same isotope in different compounds 
or in inequivalent sites of the same compound are shifted against each other. This 
effect is called chemical shift which is of fundamental importance for the chemi
cal structure analysis by NMR. 

In order to acquire the information about local environments, the NMR lines 
with different chemical shifts must be distinguished, hence they should not over
lap. If the lines cannot be resolved, they must be narrowed artificially; this can, 
for instance, be accomplished by magic-angle spinning (MAS). Let us assume the 
magnetic moments are coupled by magnetic fields arising from their dipole mo
ments; this coupling contributes to the finite linewidth. In this case, the angular 
dependent factor of the coupling is A = \ - 3 COS 0 -k where 0 ^ is the angle 

between BQ and the vector rk joining two magnetic moments j and k. If such a 

pair rotates rapidly enough about a certain axis, the factor A is replaced by its 

time average: < A > = ( l - 3 c 0 S 0 ' ) (1/2) (3 COS2 ajk - 1). Here, 0 'and 

a. k are the angles the molecular rotation axis makes with B0 and rjk, respec

tively. If the whole sample is rotated artificially, 0 ' is the same for all pairs of 

nuclei. By choosing 0 ' = 54° 44' (the magic angle), the factor 1 — 3 COS 0 ' will 
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be zero, hence A will vanish, and the line is narrowed. The MAS method is not 
restricted to dipolar couplings. It can also be used to eliminate other interactions 
provided the angular factor of the interaction is made up of / = 2 spherical har
monics. This is the case for chemical shift anisotropy and first order quadrupole 
splittings to be discussed later. 

Fig. 1. Broadline and MAS "P spectra (not to scale) in 
0.35 LiF x 0.65 LiPO, at 81.0 MHz with 15 kHz spin
ning speed. "Spinning sidebands" around ± 200 ppm 
are due to the MAS technique. From [6]. 

Figure 1 shows the static and the MAS 
spectrum of 31P in 0.35 LiF * 0.65 LiP03 as 
a function of the relative chemical shift, 8. 
This glass is an important electrolyte because 
of its wide range of anion substitution and 
the large variety in composition. The com
pound consists of P04 tetrahedra, with P in 

the center, which are interconnected via bridging O ions, thus forming a glassy 
network. The number of these bridges per tetrahedron varies from 0 to 3, depending 
on the degree of polymerization. F atoms are embedded in the glassy structure 
preferentially by substituting bridging O ions. Thus, LiF is not only a dopant, it 
also modifies the network via further depolymerization, thus increasing the number 
of end groups. Obviously, MAS is essential to separate the lines. A detailed analy
sis revealed that fluorinated end groups show up in the end-group peak (at 5 = -4 
ppm) and not in the -6 ppm peak which arises from middle units. The intensity of 
the signals is a measure for the number of nuclei contributing to the signal. There
fore, the increase of the end-group peak intensity with x indicates progressive de-
polymerization of the glass structure due to doping. 

In some materials, the artificial line narrowing accomplished by MAS is not 
necessary: nature does the narrowing for us. At sufficient high temperatures, the 
fast ion movements average out, to a certain extent, the fluctuating local magnetic 
fields and reduce the linewidth; this effect is known as motional narrowing. There 
are two limiting cases: the ion under consideration is mobile in a more or less sta
tionary surrounding or the ion is stationary and its neighborhood is mobile, for in
stance because of diffusing ions or rotating molecules. 

In the absence of any motion, that is at sufficiently low temperatures, one ob
serves the rigid-lattice linewidth, AvflL. If the temperature is gradually increased, 
the linewidth, A v , decreases in a smooth step and reaches, at sufficiently high 
temperature, a limiting value, the residual linewidth, AVr, which is due to interac
tions not affected by the atomic movements. Quite often, the ion dynamics and 
hence the fluctuating fields can be described by a thermally activated correlation 

T= r0exp(E/ kT), (1) 
where E is the activation energy and T0 is the prefactor. A phenomenological rela-

-AA~ / 1. V A 
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tion between the correlation time and the various linewidths is as follows: 
9 

(Av) = (Av)r +—(Av)RL \m~x {inar • Av), with the factor a ~ 1. 
It 

3. Quadrupole Interactions 

When we are dealing with nuclei with a spin larger than Vi we may take advantage 
of the fact that these nuclei posses an electric quadrupole moment, eQ, which inter
acts with electric field gradients (EFG) present at the nuclear site (if its symmetry is 
non-cubic) and arising from all the surrounding charges. This quadrupole interac
tion causes the NMR signal to split (in an ordered structure) or to broaden (in 
"powder" samples). For instance, nuclei like 7Li, n B, 23Na, and 63'65Cu with spin 
3/2 yield a spectrum of 3 components. The separation of these lines depends on the 
strength of eQ and the EFG and on the orientation of the EFG tensor with respect 
to the magnetic field. Since the NMR frequencies are very sensitive to even minor 
changes of the EFG, nuclei of the same isotope but located at inequivalent sites are 
easily distinguished: they yield different triplets. 

These quadrupole effects may be a gold mine for structural and dynamical stud
ies of solid electrolytes. The EFG reflects any slight rearrangement of charges in 
the neighborhood of the nucleus under investigation. Thus, quadrupole effects are 
the ideal tool to investigate, among others, structural phase transitions, the changes 
of the atomic disorder or order (for instance at the transition from a high- to a low-
conducting phase), the presence of imperfections (which alter the EFG), and the 
nature of bonding which is associated with different charge arrangements. Since 
the EFG is a tensor, its symmetry reflects the local symmetry of the nuclear site. 

As an example, let's look at U3N, which belongs to those solid electrolytes 
most exhaustively studied by NMR [7]. LJ3N is a layer-structure with different 
NMR spectra for the inter-layer Li(l) and the intra-layer Li(2) nuclei. Increasing 
the temperature enhances the ion exchange between the two inequivalent sites; fi
nally, at about 600 K, this process is so rapid that one observes only an "averaged" 
triplet. The exchange process has been monitored by the temperature dependence 
of several NMR parameters: the quadrupole shift (with respect to the NMR fre
quency in the case of zero EFG), the spin-lattice relaxation (see next section), and 
the diffusion coefficient (see further below). They all yield the same temperature 
dependent Li hopping frequencies thus supporting the ion exchange model. This is 
an instructive example for the necessity to perform comprehensive NMR experi
ments in order to establish the validity of a microscopic model. 

4. Spin-lattice relaxation 

There is no doubt that one of the unique powers of NMR is the ability to study the 
dynamics in a solid at the molecular level by performing relaxation experiments. 
Here, we will restrict ourselves to nuclear spin-lattice relaxation which is the proc
ess how a nuclear spin system approaches thermodynamic equilibrium with the 
lattice, by which we mean all the other degrees of freedom in the sample, beside the 
nuclear spins. The time constant of this process is called spin-lattice relaxation 
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time, TV In simple cases, the relaxation is brought about by local magnetic fields 
fluctuating at the Larmor frequency and inducing transitions in the spin system. If 
the correlation function, G(t), of these fluctuations is known, one can extract, from 
the data analysis, motional correlation times, T, which are related to microscopic 
processes such as diffusion of ions and vacancies, moving defects, molecular rota
tions etc. 

In the early days of NMR, relaxation data were analyzed by making the simple 
assumption of an exponential correlation function: G(t)= G ( 0 ) - txp(-t/t). A 
Fourier transform of G(t) leads to the spectral density function and then to the 
well-known Bloembergen-Purcell-Pound (BPP) formula for the spin-lattice relaxa
tion rate: 

[ T 4T 1 1 
= C TT + : 

1 + (CO 0T) 1 + ( 2 C I ; 0 T ) 

where C is a measure of the strength of the fluctuating local field. Similar to Eq. 
(1), one often assumes, forT, an Arrhenius behavior and identifies T with the 
thermally activated mean residence time of jumping ions. The data then yield the 
activation energy, E, and the attempt frequency, 1/T0, of the atomic process. Fig. 
2 sketches the BPP formula in a In-ln plot. 

In 
V Fig. 2. Schematic plot of the BPP formula for the 

spin-lattice relaxation rate. 

t InT 

The BPP formalism works quite well for 
gases, liquids, and several solids and it has 
been applied in several areas of solid state 
physics. In many solid electrolytes, how
ever, it is only qualitatively correct. The 

7 = mo ' failure of the BPP model has the same 
origin as the inadequacy of the independ

ent-particle model: solid electrolytes are many-particle systems with correlated 
particle movements and interactions between the ions. These facts are not properly 
accounted for by an exponential correlation function. 

There are some straightforward improvements or extensions of the BPP formula 
[3]. For instance, one may take into account the discrete character of the crystal 
lattice and specific models of atomic motion or one may pay attention to the re
duced dimensionality of the compounds. Here, we will mention two simple exten
sions of the formula. 

The first example is the consideration of a temperature dependent concentra
tion of vacant sites in solid electrolytes. In Li3N, vacancy-induced diffusion al
lowed us to interpret the temperature and orientation dependent T| values of both 
7Li and 6Li. The ansatz for the concentration of vacant Li sites is as follows: 

c(T) - c0+c0exp(-,EA IkT) (2) 
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C0 is the temperature independent concentration, Co' is an appropriate prefactor, 

and Eft is the formation enthalpy for vacancies. The analysis of the data yields 

c ~ 2 %; this result was confirmed much later by x-ray studies. 
In our second example, we consider again the phosphate glass x LiF *(l-x) 

LiP03. We are now interested in the relaxation of the stationary P ions [8] and we 
will pay attention to the inherent disorder of the glass. The disordered structure 
results in a distribution of bond lengths and angles which can be taken into ac
count by assuming a Gaussian distribution of activation energies with a center EQ 

and half width AE:. 

r(E) — — exp 

We modify Eq. (1) by substituting T0/Z for the factor T0 where Z is the parti
tion function being related to the entropy of migration, 5, v'iaS=-klnZ. Z can be 
identified with the number of vacant neighboring sites which can be reached by a 
hopping ion; we assume Z to be 6 as in a simple-cubic surrounding. Physically 
reasonable 1/T0(E) values can be estimated for sinusoidal potentials. 

Above about 250 K, the Li diffusion in x LiF x (1-x) LiP03 is thermally acti
vated. For this region, we consider the P dipole-dipole interaction to be dominated 
by the heteronuclear P-Li coupling and, hence, the homonuclear P-P coupling to be 
negligible. We have calculated the 3IP T! in two frames of reference, the laboratory 
(as in all previous discussions) and the rotating frame. The latter is a coordinate 
system rotating around the direction of BQ with angular velocity CO0. Relaxation 

in this frame is caused by low frequency fluctuations with Tx as the characteristic 

decay time of the nuclear magnetization. The formulae for 7j and Tx were fitted 

to the corresponding experimental data simultaneously over the whole frequency 

range from several kHz to 81.0 MHz. The result for 0.35 LiF x65LiP03 is: E0 = 

0.72 eV, AE = 0.143 eV, T0 = 0.94 10_13s. For LiP03 , we obtain EQ = 0.817 

eV. For both samples, our EQ values surprisingly well compare with activation 
energies obtained by DC conductivity measurements. This agreement is not obvi
ous, since DC conductivity cannot reflect details of an activation energy distribu
tion as the microscopic NMR method does. The increase of AE with doping 
might be explained with the larger variety of Li sites due to the incorporation of F 
ions in the phosphate network. 

We note that the success of this analysis is based on a large amount of experi
mental data. To avoid heating of the sample beyond the glass transition tempera
ture, we only measured on the low-temperature side of the relaxation rate maxi
mum. However, in view of the fact that the fit of the relaxation data covers a wide 
range of frequencies, the highest frequency being 1000 times larger than the lowest, 
we regard the result as convincing evidence for the validity of our model. 

Further improvements of models which interpret spin-lattice relaxation in solid 
electrolytes must relate the experimental data to details of the microscopic move
ments of the ions. By taking into account the many-body character of the 

(E-E0)
2 

2(AE)2 
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substance, one must calculate a specific correlation function which is appropriate 
for the microscopic motion under investigation, whether it is a crystalline or a dis
ordered compound. Several concepts have been proposed along these lines, for 
instance the the Coupling Model developed by Ngai [9] and various microscopic 
models proposed by Funke and coworkers [10]; however, their discussion is be
yond the scope of this review. 

5. High-pressure Experiments 

Only a few NMR studies in solid electrolytes are performed at elevated pressure 
because experiments and especially NMR measurements are more easily performed 
at ambient pressure. Since both temperature and pressure are the thermodynamic 
variables which determine the state of a solid, NMR experiments at high pressure 
can provide additional information. In some cases pressure is found to be a com
plementary variable to temperature, in other cases pressure is the essential variable. 
Pressure affects NMR parameters like relaxation time, linewidth, line splitting, and 
resonance frequency. To illustrate the situation, we will discuss a few examples 
from the Zurich laboratory. In all experiments, hydrostatic pressure is transmitted 
by helium gas to the probe head allowing experiments up to 0.7 GPa; temperature 
is varied between 77 and 300 K, and the field strength is 5.1 Tesla. A detailed re
view of these studies has been published earlier [11]. 

An example concerns again Li3N [11], which, at ambient pressure and 300 K, 
exists in the a phase. Applying a pressure of 0.42 GPa at 300 K transforms this 
phase into a /3 phase. Domains rather than a single phase are formed at the phase 
transition, these domains being arranged in a hexagonal symmetry pattern around 
the "old" c axis of the a phase. The new phase can be recovered at normal pres
sure. The larger spin-lattice relaxation rate of the /3 phase indicates an increase of 
the ionic conductivity. 

For pressure studies beyond 1 GPa, a new device is necessary: the diamond-
anvil cell. The disadvantage of the method is that only extremely small samples 
can be used. Nevertheless, we succeeded to measure the pressure dependence of 
the Knight shift and the self-diffusion of 7Li and 23Na in Li and Na metal, respec
tively, up to about 8 GPa [12]. As much as we know, no solid electrolytes have 
been studied so far by the NMR diamond-anvil cell method. 

6. Measurement of the Diffusion Coefficient 

Up to now, we have met NMR experiments which usually allow us to determine 
several relevant parameters of the solid. Can NMR measure the unique and most 
important parameter of a solid electrolyte, namely the diffusion coefficient? The 
temperature and concentration dependence of the diffusion coefficient, D, delivers 
information essential for the understanding of the conduction mechanism. Using 

Einstein's equation, D = f<r > / 6 T , D can be related to the mean square 
2 

jump distance, < r >, and the jump rate, 1/T, of the diffusing ion; / is the 
spatial correlation factor. In principle, T can be obtained from relaxation time and 



37 

linewidth data, and with < r > known from the structure, one could determine D . 
Since the relaxation or linewidth data must be interpreted by a suitable model, the 
whole procedure of determining D would be model dependent - and this is a dis
advantage. 

Fig. 3. Arrangement of radio-frequency 
(JI/2,7T) and field-gradient (G,, G2) pulses 
in the pulsed-field gradient (PFG) ex
periment to measure the diffusion coeffi
cient. One observes the spin-echo signal 
(after Fourier transformation). FID is the 
free-induction decay signal induced by the 
n/2 pulse. 

Skejskal and Tanner [13] invented an elegant alternative , the pulsed-field gradient 
(PFG) technique which is a model independent method to measure D by NMR. In 
its simplest version (see Fig. 3), the method employs the Hahn Jll 2 - JC spin-
echo experiment used in many of the experiments described so far. In addition, a 
magnetic field gradient pulse is applied after each radio-frequency (rj) pulse. 
These gradients "label" the diffusing ions by their respective Larmor frequency. In 
the absence of diffusion, the effects of Gx and G2 cancel. However, if spins 
change their spatial position between the application of the gradient pulses, the 
spin-echo signal will be attenuated. If one measures the echo amplitudes AG and 
A with and without gradient pulses, respectively, the diffusion coefficient DNMR 

follows from the relation [13] 

The meaning of 5, A, and g is given in Fig. 3. The steady background gradi
ent is assumed to be very small with respect to g. 

The PFG method differs from the well-known tracer technique, which measures 
the diffusion coefficient, DT, in several important and advantageous points: (i) the 
nuclear magnetic moment labels the diffusing ion; (ii) the labeled atoms are natural 
constituents of the material rather than "impurities"; (iii) the time elapsing between 
the gradient pulses defines precisely the time over which diffusion is observed, 
(usually in the millisecond range); (iv) the experiment itself is non-destructive, pa
rameters like temperature can be changed for the very same sample and samples 
may be reused for other experiments. 

The magnitude of the diffusion coefficient is a valuable information by itself. 
The NMR methods allow, however, to gain additional knowledge by measuring, 
for instance, the anisotropy of DNMR, as in Li3N and /3-LiAlSi04, or the pressure 
dependence of DNMR. Further, one may combine DNMR with the diffusion coeffi
cient, Da, derived from conductivity measurements via the Nernst-Einstein equa
tion. This results is the Haven ratio, HR = DNMRI Da, which reveals correlation 
effects in the ion dynamics. For instance, in the crystalline Ag conducting 

7t/2 

.FID 
Echo 

2tj Time 
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KAg4I5 and RbAg4I5 compounds, which undergo a phase transition in the superi-
onic phase, we detected an unusually low value of HR of about 0.5. Such values 
may be the result of a "caterpillar" effect; that is a cooperative motion of two or 
more ions in such a way that a jumping ion causes other ions to jump in the same 
direction. At the transition form the high- to the low-temperature phase, HR de
creases implying an increase of the number of ions involved in the caterpillar 
movement. In the low-temperature phase of RbAg4I5, DNMR of '0 9Ag is about 3 

-13 2 

x 10 m /s. For comparison: the diffusion coefficient of water at 300 K is about 
10"9 m2/s. 

While in many crystalline solid electrolytes the diffusion coefficient displays an 
Arrhenius temperature dependence (and thus directly yields the activation energy), 
the diffusion coefficient in superionic polymers quite often follows the Vogel-
Tammann-Fulcher equation 

z)-r"2=A-exp[-£/£(r-r0)]. 
In the framework of the "free-volume model", E is an apparent activation energy 
and T0 is the ideal glass transition temperature at which the free volume, which is 
available for segmental motion, tends to zero and thus translational motion ceases. 

Fig. 4. 7Li diffusion coefficient in (PEO)„ - (LiC104) 
for various values of n. From [14]. 

As an example, Fig. 4 displays the tem
perature dependence of the 7Li diffusion 
coefficient in a polyethylene oxid (PEO) 
based polymer, (PEO)n - (LiC104) taken 
from Ref. 14 where also other examples 
are given. 

If smaller values of DNMR are to be 

measured (and to overcome technical 
problems of the PFG method), one may 
employ the static fringe-field (SFF) 

method employ the static fringe-field 
(SFF) method which uses the constant 

1000/T(K ) gradient of the fringe or stray field of a 
superconducting magnet where gradients up to the order of 100 T/m are available 
[15,16]. In a simple version, the SFF method uses three Jll 1 rf pulses, the nor
mal echo appears after the first two pulses and a "stimulated" echo is produced by 
the third rf pulse. The field gradient affects the strength of the stimulated echo 
during the two f, time intervals (compare Fig. 3). From the ratio of the two ech
oes, DNMR is evaluated. Among several applications of the SFF method we men
tion, as an example, the study of segment diffusion in entangled PEO melts [17]. 
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7. NMR Imaging 

The production of anatomical images from humans and animals by NMR Imaging 
is well established in medicine and non-medical applications become increasingly 
important. As we have seen in the previous Section, the position of a magnetic 
nucleus in a magnetic field gradient is labeled by the NMR frequency, in other 
words: the atomic position is encoded onto the frequency. Therefore, once a PFG 
apparatus has been developed, it seems straightforward to construct an NMR imag
ing device. 

Fig. 5. Principle of frequency encoding in NMR 
imaging of a two-dimensional object. 

Fig. 5 sketches the principle for imag
ing a two-dimensional object. Two rec
tangular samples 1 and 2 are placed in the 
xz plane. The magnetic field (oriented 
along the z axis) varies with x as shown. 
Thus the spins of the samples "see" 

different magnetic fields according to their position. The pulse experiment then 
produces the images 1' and 2'. By scanning the various frequencies of a sample, a 
one-, two- or three-dimensional (ID, 2D, 3D) NMR image is constructed. For in
stance, for a 2D image, a gradient along the x direction encodes the x coordinate 
onto the frequency and a second gradient perpendicular to the first one encodes the 
y coordinate into the phase of the NMR signal. Then, 2D Fourier transform of the 
data points delivers the image. 

For an acceptable NMR image, one requires the linear resolution of the image, 
Ax, to be as small as possible. Ax must comply with the relation 
Ax = 2 j rAv/yG , where A V is the natural width of the NMR line and G is the 
applied field gradient which encodes the spatial information. For instance, if pro
ton signals with A V = 1 kHz should yield an image with a spatial resolution of 60 
mm, a gradient of 0.4 T/m is required. However, for many nuclei such as Li, Na, 
Al, and Ag, which are important in solid electrolyte studies, much larger gradients 
are necessary since y is smaller and the linewidth is much larger. Another serious 
limitation arises from an inherent property of the sample: the very short nuclear 
spin-spin relaxation time, T2, which is a measure for the time length of the NMR 
signal (for instance of the FID in Fig. 3) and hence defines the time over which the 
encoding takes place. In solids, T2 can be up to 10 times shorter than in liquids 
or in "soft" materials like rubber. 

The first NMR image of a solid electrolyte has been produced by Suits and 
White [18]: the 2D Na image of a Na-/3 -alumina crystal. In our laboratory, we 
employed the 2D technique for imaging mobile Li ions in a (PEO)g - (LiGC>4) 
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polymer electrolyte film [19]. The resolution was about 0.2 mm in each direction; 
that is quite promising in view of the low Li content of only 1.6 mole%. 

NMR Imaging offers the possibility to monitor the behavior of electrolytes in 
charging and re-charging cycles of batteries, to observe phase transitions and dy
namical processes on a microscopic level, and to investigate interfaces. We hope, 
for the future, to find more NMR imaging examples for solid electrolytes; elastom
ers are already frequently studied. 

References 

1. J.L. Bjorkstam and M. Villa, Magnetic Reson. Rev. 6 , 1 (1980). 
2. D. Brinkmann, Magnetic Reson. Rev. 14, 101 (1989). 
3. D. Brinkmann, Progress in NMR Spectroscopy 24, 527 (1992). 
4. C.P. Slichter, Principles of Magnetic Resonance, Springer (Ber

lin, Heidelberg, New York, 1990). 
5 (i) Atta-u-Rahman, Nuclear Magnetic Resonance - Basic Princi

ples, Springer (New York, Berlin, Heidelberg, Tokyo, 1986). (ii) 
J.W. Akitt, NMR and Chemistry, Chapman & Hall (London, New 
York, Tokyo, 1992). (iii) A.I. Popov K.H. Hallenga (editors), 
Modern NMR Techniques and Their Application in Chemistry, 
Marcell Dekker (New York, Basel, Hong Kong, 1991). 

6. D. Brinkmann, S. Berger, and J. Roos, in: Solid State Ionics -
Materials and Devices, eds. B.V.R. Chowdari and Wenji Wang, 
World Scientific, p. 167 (Singapore, 2000). 

7. D. Brinkmann, M. Mali, J. Roos, R. Messer, and H. Birli, Phys. 
Rev. B 26, 4810(1982). 

8. D. Brinkmann , in: Solid State Ionics - Science & Technology, 
eds. B.V.R. Chowdari, K. Lai, S.A. Agnihotry, N. Khare, S.S. 
Sekhon, P.C. Srivastava, and S. Chandra, World Scientific, p. 93 
(Singapore, 1998). 

9. K.L. Ngai, Solid State Ionics 105, 225 (1998) and references 
therin. 

10. K. Funke, in: Solid State Ionics - The Science and Technology of 
Ions in Motion, eds. B.V.R. Chowdari, H.-L. Yoo, G.M. Choi, 
and J.-H. Lee, World Scientific, p. 19 (Singapore, 2004) and ref 
erences therein. 

11. D. Brinkmann , in: NMR Basic Principles and Progress, eds. P. 
Diehl, E. Fluck, H. Gunther, R. Kosfeld, and J. Seelig, Vol. 24, p. 
1 Springer (Berlin-Heidelberg, 1990). 

12. R. Bertani, M. Mali, J. Roos, and D. Brinkmann, J. Phys.: Con 
dens. Matter 2, 7911 (1990). 

13. E.O. Stejskal and J.E. Tanner, J. Chem. Physics 42,288 
(1965). 



41 

14. D. Brinkmann, in: Solid State Ionics - Material and Applications, 
eds. B.V.R. Chowdari, S. Chandra, Shri Singh, and P.C. 
Srivastava, p. 179; World Scientific, p. 179 (Singapore, 1992). 

15. (i) R. Kimmich, W. Unrath, G. Schnur, and E. Rommel, J. 
Magn. Reson. 91, 136 (1991). (ii) R. Kimmich and E.J. Fischer, J. Magn. 
Reson. 106,229(1994). 

16. P.J. McDonald, Progress in NMR Spectroscopy 30, 69 (1997). 
17. E.J. Fischer, R. Kimmich, N. Fatkullin, and G. Yatsenko, Phys. 

Rev. E 62, 775 (2000). 
18. B.H. Suits and D. White, Solid State Comm. 50,291(1984). 
19. M. Sonderegger, J. Roos, C. Kugler, M. Mali and D. Brinkmann, 

Solid State Ionics 53-56, 849 (1992). 



ANALYSIS OF CONDUCTIVITY AND NMR MEASUREMENTS IN 
Li3xLaj,3_xTi03 FAST Li+ IONIC CONDUCTOR: EVIDENCE FOR 

CORRELATED Li+ MOTION 

O. BOHNKE ' AND J. EMERY 2 

' Laboratoire des Oxydes et Fluorures, UMR 6010 CNRS 
2 Laboratoire de Physique de I'Etat Condense, UMR 6087 CNRS 

Institut de Recherche en Ingenierie Moleculaire et Materiaux Fonctionnels, FR CNRS 2575 
Universite du Maine, Av. O. Messiaen, 72085 LE MANS Cedex 9, France 

E-mail: odile.bohnke@univ-lemans.fr 

A. ORLIUKAS AND T. SALKUS 
Department of Physics, Vilnius University Sauletekio al. 9, LT-2040 VILNIUS Lithuania 

J.C. BADOT 
Laboratoire de Chimie Appliquee de I'Etat Solide (UMR7574 CNRS) ENSCP 11 rue Pet M 

Curie 75231 PARIS France 

The dynamics of lithium ions in the polycrystalline fast ionic conductor 
Li3xLa2/3-xTi03 has been investigated by conductivity spectroscopy in the 
wide frequency range from 1Hz to 1GHz and by 7Li NMR spin-lattice 
relaxation measurements (T! and T lp) in the temperature range from 150K to 
600K. The results of T] and Tip clearly reveal the presence of two thermally 
activated Li+ motions: a slow one, attributed to the long-range Li+ translation 
which gives rise to the dc conductivity and a fast one, attributed to a localised 
motion of Li+ in the A-cage of the perovskite. At high frequency, a dispersive 
behaviour of the conductivity with frequency is observed. The analysis of this 
dispersive behaviour along with the analysis of the activation energy of the 
ionic motion at fixed frequencies clearly reveal the existence of the correlated 
motion of the moving ions. The real microscopic energy barrier of the long-
range ionic motion is obtained at high frequency and agrees with the values 
of 7Li NMR relaxation times measurements (Tlp) obtained at 62.5 kHz. These 
complementary techniques allowed us to describe the different motions of the 
moving ions in this oxide and to attain the real value of the microscopic 
energy barrier. 

1. Introduction 

The development of high lithium ion conductors is attracting much attention because 
of their potential applications in electrochemical devices such as high-energy lithium 

42 

mailto:odile.bohnke@univ-lemans.fr


43 

ion batteries, electrochromic systems, supercapacitors and electrochemical sensors. 
Apart from the application point of view, the understanding of the microscopic 
diffusive ionic motion in a host matrix is another important problem both for 
fundamental reasons and to learn to optimise the ionic conductivity in electrolytes. 
This last point is a very difficult one since the a priori prediction of structure and 
properties of inorganic solid materials seems at present totally impossible. Indeed, 
high mobility of charge carriers in a given host matrix is difficult to predict. If every 
one agrees with the fact that an open framework structure with vacancies is 
favourable for mobility, the charge carrier mobility is greatly influenced by the 
interactions the mobile species experiences during its hopping through the 
conductive pathways. Therefore, different techniques, able to probe the motion of 
charge carriers, can be used to shed any light on ionic hopping dynamics. 
Techniques such as impedance, dielectric and Nuclear Magnetic Resonance (NMR) 
spectroscopies are helpful for this purpose. They have to be associated with X-Ray 
or Neutron Diffraction techniques since the perfect knowledge of the 
crystallographic structure is also an important point. The study of diffusive ionic 
motion is then an exciting topic since it covers fields like physics, chemistry and 
materials science. 

The perovskite-type Li ion conductors Li3xLa2/3.xTi03 have attracted much 
attention because of their high conductivity, i.e., a = 10" S cm"1 forx = 0.11 atroom 
temperature, first reported by Belous et al.1 and afterwards by Inaguma et al.2. These 
compounds (named hereafter LLTO) belong to a solid solution. The composition 
range of this solid solution is 0.06 < x < 0.14 for compounds prepared below 1200 
°C3'4. They are purely lithium ion conductors, they have a high electrochemical 
stability window (greater than 4V), they are stable in dry and hydrated atmospheres 
and the phase is stable in a wide temperature range from 4K to 1600K. Despite these 
unique features, the presence of the easily reducible Ti4+ precludes their use as 
electrolyte materials in batteries with lithium metal anode. However, this solid 
solution deserves further attention towards studying diffusive lithium motion. 

The aim of this paper is to present experimental results obtained by conductivity 
spectroscopy in a wide frequency range from 1Hz to 1 GHz as well as Li NMR 
spin-lattice relaxation measurements in the temperature range from 150 to 600 K. 
We will show how these techniques are complementary and we will present the 
particular contribution of each of them to describe the microscopic motion of the 
charge carriers and its behaviour with temperature. Our attention will be focused on 
the ion correlation phenomenon and on the determination of the true activation 
energy of the charge carrier transport process. 

2. Experimental 

The solid solution compound, with composition x = 0.11, is prepared by 
conventional solid-state reaction from Stoechiometric amounts of Ti02 (99.5 %) 
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from Riedel Haen, Li2C03 (99.997 %) from Aldrich and freshly dehydrated La203 

(99.999 %) from Rhone-Poulenc. The starting materials are mixed and pressed into 
pellets (diameter: 13 mm, thickness « 2 mm, P = 250 MPa). They are first heated at 
850 °C for 4 hours in a Pt crucible and then heated up to 1050 °C for 12 hours. After 
grinding and pressing, the pellets are heated twice for 12 hours at 1100 °C and 1150 
°C respectively. After a new grinding, a last heating treatment is performed on small 
pellets (diameter: 3 mm, thickness slightly smaller than 1 mm, P = 4 GPa) at 1250°C 
for 12 hours. The heating sweep rate is 5 °C.mn"1. A natural cooling in the furnace to 
room temperature (RT) follows all the heating treatments. 

The samples were characterized by powder X-ray diffraction The patterns were 
recorded at room temperature on a D500 Siemens diffractometer (radiation CuKoc, 
20 range = 9° - 129°, step 2A0 = 0.04°, time by step = 18 s) and analysed through 
the Rietveld method with the Fullprof software. 

Total conductivity measurements were performed by complex impedance 
spectroscopy in the 10 MHz - 1 Hz frequency range. A sine wave potential of 400 
mV (r.m.s.) was used as the electrical input signal applied to a pellet onto which ion 
blocking Pt electrodes have been sputtered. The measurements were carried out in 
dry N2. The electrical response of the sample was determined with a Solartron 1260 
Impedance Gain-Phase Analyzer. The impedance measurements in the 1 MHz - 1 
GHz frequency range were carried out in air in the temperature range from 300 to 
600 K, with a coaxial impedance spectrometer set-up. The data analysis has been 
performed as described in a previous paper5. 

Tu and T l p relaxation times were carried out in the 150 K - 900 K temperature 
range. The Larmor frequencies for 7Li was v0 = 116 MHz. The amplitude of the 
radio-frequency field was Vi = 62.5 kHz. The experimental set-ups and the 
procedure used to determine the spin-lattice relaxation times, T h and the spin-lattice 
relaxation times in the rotating frame, T,p, were described in6"8. 

3. Results 

3.1. Crystallographic structure 

LLTO is structurally well described either in the P4/mmm4 or Cmmm 9 space 
groups. The structural model, based on the P4/mmm space group obtained from the 
refinement of powder X-Ray diffraction (XRD) patterns (Fig. 1), consists of a 
tetragonal distortion of the cubic AB0 3 perovskite unit cell with a = b » 3.87 A and c 
» 2a. Fig.2 shows a schematic view of the unit cell with the Ti0 6 octahedra and the 
A-cages formed by 12 oxygen ions belonging to 8 different octahedra. The model 
based on the Cmmm space group involves a slight tilting of the octahedra. However, 
in these two structural models, the La3+ ions are unequally distributed in the two 
sites la and lb, quoted Lai and La2 respectively, centres of two adjacent cages of 
the perovskite network along the c-direction. This unequal distribution of La3+ ions 
is responsible for the doubling of the c axis parameter and for the presence of the 
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superstructure lines (hkl with 1 = 2n+l). The broadening of the superstructure 
diffraction lines is related to the presence of antiphase domains, this phenomenon 
creates here a disordered situation in the regular succession ...Lal-La2-Lal...along 
the c axis. This implies the existence of La3+-rich layers and La3+-poor layers in the 
(a,b) planes of the perovskite structure. The La3+ preferential occupancy of the Lai 
site probably causes the slight tilting of the octahedra. 

Figure 1. Powder XRD pattern of Li3xLa2/3-xTi03 (x=0.11) 

obtained by solid state reaction (4 superstructure lines). 

Figure 2. Crystal structure of LLTO. Lai = 

La3+, Li+ or vacancies in position (0,0,0), 

La2 = La3+, Li+ or vacancies in position 

(0,0,1/2). 

3.2. 7Li NMR relaxation times 

The general behaviour of the spin-lattice relaxation times Tj for 7Li nucleus as a 
function of temperature is shown in Fig. 3. The following general features of the T! 
spin-lattice relaxation are: (i) only one T, is observed whatever the method used 
(inversion-recovery or saturation), (ii) the presence of a minimum around 350 K, 
(iii) a particular behaviour around 200 K and (iv) a strong asymmetry around the 
minimum. These two last features have been particularly discussed by Emery et 
al.6-8. A unique T, does not agree neither with the observation of two kinds of Li+ 

ions in the structure nor with the fact that 7Li has a I = 3/2 spin value. However this 
experimental result suggests that the spin-spin relaxation time is fast enough to 
allow a unique spin temperature10. 

Ti experiments indicate that a motion with characteristic correlation time xc, ~ 
10"9 s at 350 K, is probed by the nuclei. xc verifies the relationship U)0TC * 1 at the 
minimum of the Ti vs 1000/T plot. We recall that u)0 = 2JIV0 . The correlation time of 
the Li motion is thermally activated and follows the relationship: 

(1) = T o e x P | ^ r 
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where Ea is the activation energy of the correlation time and k the Boltzman 
constant. This leads to an attempt frequency of 1011 Hz. This value is quite small if 
compared to the typical phonon frequency, namely 101 - 10 Hz. 

1 2 3 4 5 6 7 
1000/T(K"') 

Figure 3. Logarithmic plot of the spin-lattice relaxation time Ti for 7Li (v0 = 116 MHz) as a function of 

inverse of temperature for LLTO (x = 0.11). The dashed lines represent the linear regressions of the data 

at low (Ea = 0.14 eV) and high temperatures (Ea = 0.20 eV). 

Fig. 4 shows the spin-lattice relaxation time in the rotating frame, Tlp_ for the 7Li 
nucleus. The main features appearing in this figure are: i) two values of Tip at low 
temperature and only one value above 300 K, ii) the presence of minima around 270 
K, iii) a particular behaviour around 200 K, as for Ti curve. Each curve T,p vs 
1000/T exhibits a minimum. The presence of these two relaxation times suggests 
that two different Li+ ions can be differentiated in this oxide. According to the 
relationship (B,TC «1 at the minimum, the correlation time of the motion probed by 
T l p is close to 10"6 s. It appears at 280 K for the slowest one (Tlp » 0.3 ms) and 
around 250 K for the fastest one (Tlp » 70 us). 

The minimum of the relaxation time Ti, measured at co0 = 116 MHz and those of 
the relaxation times T lp, measured at C0i = 62.5 kHz for 7Li nucleus, occur in the 
same temperature range: at 350 K for Ti and at 280 K and 250 K for the two T lp. 
The three decades between the Larmor angular frequency m0 and the angular 
frequency of the radio-frequency field coL cannot be compensated by the observed 
temperature difference at the minima of T! and Tip. This result means that Tj and 
T l p probe two different Li+ motions: a fast one probed by T, at 116 MHz with a 
correlation time tc ~ 10"9 s at 350 K and a slow one probed by T l p at 62.5 kHz with a 
correlation time xc~ 10"6 s at 280 K. 
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Figure 4. Logarithmic plot of the spin-lattice relaxation times in the rotating frame Tip for 7Li (v, = 62.5 

kHz) as a function of inverse of temperature for LLTO (x = 0.11). The dashed line represents the linear 

regression of the data at high temperatures (Ea = 0.20 eV). 

3.3. Conductivity spectroscopy 

One of the main advantages of frequency dependent measurements is that the 
contributions of the bulk material and the interfaces (i.e. grain boundary and 
electrode/electrolyte interfaces) can easily be separated if the time constants of each 
relaxation process are sufficiently different This is clearly shown in Fig. 5 which is a 
typical plot of the real part of the conductivity of LLTO as a function of frequency, 
recorded at 340 K, in the frequency range from 1 Hz to 1 GHz. Three contributions : 
the contribution of the bulk conductivity, of the grain boundary conductivity and of 
the electrode effects to the real part of the conductivity are clearly observed, as 
frequency decreases. The long-range conductivity process (or translation motion of 
the mobile ions) is indicated by the presence of a plateau in the real part of a'. The 
plateau at high frequency (* 107 Hz at 340 K) corresponds to the dc-conductivity 
(rjdc) and to the Li+ translation motion into the bulk of the material. The sudden 
decrease of conductivity is related to blocking of the moving ions at the grain 
boundaries. The second plateau at intermediate frequency (» 103 Hz at 340 K) 
corresponds to the Li+ translation motion into the grain boundary of the ceramic. 
The second decrease of conductivity at low frequency is due to the blocking effect 
of the Pt electrodes. 

In an ionic conductor, adc probes the long-range ionic dynamics. Fig. 6 shows a 
typical plot of the variation of aic as a function of temperature, plotted in an 
Arrhenius fashion, in the 200 - 600 K temperature range. The dc-conductivity is 
obtained from the high frequency plateau shown in Fig.5. 
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Figure 5. Real part (a') of complex conductivity, a*, as a function of frequency for 

(La2/3-xLi3xDi;3-2X)Ti03, x = 0.11 at 340 K. 

1000/T (K"') 

Figure 6. Arrhenius plot of the dc-conductivity of (La2/3-xLi3XDi/3.2x)Ti03, x = 0.11. The full line 

represents the Arrhenius law. 

Below 400 K, aic follows a classical Arrhenius law : 
f E. 'o 

'dc -exp kT 
(2) 

The mechanism of conduction is thermally activated with an activation energy Ea = 
0.30 eV and a pre-exponential factor of 2 104 S cm"1 K. Above 400 K, the plot 
displays a curvature, as previously reported by several authors, either on 
polycrystalline or single crystal LLTO2'6'11"18. Some authors suggested to describe 
this behaviour with a Vogel-Tamman-Fulcher (VTF)-type relationship, generally 
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used in glasses and polymers ' ' . In such a behaviour, the mechanism of 
conduction is thermally assisted and is characterised by a very small activation 
energy. The ionic diffusion would be no more thermally activated but would occur 
as a result of the redistribution of free volume in the matrix. In these ceramic oxides, 
we could postulate that this redistribution would become possible at high 
temperature because of the thermal vibration of the ions of the matrix through which 
the mobile ions move. This point is not yet clearly established and is always matter 
of discussion. 

Fig. 7 presents some plots of the real part of the conductivity as a function of 
frequency, in the frequency range from 1 MHz to 1 GHz, at different temperatures. 
As temperature increases, the conductivity increases and the spectrum shifts to high 
frequencies. Therefore, for a given frequency, the relaxation probed at low 
temperature can be different from the relaxation probed at high temperature. For 
example, we can probe a relaxation in the bulk of the ceramic at low temperature 
and we can probe another relaxation, in the grain boundary, at high temperature. 
This is observed in Fig. 7 if we follow the conductivity at 1 MHz, for example. 

T 

10-' 

10-= 
• P 
I 

a 

I 
lo-> 

10J 

10* 10' 10' 10* 

Frequency (Hz) 

Figure 7. Real part (a') of complex conductivity, a*, as a function of frequency (in the radio frequency 

range) for (La2;3-xLi3xni/3-!x)Ti03, x = 0.11 at different temperatures. 

The impedance data have been recorded every 10 K. It is men possible, by 
plotting the conductivity as a function of temperature for a given frequency, to 
clearly observe this phenomenon. This is shown in Fig. 8 where conductivity is 
plotted as a function of temperature at 1 MHz, 10 MHz and 100 MHz. It can be 
observed that the conductivity increases as frequency increases. 

From Figs. 7 and 8 it can be observed that at 1 MHz the conductivity is due to 
the hopping of Li+ ions into the bulk of the ceramic at low temperature. At 300 K, 
the dc-conductivity is measured. As temperature increases, the impedance spectrum 

500 K 

450 K 

400 K 

360 K 

320 K 

300 K 
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shifts to high frequency and around 400 K a decrease of conductivity, due to the 
blocking effect of the grain boundaries, is recorded. This is shown in Fig. 8. An 
activation energy of 0.27 eV, associated to the hopping process of Li+ ions into the 
bulk, is determined at 1 MHz and below 400 K. The same phenomenon is observed 
in Fig. 8 at 10 MHz. However the decrease of conductivity due to the grain 
boundaries blocking effect occurs at higher temperatures, as expected by the shift of 
the impedance spectra with temperature. Furthermore, the activation energy of the 
Li+ hopping process decreases to 0.25 eV at 10 MHz. Finally, at 100 MHz, the 
blocking effect of the grain boundaries is no more observed in the temperature range 
investigated. The hopping process of the moving ions in the grains is recorded at 
high temperature and an activation energy of 0.23 is measured. The S-shape of the 
curve at 100 MHz reveals the presence of another motion of the mobile species. This 
motion is a very fast one and its activation energy is around 0.20 eV. 

a! 

0.1 

\ : 

[MHz 
10 MHz 

' f t * 

1.5 2.0 3.0 3.5 2.5 

1000/T(K"') 

Figure 8. Arrhenius plot of the real part (&) of complex conductivity, a*, as a function of inverse of 

temperature for (LaM-xLi3xDi/3-2x)Ti03, x = 0.11 at different frequencies. 

4. Discussion 

Li NMR relaxation times measurements clearly evidenced that Li+ ions undergo 
two different motions in the bulk of the oxide. This result has been already discussed 
in our previous papers7,8'19. The main conclusion drawn in these papers is that the 
fast motion of Li+, probed by the spin-lattice relaxation time, T b at 116 MHz, can be 
attributed to the localised motion of Li+ ions inside the A-cage of the perovskite 
structure. Its correlation time is thermally activated (Ea = 0.20 eV), xc« 10"9 s at 350 
K. The slow motion, probed by the spin-lattice relaxation time in the rotating frame, 
Tip, at 62.5 kHz, can be attributed to the translational motion of the Li+ ions from 
one A-cage to a next vacant one. Its correlation time is also thermally activated (Ea = 
0.20 eV), TC « 10" s at 280 K. This ionic long-range motion gives rise to the dc-
conductivity of the oxide. The determination of the dc-conductivity, measured by 
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impedance spectroscopy, showed that the long-range motion of Li+ is thermally 
activated with an activation energy of 0.30 eV below 400 K. A large discrepancy 
can be observed between these two results although these two measurements are 
related to the same ionic motion in the material. Such a discrepancy between these 
two techniques, Ea (dc-conductivity) > Ea (NMR) is generally encountered in 
studying solid electrolytes. This is generally explained by the correlation motion of 
the ionic species and by the difference in both techniques, NMR being a technique 
that probes microscopic motion and impedance spectroscopy at low frequency being 
a technique that probes macroscopic motion. These above results give experimental 
evidence for such correlated motion. 

In structurally disordered solid electrolytes it is well known that the mobile 
species do not perform random hopping. The concept of random hopping implies a 
dipersionless conductivity. This is not experimentally observed and the existence of 
a frequency dependent conductivity, as shown in Fig. 7, rules out the possibility of a 
random hopping. As described by Funke20, dispersive hopping conductivity can be 
interpreted in terms of "unsuccessful" forward-backward hopping sequence. At low 
frequency, when the time window is long, the probability to observe forward-
backward hopping sequence is relatively high. Such hopping sequence does not 
contribute to the dc-conductivity since it leads to ineffective hops for conductivity. 
As frequency increases, or when the time window decreases, this sequence becomes 
less and less observed. Therefore, the conductivity increases. Finally, when the time 
window is sufficiently short every observed hop is seen as individual hop. This final 
step corresponds to observation of random hopping. 

The activation energy of the hopping process determined at low frequency is 
then an apparent one because during this time interval of duration 1/co the ion will 
undergo several hops either in the forward direction or in the backward direction. 
The observed motion is then correlated. When frequency is sufficiently high and the 
time of observation is sufficiently short to see individual hops then the motion is 
observed without any correlation effect. This change from correlated motion to 
random motion can be detected by the analysis of the conductivity curves plotted at 
a given frequency in an Arrhenius fashion, as shown in Fig. 8. Such a plot can also 
help to determine any change of conduction mechanism of the mobile species as 
temperature increases. The slope of the curve gives the activation energy of the 
migration process observed. 

It is known that when an ac signal is applied to a material, only the species with 
motions that will be able to follow this alternative signal will be observed. The 
slowest ones, which have much inertia, will not be observed. As temperature 
increases, the motion rate will increases and then some new motions may appear. 
This is what is observed in Fig. 8. The curve relative to the conductivity at 1 MHz 
shows that at low temperature the observed motion is the translation of the ions from 
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A-cage to A-cage corresponding to dc-conductivity. This is the motion probed by 
the spin-lattice relaxation time in the rotating frame T lp, shown in Fig. 4 Around 350 
K, the conductivity decreases because of the blocking effect of the grain boundaries. 
Above this temperature the translation of the Li+ ions into the grain boundaries is 
observed and will limit the conductivity. At 10 MHz, the translation of the ions from 
A-cage to A-cage is observed at intermediate temperature, between 350 and 500 K. 
Above 500 K the grain boundaries blocking effect is observed and below 350 K a 
new motion appears. At 100 MHz, the translation from A-cage to A-cage appears 
above 500 K. At low temperature a new and fast motion is clearly observed. This is 
the fast motion probed by the spin-lattice relaxation time Ti, as shown in Fig. 3. This 
motion has been attributed to the localised motion of Li+ inside the A-cage. In Fig. 3 
the contribution of the A-cage to A-cage motion of Li+ is observed around 600 K. 

As soon as the different motions of Li+ have been characterised their activation 
energy can be determined. For the long-range motion of Li+ from A-cage to A-cage 
the activation decreases from 0.30 eV for the dc-conductivity, to 0.27 eV at 1 MHz, 
0.25 eV at 10 MHz and 0.23 eV at 100 MHz. The decrease of the activation energy 
as frequency increases indicates that a highly correlated hopping process is observed 
at low frequency. As frequency increases and consequently as the time window 
decreases a less and less correlated hopping process can be observed leading to the 
decrease of the activation energy that becomes very close to the uncorrelated motion 
observed by NMR (Ea = 0.20 eV). For the localised motion of Li+ inside the A-cage 
an activation energy of 0.20 eV has been determined at 100 MHz, the same value as 
the one determined by the spin-lattice relaxation time T,. 

5. Conclusion 

These two techniques, that probed the Li+ motions in LLTO, are proved to be 
complementary. 7Li NMR measurements revealed the presence of two motions of 
the moving ions and the presence of two kinds of Li+ ions in the perovskite 
structure. The conductivity spectroscopy also revealed the presence of different 
motions of the Li+ ions into the bulk of the oxide. However it has been shown that 
the Li+ motion from A-cage to A-cage, that leads to the dc-conductivity and that is 
probed by Tip, is seen as highly correlated. This leads to an activation energy which 
is higher than the true energy barrier that encounter the mobile ion during his hop 
from one A-cage to the next vacant one. To obtain the true energy barrier it is 
necessary to observe the individual hops. This is possible at high frequency when 
the time domain of the observation is short. In these conditions, the activation 
energy obtained by both techniques are reconciled. Furthermore, the fast motion of 
Li+ probed by the spin-lattice relaxation time of 7Li nuclei, T\, is also evidenced by 
conductivity spectroscopy at high frequency, in the radio frequency regime. 
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Starting from the simple bond valence (BV) concept commonly used to judge the plausibility of atomic 
positions in inorganic crystal structures, a method to analyze energy landscapes and to identify transport 
pathways for mobile ions in solid electrolytes has been developed. The approach is particularly valuable 
for analysing transport mechanisms and structure conductivity relationships in disordered solids, where 
the averaged information directly available from crystallographic methods cannot provide a sufficiently 
detailed picture. For systems where ion transport occurs in a nearly rigid matrix, e.g. ion conducting 
glasses, the BV analysis may be based on static structure models from reverse Monte Carlo fits to 
experimental diffraction data. The assumption that conduction pathways correspond to structure regions 
where the BV mismatch for the mobile ion remains below a threshold value then enables us to predict 
activation energy and ionic conductivity of ion conducting glasses from the relative volume of the 
percolating pathways in the structure model. Moreover BV mismatch landscapes provide further insight 
into transport mechanisms as they allow enumerating the number of accessible sites for mobile ions 
(irrespective of their occupancy), as well as quantifying the reduced local dimensionality or the medium-
range ordering of transport pathways. The BV analysis of molecular dynamics simulation trajectories 
extends the application range to systems involving complex reorientation processes (provided that 
suitable empirical force-fields are available for a system) and permits to extract information on time and 
temperature dependencies. 

1. Introduction 

A proper understanding of the relationship between ion transport and structural 

peculiarities is essential to gain a deeper insight in ionic conduction in disordered 

electrolytes. Structural information can be obtained experimentally by a wide range 

of techniques; mainly neutron and x-ray diffraction for general information as well 

as NMR, EXAFS and vibrational spectroscopy for local information on specific 

parts of the structure. Presently the only viable method to generate structure models 

of glassy materials from experimental data is by reverse Monte Carlo (RMC) fitting. 

RMC produces static models that quantitatively agree with diffraction, EXAFS and 

NMR data, as well as additional bonding constraints based on further experimental 

or chemical knowledge.1"4 In this way experimental data can be translated into a 

consistent model of the distribution and local environment of the potentially mobile 
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ions, an essential step towards an understanding of the conduction process. Still it 
has to be emphasized that RMC models are no unique structure solutions and their 
interpretation is thus limited to a statistical extraction of characteristic features. 

In previous work we discussed how the bond valence method can be utilized to 
perform such a statistical analysis of ion transport pathways within the RMC 
models yielding predictions of ionic conductivity.5"9 Here, the investigation of ion 
transport mechanisms is extended by discussing the number, distribution and 
connectivity of "equilibrium sites" (relaxed sites) for the mobile type of ions in 
various metaphosphate and diborate glasses. 

Alternatively the relation between structure and conductivity can be investigated 
using molecular dynamics (MD) simulations, which should in principle permit to 
derive all the required structural and dynamical information (within the limitations 
imposed by the system size and the simulated period). Effectively the MD approach 
has shown to be a useful tool in obtaining insight into the conduction mechanism 
and its correlation to the atomic structure (see e.g. Balasubramanian & Rao,10 

Habasaki & Hiwatari," Jund et al.,12 Yuan & Cormack,13). Besides the 
computational effort required to reach simulation time scales exceeding the 
nanoseconds regime for the inevitably complex structure models, the most serious 
limitation is the problem to obtain realistic interatomic potentials between the 
particles in chemically complicated glasses that quantitatively reproduce 
experimentally known structural or dynamical properties of the glasses. Here we 
discuss a comparison of RMC models for glassy LiPC^ with a MD simulation of the 
same material to elucidate the possibility of using MD simulations or a combination 
of RMC and MD as the basis for a bond valence analysis of the time evolution of 
ion transport pathways. 

2. Techniques 

Details of the slightly modified reverse Monte Carlo method used to build static 
structure models have recently been described elsewhere.9 For comparison a 
dynamic structure model of LiP03 of the same size (4000 atoms, NVT, T=300K) 
has been generated by MD simulations using an established 3-body force field14 

starting from the RMC configuration and keeping the experimentally known density 
fixed. The analyses of ion transport pathways in the RMC model as well as in a set 
of 100 snapshots from the MD trajectory have been performed using a bond valence 
approach. 

Empirical relationships between bond length and the bond valence (BV) are 
widely used to identify plausible equilibrium sites for an atom in a crystal structure 
as sites where the BV sum of the atom matches its oxidation state (cf., e.g. 
Brown"). A modification of the BV approach that improves the assessment of non-
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equilibrium site energies by a systematic adjustment of BV parameters to the bond 
softness8,16"18 extends the application range of this simple tool to structure - property 
relationship studies in solid electrolytes. For that purpose "accessible" sites for a 
mobile ion A in a local structure model are identified using empirical relationships 
between the bond length R and a so-called bond valence sA.x 

sA.x=exp[(RrR)/b] (1) 

as sites where the mismatch of the bond valence sum V(A) 

\&V(A)\ = 
X 

+ Y4PA-X 
X 

(2) 

over the sA.x from all adjacent counterions X approaches the ideal valence V^A) 
(which equals its oxidation state). To enhance the chemical plausibility of BV 
mismatch "energy landscapes", \AV(A)\ contains a penalty function pA.x that 
discriminates against sites where a matching V(A) is achieved by unfavourable 
strongly asymmetric coordinations (for details see Adams, 2006) and is 
complemented by hard minimum distance and soft coordination number constraints. 
In contrast to most conventional BV parameter sets our softBVparameters are based 
on the assumption that not only the counterions of the first coordination shell but all 
counterions up to a cut-off radius of 4-8 A (depending on sizes and polarisabilities of 
the ions involved) contribute to V(A). This is indispensable for modelling ion 
transport pathways as it avoids artefacts in the BV sum variation, when an ion 
moves across the border of its coordination shell. 

BV ion transport pathway models are based on the supposition that paths 
between accessible sites, along which \AV(A)\ remains sufficiently low represent 
probable ion transport paths. Isosurfaces of fixed maximum BV sum mismatch 
\AV(A)\ for a certain ion type A will thus enclose regions that an A ion in the 
pathway may reach with a certain activation energy EA. Low BV mismatch regions 
that include both occupied and vacant sites therefore enable local jumps of A. A 
long-range transport requires pathways that extend through the whole structure. For 
periodic models this is equivalent to spanning the model box. 

Determining the "pathway volume" for a given maximum value of \AV/ yields a 
simple and reliable way of characterising ion transport pathways in local structure 
models of disordered systems.6,8 A pathway model for glassy LiPC>3 is shown as an 
example in Fig. 1. To evaluate the pathway volume V(A) has to be calculated for a 
hypothetical A ion at each point in the structure. In practice, the structure model 
(containing typically 4000 atoms) is divided into a primitive grid containing ca. 4 
million cubic volume elements (0.2-0.3 A)3. A volume element is considered to 
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belong to the conduction 
pathway if \V - Videail for a 
hypothetical A at this site is 
below a fixed threshold value or 
if the sign of (V - Vidsa\) alters 
within the volume element. The 
second condition cushions effects 
of the limited grid resolution. 
Accessible volume elements that 
share common faces or edges 
belong to the same "pathway 
cluster". It is assumed that these 
pathway clusters contribute to dc 
conductivity only if they 
percolate through the structure 
model. The remaining restricted 
pathway clusters are considered 
to contribute only to ac 
conductivity. 

3. Results and Discussion 

Fig. 1: Bond valence model of Li* transport pathway 
(visualized as dark grey isosurface of constant Li BV 
mismatch) through a structure model of L1PO3 arising from 
a RMC fit to neutron and X-ray data. (Li: black spheres; 
PO4 groups: light grey tetrahedra. The graph shows a 
projection of 'A of the 47000 A3 model only to limit the 
overlap of the pathways). 

3.1 Revision of the correlation between pathway volume and the conductivity 

In a previous study we could show that the volume fraction F of the percolating 
pathways can be used to predict the activation energy EA for dc conduction and 
thereby (in the case of glasses) also of the room temperature conductivity.5 As 
mentioned above, the threshold value for \AV\ can be chosen to some extent 
arbitrarily. When comparing pathways for different types of mobile ions, we find 
that the most suitable value will, as discussed further below, depend on the mass mA 

of the mobile ion.6 A comparison of pathways in different materials became 
possible by compensating for the mass dependence through a scaling of the pathway 
volume fraction F for the same BV mismatch threshold. Although this works well, 
it bears the disadvantage that further characteristics of the pathways for different 
types of mobiles cannot be compared easily. Therefore we suggest an alternative 
type of scaling, namely to compensate for the mass dependence when choosing the 
bond valence mismatch threshold. It turns out that again a fairly general correlation 
for a wide range of glass systems is found when the threshold value |/4F|max of the 
BV mismatch is chosen to vary with the square root of the cation mass (cf. Fig. 2): 

\hV(A)\ AK, rt.O , 
(3) 
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In this work we employ a BV 
mismatch threshold of 0.026 
v.u. / amuU2 • ntA12 (v.u. = 
valence units; amu = atomic 
mass unit), which leads to 
valence mismatch thresholds 
ranging from 0.068 v.u. for Li 
to 0.27 v. u. for Ag. Due to the 
limited grid resolution using 
much smaller valence 
mismatch thresholds would 
bear the danger of missing 
some of the local bond valence 
sum minima. 
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3.2 Enumeration of sites for mobile 

ions in the metaphosphate glasses 

Fig. 2: Correlation between volume F of percolating 
pathways F and room temperature conductivity of 
various glass systems (mobile ion: Ag:d, Li:^ , Na: 
T , Rb: • ) for a mass-dependent BV mismatch 
threshold as specified in Eq. 3. 

In contrast to ion transport in crystalline solid electrolytes that is well understood in 
terms of interstitial, interstitialcy or vacancy mechanisms, there is a continuing 
debate whether comparable conduction mechanisms prevail in glasses. As a first 
step towards a deeper insight, it appears indispensable to count (and classify) all 
sites that a mobile ion can visit in a given glass structure. Such attempts have been 
undertaken previously on the basis of molecular dynamics trajectories for a number 
of glass systems using different routines to identify suitable sites (see eg. Lammert 
et al. ). Identifying those sites that have actually been occupied by the mobile ions 
for a certain while however results in the fundamental uncertainty that the resulting 
number will depend on the simulated period. This becomes a serious drawback for 
systems with low cation mobilities such as mixed alkali glasses. The detection of 
"equilibrium sites" for RMC models of various metaphosphate glasses AP03 (where 
A+ = Li+, Na+, Rb+, Ag+), Agl-doped AgP03 and halide doped alkali diborate 
glasses using the bond valence method may however be (approximately) identified 
with an analysis of the complete energy landscape for the modelled local structure 
snapshot at a certain instant. As glasses are always metastable states, the term 
"equilibrium sites" only refers to the fact that these sites are energy minima for the 
A+ for the frozen anion arrangement. The method therefore yields a complete 
inventory of all available sites for A+ at a given instant irrespective of their 
occupancy, but of course lacks the information on time evolution. 

For each of the systems the starting point is the identification of "accessible" 
sites within the RMC structure model. To account for the above-mentioned mass 
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dependence of the conversion between activation energy and bond valence 
mismatch we employed the cation mass dependent valence mismatch threshold of 
0.026 v.u. / amum • mA

m (cf. Tab. 1). For the investigated glasses the condition of 
a sufficiently low BV mismatch alone will not produce individual sites but a 
continuous network of sites with only marginal differences in their bond valence 
mismatch. The BV approach suggests that if a cation can reach the appropriate bond 
valence sum in various ways it will prefer the coordination that leads to the most 
uniform distribution of individual bond valences {equal valence rule15). Together 
with the knowledge that the coordination number (CN) for equilibrium sites of a 
certain cation in oxide salts will vary only over a limited range this can be used to 
resolve the pathways into equilibrium sites and jump paths between these sites. 

Tab. 1: Enumeration of "equilibrium" site clusters (relaxed sites) for the mobile ions in various 
metaphosphate or diborate glasses. 

LiPOj 
NaPOj 
R b P 0 3 

Li„.sNa0.5PO3 

(Li+) 
Lin.5Nao.5PO3 
(Na+) 
AgPOj 
lOAgl-
90AgPO, 
30AgI-
70AgPO3 

50AgI-
50AgPO, 
Li 2 0-2B 2 0, 
LiCl-Li20-
2B 20 3 

Na 2 0-2B 2 0 3 

Criteria 

lAVl 
/v.u. 

0.068 
0.125 
0.240 
0.068 

0.125 

0.270 
0.270 

0.270 

0.270 

0.068 
0.068 

0.125 

CN 
range 

4-6 
4-6 
4-8 
4-6 

4-6 

2-6 
2-6 

2-6 

2-6 

4-6 
4-6 

4-6 

"equilibrium site clusters" 
sites / ions 

2954 / 800 
2084 / 800 
1693 / 800 
1396/400 

819/400 

(154 / 768) 
(214/853) 

(314/1000) 

(178/1200) 

2201 / 600 
2508 / 720 

1045 / 600 

av. site 
radius /A 

0.32 
0.41 
0.42 
0.28 

0.34 

1.75 
1.60 

1.44 

2.23 

0.36 
0.38 

0.46 

simultaneously 
accessible 

1339 
872 
556 
631 

383 

1018 
1193 

1533 

1902 

1023 
1286 

570 

simultaneously 
accessible eq. 
sites / ion 

1.67 
1.09 
0.70 
1.58 

0.96 

1.33 
1.40 

1.53 

1.59 

1.71 
1.79 

0.95 

In accordance to a suggestirn by Brown15 anions X are classified as 
coordinating a monovalent cation A+ if the A-X distance corresponds to an 
individual bond valence sA_x > 0.04 v.u. A survey of cation coordinations in sets of 
well-determined, fully ordered inorganic crystal structures extracted from the 
Inorganic Crystal Structure database20 using this CN definition demonstrates that 
the ranges of preferred CN for Li+, Na+, Rb+ and Ag+ in oxides and oxyhalides are 
4-6, 4-6, 4-8 and 2-6, respectively. Only sites that lead to a CN within this range 
qualify as equilibrium sites. As none of the investigated cations tends to form 
multiple bonds, sites leading to individual bond valences significantly > 1/4 for the 

http://Lin.5Nao.5PO3
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alkali glasses or > 1/2 for the Ag glasses are also eliminated. For alkali glasses these 
criteria locate clusters of equilibrium sites that are sufficiently small (about 10 grid 
sites or corresponding to an equivalent radius of the site of 0.4 A, cf. Tab. 1) and 
thus can only be occupied by a single cation. (This size should not be mistaken with 
the ion radius, which is already accounted for implicitly when calculation the BV 
sum. It rather describes the variability of the position for the centre of the ion and 
thus resembles an atomic displacement parameter.) 

Due to the tendency of silver ions to occur in low CN configurations (which 
imposes the less strict coordination number constraint 2 < CN < 6) the same 
formalism leads to considerably larger "equilibrium site clusters" in silver ion 
conducting glasses that may be occupied by several Ag+ at the same time. Thereby 
the values found for the Ag+ conducting glasses are not directly comparable. On the 
other hand this also suggests a higher degree of correlation between the elementary 
hop processes in Ag+ ion conducting glasses. 

The formalism described so far does not take into account, whether all 
"equilibrium site clusters" can be occupied simultaneously. Effectively the criteria 
(applied to a grid with limited resolution) will produce a considerable number of 
closely neighbouring clusters and thereby overestimate the number of relevant sites. 
A more relevant quantity is the number ns/(e of "equilibrium sites" that have a 
suitable minimum distance from each other to be occupied independently. ns/(e is 
assessed by running systematically through all sites. Wherever an accessible site 
within an equilibrium site cluster is identified, all surrounding sites up to a distance 
of 2r& are eliminated before continuing the loop. Appropriate A-A exclusion 
distances 2r& are again derived from sets of reliable reference crystal structures that 
contain short A-A distances (for details see Adams et al. ) The resulting exclusion 
radii rLi = 1.17 A, rNa= rAg= 1.38 A for Na and Ag and rRb= 1.85 A are slightly 
smaller than the respective metallic radii and consistent with the minimum distance 
criteria employed in the RMC modelling of the investigated systems. 

Although the choice of threshold values |AV| is guided by the considerations 
discussed above (e.g. regarding the systematic mass dependence, limitations by grid 
resolution, etc.) it remains to some extent arbitrary. Therefore it needs to be tested 
to which extent results depend on a specific choice of |AV|. Results for the alkali 
metaphosphate glasses are summarised in Fig.3, where characteristic properties of 
the pathways and "eq. sites" are shown as a function of the chosen value of |AV|. In 
each graph the (ion mass dependent) value selected for the analysis in Tab.l is 
marked by a broken vertical line. When AV is raised the pathway volume fraction 
increases nearly linearly (after an initial plateau region, where the pathway volume 
is mainly determined by the sign change criterion; Fig. 3i). The number of clusters 
forming the pathways goes through a maximum for AV values that for all 
investigated systems are smaller than the chosen threshold value (Fig. 3ii). The ratio 
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between the number of simultaneously accessible "equilibrium sites" for A+ and the 
number of A+ in the structure model varies only slowly with the choice of AV (Fig. 
3 iii). Thereby the conclusion that the mechanism for ion transports will depend on 
the type of mobile ion, is hardly affected by the choice of a particular threshold 
value for AV. Li+ ion transport in LiP03 occurs via a significant fraction of 
unoccupied sites, while unoccupied Rb+ sites are rare in RbP03 so that ion transport 
resembles more a "vacancy"-type mechanism. 

To control the relevance of the pathway clusters, Fig. 3iv indicates the 
correlation between pathway sites (that as shown in Fig. 3i contain only ca. 1% of 
the total volume of the structure model) and the cation sites of the RMC model. 
Again grid resolution limits the precision of this analysis. Therefore three variants 
of the correlation are plotted: Curves (a) in Fig. 3iv display the percentage of 
modelled A+ sites that are located within one of the "accessible" volume elements; 
while versions (b) and (c) additionally include the face-sharing or face- and edge-
sharing neighbours of accessible sites. Even for curve (c) this means that the BV 
pathway is within the region that the A+ probes by its thermal vibrations and such a 
A+ should therefore be considered as mobile. For LiPC>3 and NaP03 this includes ca. 
80% of the alkali ions, while the number is reduced to ca. 60% for the RbPC>3 glass. 
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Fig. 3: Variation of quantities characterizing the bond valence pathways in reverse Monte Carlo models 
of MP0 3 glasses (M = Li, Na or Rb from left to right) as a function of the chosen bond valence 
mismatch threshold: (i) pathway volume fraction; (ii) number of clusters per cation; (iii) number of 
"equilibrium site clusters" per cation; (iv) percentage of M+ ions that are located (a) within volume 
elements belonging to the pathway; (b) in volume elements that belong to the pathway or their face 
sharing neighbours; (c) in volume elements that belong to the pathway or their face or edge-sharing 
neighbours. The dashed vertical line indicates the mass-dependent threshold value for |AVj chosen in 
this work. 
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3.3. Comparison of pathways in RMC and MD-generated structure models of 
LiPO} 

To elucidate the possibilities of 
applying our bond valence analysis 
formalism to structure models from 
MD simulations the characteristics 
of Li+ pathways in RMC- and MD-
generated structure models of glassy 
LiP03 are compared. In the case of 
the MD model results are averaged 
over 100 snapshots from a short 
trajectory (30 ps) after a relaxed 
state has been reached in a previous 
simulation run. The analysis of 
coordination number distributions 
for the Li+ in both models seems to 
emphasizes the similarity of both 
structure models (CN(Li) = 
4.49 ±0.85 from MD simulations, 
4.57±1.07), but the broader 
distribution already hints at the 

slightly more disordered nature of RMC models. Fig. 4 however reveals potential 
problems for a straightforward application of the BV analysis to the MD model: the 
average BV sum V(Li) for the Li atoms in the MD model V(Li) = 0.826 + 0.121 
v.u. is significantly lower than V(Li) = 0.927 ± 0.154 v.u. for the RMC model. 
Average BV sums slightly below Vjd = 1 v.u. for monovalent cations are to be 
expected and generally observed in RMC structure models due to the snapshot type 
nature of the models (BV parameters are determined from stable, well-ordered 
reference structures, where the time-averaged cation positions represents local 
energy minima). Still the displayed example indicates that the suitability of a MD 
simulation force field for this kind of analysis has to be verified in every case. 

For minor BV sum deviations adapting the reference value Vjd. may be a 
practical workaround. The influence of such adaptations on the characteristic 
quantities for the Li pathways in both types of structure models is shown as a 
function of |AV| = |V-Vid| in Fig. 5 for three choices of Vid' 0.825, 0.9 and 1.0 
valence units (v.u.), and two values, 0.925 and 1.0 v.u., for the RMC model. As to 
be expected the pathway volume fraction is highest if Vid is chosen in accordance to 
the maximum of the respective BV sum distribution. V;d=lv.u. is not a suitable 
choice for the MD case, but the similarity in the |AV| dependence for the remaining 

0 1.2 1.4 
v(Li) / v.u. 

Fig. 4: Bond valence sum distribution of Li atoms in a 
RMC model of glassy LiPOi (filled symbols) as well as 
in a series of snapshots from a molecular dynamics 
simulation of LiP03 at T=300K (open symbols). Solid 
lines as a guide to the eye. 
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0.20 K 0.00 0.05 0.10 0.15 

0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15 0.20 
AV(Li) / v.u. AV(Li) / v.u. 

Fig. 5: Comparison of bond valence pathway models for LiP03 based on RMC models (l.h.s.) or MD 
simulations (r.h.s.) for different choices of the ideal bond valence sum Vjd with respect to (i) percentage 
of "accessible" volume elements; (ii) number of sites with matching BV sum and CN, divided by 
number of Li in model; (iii) percentage of Li in model, for which (a) the respective volume element 
itself, (b) the volume element or its face-sharing neighbour, (c) the respective volume element or its 
face- or edge-sharing neighbour is "accessible". 

four curves implies that an approximate conversion between the most suitable Vid 

for RMC and MD can be found for a given force field. For any of the choices of 
structure model, Vi(i , and \AV\ the number of "equilibrium sites" for Li+ 

significantly exceeds the number of Li+ ions in the structure, so that there are 
always free target sites for hopping processes. The percentage of mobile Li, which 
measures the degree of congruency between the Li positions of the structure model 
and the BV pathways leads to unsatisfactory results for the MD structure model and 
Vid= lv.u.. The slight overestimation of Li-0 bond lengths by the MD force field 
can be compensated by assuming a slightly smaller Vjd in the analysis. 

4 Conclusions 

The application of the bond valence analysis to static structure models from reverse 
Monte Carlo fits (based on experimental diffraction data) has been demonstrated to 
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provide predictions of ion transport properties. Although an exact localisation of the 
most suitable sites for the mobile ions in local structure models may require a 
higher resolution than could be applied in the present study, the study still provides 
semiquantitative results regarding differences in the number of available sites for 
the mobile ions and thereby in the transport mechanisms for glassy solid 
electrolytes. 

The application to Molecular Dynamics simulation trajectories adds the 
possibility to systematically analyze time, temperature or pressure dependencies of 
energy landscapes for the mobile ions, but characteristics of the respective structure 
models have to be kept in mind: Cations in MD snapshots have a narrower 
distribution of BV sums and coordination numbers than RMC models, but 
(depending on the force field) the average BVS of the mobile ions may differ from 
the oxidation state. For minor deviations an adaptation of the expected bond valence 
sum to the specific MD force-field will allow an application of the BV analysis 
formalism. 
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The Proton Conductivity of Condensed Phases of Water: Implications on 
Linear and Ball Lightning 

Kirthi Tennakone 
Institute of Fundamental Studies,Sri Lanka 

Abstract 

Ice is a proton conductor, with conductivities ranging from 10"6 to 10"9 S m"' 
depending on the purity of the sample. Electronically ice is highly insulating with 
conductivity of the order 10"12 S m"1 or below. Mobile protons in ice originate from 
disruption of hydrogen bonds and strong electric fields enhance bond breakage. Ice particle 
acquires electrification during formation of thunder clouds and ice play a crucial in role 
charge separation leading to lightning. It is suggested that charges of ice particles in clouds 
originates from inductive charge separation and transfer of the mobile positive charge to the 
streaming air. Thus ice particles gain a negative charge and moist air drifting upwards 
becomes more positive. Consequently, most thunder clouds have a negative charge in the 
region closer to the ground. 

Although many explanations are proposed, the elusive phenomenon of ball lightning 
continues to resist theoretical understanding and laboratory reproduction. Ball lightning 
originates in the electrical active atmosphere as a luminous sphere drifting in air with the 
capability of bouncing from walls and penetrating openings smaller than the ball. It is 
suggested that ball lightning is a negatively charged sphere constituted of an outer shell of 
ice. Water dipoles are oriented radially by the electric field and protons acquire a high 
mobility in the tangential direction. As the electron conductivity of the shell in radial 
direction is very small, the charge slowly leaks to the atmosphere as a corona discharge. 
Model naturally explains how the ball could penetrate a hole or bounce from a surface as a 
differential electrostatic stress could develop in the ball as result of the proton conductivity. 
Details of the models and suggestions for experimental verification of the proposed 
concepts will be presented. 
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PROTON TRANSPORT IN NANOCRYSTTALINE BIOCERAMIC 
MATERALS: AN INVESTIGATIVE STUDY OF SYNTHETIC BONE WITH 

THAT OF NATURAL BONE 

HRUDANANDAJENA and B. RAMBABU 

Solid State Ionics Laboratory, Department of Physics, 
Southern University A & M College, Baton Rouge, Louisiana -70813, USA 

RAMSEY SAUNDERS 

Health Physics Section, Department of Physics 
University of West Indies -St. Augustine Campus, Trinidad 

Abstract 

Hydroxy apatite (Ca10(PO4)6(OH)2) is a ceramic material. This has 

been used for biological applications such as bone and teeth enamel. In 

this paper various preparation methods including sonochemical followed by 

microwave sintering technique has been used to prepare the material. The 

material was characterized by XRD, TEM, SEM and its electrical transport 

(proton) is measured by impedance spectroscopy. The conductivity 

measured is 0.091x10"6 to 19.20x10"s Scm"1 at 25 - 850°C range of 

temperature at 100 kHz applied frequency. Conductivity found to increase 

with increasing applied frequency at a given temperature of measurement. 

The prevalence of protons in the lattice has been confirmed by proton NMR 

studies. The results of the experimental observations on proton migration in 

the apatite lattice for electrical conduction are discussed. 

1.Introduction 

Hydroxy apatite, Cai0(PO4)6(OH)2 (Ca-HAp) is a bio-ceramic and is 

an alternative candidate for hard tissue replacements such as stainless 

steel and titanium based solids [1-4]. The existing materials such as 

stainless steel etc. are prone to corrosion, wear, fibrous tissue 

encapsulation, inflamation, implant loosening due to poor adhesion, and 

stress shielding which leads to bone resorption. Ceramic based 

hydroxyapatite (HAp) are better suited as these are bioactive providing an 

interfacial bond between the implant and the surrounding tissue forms, 

leading to good fixation, and generally no fibrous tissue encapsulation. The 
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major drawbacks however are their low strength, low toughness and 

brittleness, which limit their use for non-load applications, such as coatings 

and implants in non-stressed areas of the body. A possible solution is to 

obtain nanocomposites based on hydroxyapatites that show superior 

mechanical properties. A prerequisite for the formation of HAp based 

nanocomposites is to obtain uniform nano size particles of HAp through 

innovative chemical methods. A number of chemical routes have been 

reported in literature for the synthesis of submicron particles of HAp with 

narrow size distribution. In our investigation we will emphasize on achieving 

nano-hydroxyapatite by hydrothermal or sonochemical reaction methods. 

These methods will be extended to synthesize other alkaline earth 

substitutions in the hydroxyapatite. The alkaline earth substitutions are 

strontium (Sr), barium (Ba) and magnesium (Mg). The alkaline earth 

analogues of Ca-HAp find use as bone replacement, bone fillings, bone 

adhesives and for the treatment of osteoporosis. Attempts will also be 

spared to substitute HAp with other elements (compatible to body tissues) 

to enhance mechanical strength so that these HAp can be used in load 

bearing areas of the body. Since these materials are going to be used in 

human body and need to be thoroughly characterized by various 

sophisticated techniques and various tests should be conducted in vivo. 

In this study an attempt has been made to synthesize nano

composites of Ca-HAp with varying Ca2+ to (P04)3" ratio and alkaline earth 

(Ba, Sr and Mg) doping at Ca-site of the HAp by using sonochemical, 

hydrothermal followed by microwave sintering. The structural and transport 

properites will be correlated with the natural human bone powder measured 

under identical experimental conditions. The ordering mechanism of 

hydroxy groups in hydroxy-apatite Ca10(PO4)6(OH)2, which is the major 

constituent of mammalian bones and tooth enamel has been discussed. 

Apart from its use as biomaterials, Ca-HAp may be a candidate for future 

proton conductors for proton conducting ceramic fuel cell application as well 
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as the composite electrolyte in the direct methanol fuel cells and also for 

sensor applications. 

2. Experimental 

2.1 Hydrothermal method 

In hydrothermal method stoichiometric concentrations of NH4H2P04 

and Sr(OH)2.8H20 were taken and added to the teflon bowl. The bowl was 

sonicated along with the contents of the bowl in an ultra sonic sonicator 

(40W) for 30 minutes. Then the bowl was kept in a stainless steel 

autoclave. The autoclave was heated at 150°C for 5 h. The contents of the 

bowl were filtered and dried at 95°C in an oven. The powders were 

examined by X-ray Diffractometry (XRD), Transmission electron 

microscopy (TEM) and FTIR (Fourier Transform infra-red spectroscopy). 

Electrical conductivity measurements were carried out on these pellets by 

EIS (Electrochemical Impedance Spectroscopy). Similar procedures were 

followed to prepare the Sr, Ba and Mg substituted compositions. 

2.2 Urea combustion method 

In this method stoichiometric concentrations of CaC03 and NH4H2P04 

(ADP) were taken. CaC03 was converted to Ca(N03)2 by dissolving in 1:1 

HN03 and ADP was added to the solution. Then Urea (H2N-CO-NH2) was 

added to the reactant mixture (3 times the molar concentrations of 

reactants). The entire mixture was heated on a hot plat at 100 °C. The 

solution frothed and formed a fluffy mass (precursor). The precursor was 

brown in color. The brown color precursor on calcinations turned white by 

burning out all the excess carbon present in the precursor. 

2.3 Sonochemical reaction 

The sonochemical technique needs to be started with the hydroxide 

gels of the constituent elements of the HAp. The reactants were mixed in a 

stoichiometric proportion and were irradiated in a sonochemical reactor with 

300-750 watt of power. Then the product formed was filtered and sintered 

by microwave heating. Various other techniques will also be attempted to 

improve the properties and bio-compatibility of the material. 
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2.4 Characterization of the materials 

The powders were characterized by XRD, TEM (Transmission Electron 

Microscopy), FTIR and NMR. The electrical transport studies were carried 

out at 25-800°C in air. 

3.Results and discussions 

Ca10(PO4)6(OH)2 (Ca-HAp) was prepared by various methods. The urea 

burning method did not yield HAp at room temperature. The precursor 

formed was calcined at 600-800°C /4h. The solution mixture of Ca-nitrate 

and di-ammonium phosphate solution formed slurry like precursor. The 

precursor on calcination yielded the product. The presence of urea and 

nitrate groups in the precursor enhanced the growth of the Ca-HAp crystals 

on calcinations by providing in situ heating. The crystalline pattern obtained 

in the XRD is shown in Fig.1. The crystalline pattern (urea combustion) 

obtained in urea method is attributed to the provision of in situ heating by 

CaHAp, prepared by urea combustion technique, heated at 800°C/6h 
(Single phase) 

Ca]0(POJ6(OH); prepared by hydrothermal asprepared 

—I— 
50 

2e deg. 

Figure 1. XRD pattern of Ca-HAp prepared by various methods 
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exothermic decomposition of the complex gel in addition to external heat-

treatment given at 800°C/4h. However, in hydrothermal process, the 

crystallites grow and are nano-crystalline in nature as evident from the XRD 

pattern (Fig.1).In case of hydrothermal method the crystallites grow under 

pressure (2 atmosphere pressure) and 150°C. This condition increases the 

solubility of the ions in the solvent medium and makes them to react faster 

and form the product. The powders obtained in all these routes were 

characterized by X-ray diffraction (XRD), Transmission electron microscopy 

(TEM) (Fig. 2a) The formation of single phase of HAp was confirmed by 

XRD analysis. XRD peak broadening and TEM examination of the powders 

confirmed the nano-crystalline nature of the powders. The TEM micrograph 

also showed the needle like structures of the crystallites (Fig. 2b).The urea 

combustion method needed heat-treatment of the pre-cursor at 400--8GQ°C 

to burn out the carbon present in the precursor, on the other hand 

hydrothermal method yielded nano-crystalline product without further heat -

treatrment. 

The sonochemically treated starting materials before proceeding to 

hydrthermal treatment yielded needle shaped HAp. The needle shaped 

nano-rods may be of great importance to fabricate high strength bone 

material. Electrical transport properties of these compositions were carried 

out by ac impedance technique. 

I 
i 

\ 
\ 

(a) (b) 

Figure 2 (a) TEM micrograph of Ca-HAp , showing ascicular structure (b) Selected Area 

Electron Diffraction pattern of Ca-HAp ,. 



74 

The broadness of the XRD pattern is also an evidence of the nano-

crystallinity. The nanocrystalllinity was also confirmed from TEM studies. 

The TEM micrographs are given in the Fig. 2 (a). The ring pattern in 

selected area electron diffraction (SAED) pattern (Fig.2b) of the powders 

gives further evidence on the nano-crystalline nature of the particles. 

The presence of hydroxyl groups were also confirmed from the 

FTIR experiments (Fig.3).The powders of HAp were initially analyzed by IR 

(Fig.3). The characteristic bands of the v2(P04
3") is observed at 566 and 

601 cm"1, v1(P04
3") at 954 cm"1, and the v3(P04

3") to the 1087 and 1022 

cm"1. These reflections indicate the classification of the polyhedrons of 

P04
3" in Ca-HAp. Besides, at 3566 cm"1 a main vibration vOH") is observed, 

joined to bands at 3400 and 1629 cm"1 (H-O-H) from water absorption of 

synthesis process. The band at 628 cm"1 is attributed to the OH" groups. 

- r — < r 1 1 • 1 • 1 . 1 • H 
ssso :oso xta asos 1500 i o » sec 

Figure 3 IR spectra of Ca-HAp 

The conductivity of CHAp is observed to be 0.05mS/cm at 500°C. The 

measurement of various properties of Ca5Sr5(P04)6(OH)2, 

Ca5Mg5(P04)6(OH)2 CaBa5(P04)6(OH)2 compositions is to be carried out to 

find its suitability to justify its use as biomaterials for vertebrates. The 

presence of protons in the lattice has been investigated by proton NMR and 

FT-IR spectroscopy measurements. The details of NMR and FT-IR are 
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beyond the scope of this paper. The conductivity of Ca-HAp at 25°C in case 

of as -prepared sample indicates that the adsorbed H20 takes part in the 

electrical conduction at room temperature measurements. On heating the 

pellet to 100°C a decrease in conductivity is observed which is attributed to 

the loss of adsorbed water. However, on heating the pellet above 100°C an 

increase in conductivity is observed. The conductivity was observed to 

increase with increasing temperature. The trend in conductivity, 

temperature and frequency are given in the Fig. 4. Conductivity of the pellet 

increases with increasing frequency. The typical value of conductivity 

measured is 0.091 x10"6 Scm"1 at 25°C and 19.26x10"6 at 850°C with an 

applied frequency of 100 kHz. Further conductivity of the pellet increases 

with increasing frequency at a particular temperature. 

101 102 103 10' 105 10s 107 

Frequency (Hz) 

Figure 4 Electrical conductivity of Ca-HAp 

The increase in conductivity is attributed to the participation of hydroxyl 

proton in the Ca-HAp lattice. This observed phenomenon may be attributed 

as the ion (proton) conducting ceramic. Apart from its use as a bioceramics, 

it appears that CaHAP will turn out to be a progressive system to be used 
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as an electrolyte in developing new breed of low temperature solid oxide 

fuel cells (LT-SOFCs) and high temperature polymer electrolyte fuel cells 

(PEMFCs). 

4. Conclusions 

The preparation of Ca-HAp by sonochemical and hydrothermal 

method is an economical process and yields nano-crustalline powders free 

from contaminants and contains hydroxyl groups. The hydroxyl groups are 

helpful for biological tissue compatibility. The work on comparison of natural 

bone with the synthetic ones are in progress. Urea combustion method 

produces micro-crustalline particles and contains carbon as impurity 

phases if calcined at low temperatures. The proton conductivity is reported 

for the first time in off stoichiometric Ca-HAp prepared by sonochemical and 

hydrothermal techniques. 
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The preparation of a pure and nanostructured phase of the fast lithium conductor 
Lio.3oLao.56Ti03 at low temperature (350 °C for 2 h) is reported for the first time. The 
synthesis has been carried out by the Pechini-type in-situ polymerizable method. It 
has been shown that the molar ratios ethylene glycol / citric acid and citric acid / 
metals, as well as the temperature, are crucial parameters during this synthesis. A 
careful control of the temperature during polyesterification allowed us to prepare 
nano-sized phase of oxide and to avoid the formation of thermally stable impurities. 
The crystallite size (20 -30 nm) of the oxide has been determined by the analysis of 
the broadening of the powder X-Ray diffraction lines. The particles size has been 
confirmed by Transmission Electron Microscopy and the macroporous character of 
the powder has been evidenced by Scanning Electron Microscopy. 

1. Introduction 

Nano-sized materials may offer anomalous and interesting properties. This has 
already been observed in nano-electronics. The size effect, which is based on the 
quantum-mechanical confinement effect, leads to the increase of the energy of 
delocalized electrons with decreasing size. Such phenomenon has been proved to be 
valuable in varistors, PCT ceramics or gas sensors applications. More recently, it has 
been pointed out that ionic transport properties may also be changed by size effect. 
In a series of recent papers, Maier1 shows that "regardless of fashion and prejudice" 
the field of nano-ionics can lead to "substantially new insights regarding 
fundamental issues, but also to novel technological perspectives". The importance of 
nano-ionics to electrochemistry comes from the fact that the density of interfaces 
becomes very high when particle size decreases. This increase of interface density 
can then lead to a drastic change of both the local and the overall ionic transport 
properties of solids but also to storage or sensor properties of these materials. 
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Therefore the properties of nano-structured ionic conductors deserve to be explored 
extensively. In such a context, the attempt to synthesise nano-structured 
Li0 30Lao 5eTi03 appeared to be of great interest. 

The perovskite-type lithium lanthanum titanate, Li3xLa2/3-xTi03, is well known 
to be a high lithium ionic conductor having bulk conductivity of 10"3 S cm"1 at room 
temperature for x=0.10 2. Due to this high ionic conductivity, these compounds 
(hereafter called LLTO) have been studied for long time to explore the conduction 
mechanism and their potential use in various applications3. So far, most of the 
LLTO compounds have been prepared from the powder mixtures of oxides and 
carbonates by conventional solid-state reaction method. This method of preparation 
requires an extensive heat-treatment (1150 °C) for long time (24 hours) with 
intermediate grinding to achieve complete chemical reaction. Such a high 
temperature procedure leads to grain growth and to lithium loss (up to 20 mole %)4. 
In order to overcome these disadvantages, low temperature procedures were then 
considered. In this context, the span of preparation procedures is enormous. The 
synthesis of fine grain complex multicomponent oxide ceramics with good 
compositional homogeneity and high purity requires the use of a good mixing of the 
components at the molecular level. In an account that focuses on the synthesis and 
characteristics of ceramics, Kakihana et al. illustrated the advantages of the Pechini-
type in-situ polymerizable method over other solution techniques to prepare pure 
and homogeneous oxides5. This procedure is based on the formation of polyesters 
obtained from metal chelated citric acid and polyhydroxyl alcohol6. The chelation 
process is based on the mixture of cation (M) precursors solution in an aqueous 
citric acid (CA) solution. These chelates undergo polyesterification when heated 
with ethylene glycol (EG). The reaction which is carried out in ambient atmosphere 
leads to metallic-citrate polyester. Heating of the polymer causes its decomposition 
and the formation of a powder precursor by pyrolysis. Further appropriate heat-
treatments yield fine oxide powder. 

In the present study, we will describe the polymerizable precursor method we 
used. We will particularly emphasise the role of the two EG/CA and CA/M molar 
ratios as well as the pyrolysis temperature as crucial parameters during the synthesis 
to prepare nano-sized phase of LLTO and to avoid the formation of impurities. 
Herein, we demonstrate, for the first time, that the synthesis of pure LLTO is 
possible at low temperature. The study of the crystallite size of LLTO was carried 
out by the analysis of the broadening of the X-ray diffraction (XRD) lines. The size 
of the crystallites thus obtained was confirmed by Transmission Electron 
Microscopy (TEM). Furthermore, the macroporous character of the powder has been 
evidenced by Scanning Electron Microscopy (SEM). 
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2. Experimental 

For the synthesis of Li0.3oLao.56Ti03, Ti fine powder (99 %, 325 mesh) from Alfa 
Aesar, Li2C03 (99.997 %) from Aldrich and La203 (99.999 %) from Rhone-Poulenc 
were used as starting materials. The titanium solution was prepared by dissolution of 
Ti powder with hydrogen peroxide (30 %) from Carlo Erba and ammonia (35 %) 
from Fischer Scientific. Lithium carbonate and lanthanum oxide were dissolved in 
nitric acid from extra pure HN03 (65 %) from Riedel de Haen. The polymer 
precursor was prepared from the above solutions with CA (99.5 %) and EG (99 %) 
from Aldrich. The detailed procedure of the synthesis is given in the next part of the 
paper. 
Powder XRD patterns (slow scans) have been recorded at room temperature with a 
Philips XTert PRO diffractometer (CuKa radiation), equipped with a linear 
X'Cellerator detector, in the 20 range from 8 to 120° with an increment step of 
0.0167° and a total collecting time of 7 h 33 min. The fluoride Na2Ca3Al2FH (NAC)7 

was used as an instrument standard (std) for determining the instrumental 
broadening. The mean coherence length (L) was calculated using the Scherrer 
formula8: 

L = - ^ — (1) 
Pcos(9) 

where p is interpreted as a volume averaged crystallite dimension perpendicular to 
the reflecting planes (intrinsic peak width in radian), 8 is the diffraction angle, 1 is 
the X-ray wavelength and K is the Scherrer constant that depends on the crystallite 
shape (K = 0.94 for spherical crystallites9). It was the first model, and the simplest 
approach, established on size broadening and later on generalized to estimate grain 
size by XRD. The p value is obtained by fitting some Bragg peaks using the WinFit 
software. 
Besides, the Rietveld method10 using the X'Pert HighScore Plus program 
(PANalytical, Almelo, The Netherlands) was used for the microstructural refinement 
with a peak shape described by a pseudo-Voigt function. The width and shape of a 
diffraction peak are a convolution of both the instrumental broadening and the 
broadening arising from the sample. The crystallite size (L) and micro strain (e) 
were described by the following relationships: 

c_[(u-us.d-(w-wstd))f5 

The U parameter contains the information about the strain broadening while the W 
parameter is related to the size broadening. 
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Microstracture observations were performed using a Hitachi 2300 SEM. Thin 
specimens for TEM study were obtained by ultrasonically dispersing particles in 
ethanol and depositing one drop of the resulting suspension on a Cu grid covered 
with a holey carbon film. After drying, the grid was fixed in a side-entry ± 30° 
double-tilt specimen holder and introduced in a JEOL-2010 electron microscope 
operating at 200kV. 

3. Results and Discussion 

3.1 Synthesis of pure phase Li0.3(^a0,s6TiO3 

One of the crucial steps in the herein used modified Pechini-type method was to 
prepare a highly water soluble precursor to avoid the use of alkoxides, which are not 
stable in open air, as previously reportedll. The formation of water-resistant 
peroxo-citrato-metal complex during the synthesis of LLTO, instead of alkoxides 
that are extremely sensitive to moisture, is of great importance for inexpensive and 
convenient aqueous synthesis of these ceramics for commercial applicability of 
these oxides. The main goal of this Pechini-type synthesis method is to obtain a 
polymeric network made of randomly and homogeneously distributed cations able to 
lead to a powder precursor by decomposition of the organic matrix. The crucial 
parameters of this synthesis are the amounts of CA and EG and the polymerisation 
temperature. The amounts of CA and EG govern the distance between the cations in 
the polymeric network. Small amounts of both CA and EG help the cations to be 
close one to the other. The heat flow generated from the organic matrix 
decomposition is enough to locally synthesise the oxide. Therfore, polymerisation, 
decomposition of the organic matrix and chemical reaction occur almost 
simultaneously at low temperature and in a short time. The polymerisation 
temperature is also an important parameter because it controls the kinetics of the 
polymerisation reaction and then the viscosity of the solution. A low viscosity will 
help to obtain an homogeneous distribution of the cations and to avoid the formation 
of impurities. We showed that these impurities (mainly Li2Ti307 and La2Ti207) are 
thermally stable and can not be decomposed by heat treatment. We have clearly 
demonstrated that a careful control of the polymerisation temperature, after 
esterification, can minimise the formation of these impurities. 

In this work, we studied the particular compound Li0.3oLao.56Ti03 which is the 
best conductor of the solid solution Li3xLa2/3-xTi03. Fig. 1 shows the flow chart of the 
synthesis procedure used to prepare this compound. We used small amounts of C A 
and EG, i.e. CA/M = 1 and EG/CA = 1. After esterification at 60 °C for 1 h and 90 
°C for 30 min, a heating at 120 °C for 20 min on a hot plate is performed. A grey 
powder is obtained indicating that polymerisation and partial decomposition of the 
organic compounds occurred. At this temperature, LLTO is not yet formed. 
Afterwards the powder is heated at 350 °C for 2h in an oven. A white powder is then 
obtained. Slow scan powder X-ray diffraction patterns have been recorded at room 
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temperature for LLTO obtained by either the herein used low temperature synthesis 
procedure route (Fig. 1) or the classical high temperature solid state chemical 
reaction route. Fig. 2 shows the two spectra indicating the formation of a pure phase 
of LLTO at temperature as low as 350 °C. Very small amount of La2Ti207 can be 
detected in both compounds. The main difference in these diffraction diagrams is the 
broadness of all the diffraction lines of LLTO obtained by the polymerizable 
method. It can be observed that the superstructure lines (hkl with 1 = 2n+l) are 
broader than the other diffraction lines (hkl with 1 = 2n) suggesting a disorder of the 
oxide. 

| HJ02 30% * NIH3 35% | [ Ti metal powder 

Yellow transparent 
solution 

Citric Acid (CA) 

U.C03 * Lap., 
dissolved in HNO, 30% 

Mixing and stiring at 40 °C 30 mm 

Metal-Citrate Complex 

•—|Ethylene Glycol (EG)| 

Estenfication by heating at60'C - 1h 
and at 90"C -30 mm 

|Healingat120*C-20niin| 

| Grey powder 

| Heating at 350'C - 2 h | 

White powder of 
nanosized Lioa}Laa»TiO] 

Figure 1. Flowchart for the preparation of nanosized LLTO. 
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Figure 2. Powder XRD patterns of Lio.3oLao.56Ti03 obtained by solid state reaction (SSR) or Pechini-type 

in-situ polymerizable method at 350 °C for 2 h. (4- superstructure lines) 

3.2 Nanostructure ofLio.3oLa0s6Ti03 

The determination of the grain size has been carried out by the analysis of the slow 
scan XRD pattern of the powder. Generally, this method provides a powerful and 
non-destructive way for the analysis of microstructure of materials, via the analysis 
of diffraction-line broadening. However, this method of determining crystallite size 
is not trivial and different and sometimes conflicting procedures appeared in the 
literature. In a first approximation, we used the Scherrer relationship (1) to estimate 
the grain size. An average crystallite size of 32 run has then been determined. 
However, it is worth noting that the choice of the Bragg peaks, the mathematic 
function used to extract the Full Width at Half Maximum (FWHM) values can affect 
the correctness of the result (error as high as 70 % can be attained). Furthermore, the 
strain broadening effect is neglected in this procedure. This may lead to an 
underestimation of the grain size. 

To go further in this study, we used the Rietveld method to estimate the size and 
the strain parameters. By this way, a pseudo-Voigt function is used and both 
Lorentzian and Gaussian contributions were refined to obtain L and e values, as 
described in the experimental section. Owing to the unequal distribution of La3+ ions 
into the two A-sites of the perovskite structure LLTO is not cubic. In a first 
approximation, we assumed that this compound adopts an ideal cubic symmetry. A 
Rietveld refinement was then performed on the space group Pm3m (ICSD: 92238): 
a = 3.8819 (2) A, Rp = 5.86, R^ = 7.75. The average crystallite size (coherence 
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length) is 23 nm with a micro strain parameter of 0.16 %. When using the 
superstructure lines as a "second phase", as suggested by Fourquet et at. [15], the 
Rietveld refinement, with a P 4/mmm space group (ICSD: 82671) leads to a = 
3.8817(9) A, c = 7.7700(4) A, Rp = 7.39 and R p̂ = 10.31. The reliability factors are 
slightly higher than in the cubic assumption. An average crystallite size of 26 nm 
with a micro strain parameter of 0.10 %, close to the previous one, are found. 
However, the U, V, W values for the superstructure lines are not determined with 
good accuracy. These values of 23 nm and 26 nm are in very good agreement with 
the previous one determined with the Schenrer equation (32 nm). Furthermore, the 
small values of strain parameter of 0.16 % and 0.10 % obtained in both assumptions 
allowed us to validate the use of the Scherrer relationship. To confirm these we used 
electron microscopic techniques to characterise the microstructure of LLTO and 
confirm these previous results. 

SEM micrograph of LLTO obtained at 350 °C is presented in Fig. 3. It reveals 
the macroporous character of the powder with a pore size around l^m. At the 
present time, macroporous materials also deserve much attention because of their 
possible use hi various electrochemical applications, such as sensors or batteries. 
The low temperature synthesis used in our study may also offer some interesting 
way to prepare such macroporous membrane. 

Figure 3. SEM micrograph of liojoLaosnTiOj Figure 4. TEM image of LiojoUtacTiOs 

prepared by the Peehini-type in-situ prepared by fte Pechini-typ® in-situ 

poiyinerizaMe method at 350 "C for 2 b. polymerizable method at 350 °C for 2h. 

Fig. 4 shows a low resolution TEM image revealing small grains of 20-30 nm 
size and presenting feceted borders, as shown in the black circle. The crystallinity of 
the sample is evidenced by the rings with sharp spots of the corresponding selected 
area diffraction pattern (at the right top) as well as by the presence of fringes (black 
arrows). It is worth noting that the powder is not perfectly crystallised owing to the 
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low temperature process used. However, these observations confirm the 
nanostructure of LLTO powder. The presence of these nano particles are then able to 
explain the broadness of the diffraction lines observed in the XRD pattern of Fig. 2. 
Some recent results obtained by NMR will be discussed during this presentation. 

4. Conclusion 

We have reported the detailed procedure used to prepare nanosized fast ionic lithium 
conductor Li0 30Lao 56Ti03. By adjusting both the CA/M and EG/CA molar ratios and 
the pyrolysis temperature, it has been possible to obtain a pure phase of LLTO. This 
phase is made of crystallites of 20 - 30 nm size as determined by the analysis of the 
width of the XRD lines and by TEM. This phase shows a macroporous character 
that can offer some advantages for particular electrochemical applications. 
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Hydogen, H2 is regarded as the main energy vector for the future. Today, the world 
production of hydrogen rises to 550 billion Nm3 (44 Mt) corresponding to 1,5% of the 
primary energy production. Contrary to fossil fuels, H2 does not exist in a native form 
and its use obviously requires its fabrication and storage. The future status of H2 as a fuel 
for electricity production (fuel cells) and for automobile transportation makes necessary a 
considerable increase of its production. Some H2 manufactoring processes are briefly 
described in the first part of this article : (i) steam methane reforming, (ii) water 
decomposition by thermochemical cycles, (iii) water decomposition by 
photoelectrochemistry, (iv) water or organic compounds decomposition in using bacteria 
or alguae. The second part concerns the H2 production by water electrolysis. This 
manufactoring process does not exceed 1% of the total production of hydrogen. It is 
expected that the electrolysers working at high temperature (700-900°C) using ceramic 
oxides based electrolytes are the more promising. Two groups are considered : 
electrolysers with proton conductors or oxide ion conductors as electrolytes. Proton 
conductors belong to the perovskite oxides family MCei.xLnx03 with M = Ba, Sr and Ln 
= Lanthanide. For these conductors, few results on water electrolysis at high temperature 
are available in the litterature and will be shown here. Electrolysers using oxide ion 
conductors are more promising. The selected materials are those developped for SOFCs : 
YSZ for the electrolyte, Ni based cermets for the cathode materials and Lai-xSrxM03±5 
with M = Mn, Co, Ni, Fe ... The electrochemical characteristics of the anodic and 
cathodic interfaces as well as the perfomances of electrolysers working at high 
temperature are presented. 

1. Introduction 

Hydrogen is regarded today as the principal energy vector of the future. Its principal 
assets reside in its abundance, mainly in water, the high value of the energy released 
(120 MJ/kg) and the absence of greenhouse gas emissions after combustion. 
Hydrogen is nowadays especially used as a chemical component for ammonia 
fabrication, gasoline and gas oil desulfurization in refineries and methanol 
manufactoring. Its use as a fuel is restricted to very specific sectors like the 
propulsion of spacecrafts. Contrary to fossil fuels, hydrogen does not exist in a 
native state and so its use requires its production. There should be added to this the 
constraints related to its transport and storage. The annual world production of 
hydogen rises today to 550 billion Nm3 (44 Mt) corresponding to 1.5% of the 
primary energy production. The new status of hydrogen as a fuel for electricity 
production (fuel cells) and automobile traction, obliges for a significant increase of 
this product in the future. In the following, some of the most hydrogen production 
modes are described, the last one being dedicated to water electrolysis at high 
temperature in using ceramic oxides. 
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2. Chemical processes of hydrogen production 

Hydrogen may be produced through the conversion of natural resources like crude 
oil, natural gas (CH4), coal and biomass products1'3. Other production ways involve 
chemical cycles including successive reactions at high temperature4. 

2.1a. Steam methane reforming 
The rhemical reactions involved here are : 

(1) Reforming (catalyst : Ni, Al203,CaAl204) : 

CH4 + H20 «• CO + 3H2 A rH°=206kJ/mol 

Efficiency: 89% 

(2) Water shift conversion (catalyst :Fe203 + Cr203): 

CO + H 20 <=> C02 + H2 A rH°=-41kJ/mol 

Efficiency:CO* 0.25% 

(3) Results : CH4 + 2H20 <=> C02 + 4H2 ArH? =165 kJ/mol 

2.1b. The partial oxidation of methane 
(1) Oxidation (catalyst: Fe): 
CH4 + 1/2 02 o CO + 2H2 ArH°=-36kJ/mol 

(2) Water shift conversion (catalyst: Fe203 + Cr203): 

CO + H20 o C02 + H2 ArH^=-41kJ/mol 

(3) Results :CH4 + H20 + 1/2 02 <» C02+ 3H2 ArH°=-77 kJ/mol 
The obtained hydrogen is purified on molecular sieves by decarbonation and 

methanation to eliminate CO and C0 2 traces. 

2.2. Water decomposition by thermochemical cycles (TCC) 

The TCC principle is based on the water dissociation through several chemical 
reactions at high temperature. The chemical reactions of three TCC are shown in the 
following: 

- The Iodine-Sulphur cycle 

(1) H2S04 -> H20 + S03 (400 - 600°C) 

(2) S03 -» S02 + 1/2 0 2 (800 - 900°C) 

(3) 2HI-> H2 + I2 (200-400°C) 

(4) S02 + 2H20 + I2->H2S04 + 2HI (25-120°C) 
H2S04 and HI are recycled. 
In the hybrid Westinghouse cycle, the reactions (3) and (4) are replaced by the 
electrolysis of S02 in aqueous medium : 

S02 + 2H20 -> H2S04 + H2 

(T=20-110°C P = 2 - lObar) Elet= 0.17 V 
- The UT-3 cycle 
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CaO + Br2 -» CaBr2 +1/2 02 (550° C) 
CaBr2 + H20 -> CaO +2HBr (725° C) 
Fe304 + 8HBr -> 3FeBr2 + 4H20 + Br2 (250°C) 
3FeBr2 + 4H20 -> Fe304 + 6HBr +H2 (575°C) 

- The Sulfates cycle 
xH20 + xS02 + MOx -> M(S04)X + xH2 

M(S04)x ->• xS02 + MOx + - 0 2 M = Fe,Ni,Zn,Mn ... 

As all of these thermochemical cycles operate at high temperature, 
manufactoring units must be localised close to power stations. In addition, the used 
chemical compounds should be abundant and regenerated completely. A particular 
difficulty is related to the reactants recycling. 

2.3. Other H2 production modes 

These modes are still requiring a significant fundamental reseach mainly in terms of 
material stability and efficiency improvment. Number of them more or less involve 
the solar energy as 

- the water decomposition by photoelectrochemistry : in this technique, 
performances of the photoanodes (Ti02, W03, Fe203, AsGa ...) must be enhanced in 
order to reduce charge carriers recombination especially, 

- the high temperature water decomposition using the energy provided by solar 
furnaces, 

- the use of microorganisms like bacteria and alguae5. 

3. Electrolytic production of hydrogen 

Hydrogen produced by water electrolysis represents less than 1% of the total 
production. This process is applied when the electricity cost is low and/or to obtain 
hydrogen of high purity. The involved reaction is simply 

H 20->H 2 + -0 2 ArH° = 285kJ/mol 

with a standard potential equal to 1.481 V at 298 K6. 
For the industial electrolysers using aqueous electrolytes, the operating potential lies 
between 1.7 and 2.1 V which corresponds to an efficiency of 70-85%. Supplying 
water should be pure enough to avoid mud formation, chloride free to reduce the 
electrodes corrosion and having a conductivity of some uS-cm"1. Generally, the 
electrolyte is a KOH solution whose concentration changes with temperature, 
typically from 25 w% at 85°C to 40 w% at 140°C. Nickel-based alloys are 
frequently used as cathode and anode materials. The major drawback of this 
electrolytic production of hydrogen is its high cost in comparison with the steam 
methane reforming process. 
An alternative to liquid water electrolysers can be found with electrolysers using the 
"all solid state" technology which is developped for fuels cells using solid 
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electrolytes. Let us recall that in fuel cells, the reaction is exactly the reverse of the 
water electrolysis one. The idea is to use in some extent the same materials 
(electrolytes, electrodes, interconnects) for the electrolysers. Properties of these 
materials were extensively studied these last decades and their performances and 
durability are reasormably known today. 

3.1. Electrolysers with polymeric membrane 

To be used as an electrolyte, a polymeric membrane should be a pure ionic (H+ or 
OH") conductor in both oxidizing and reducing conditions. In addition, platinum 
based catalysts are used to improve the electrode kinetics. The most promising 
membranes belong to the perfluorosulfonic ionomers family, among them Nafion. 
Nowadays, Nafion shows the best characteristics in proton conductivity, chemical 
and electrochemical stability and mechanical resistance. Unfortunately, the 
prohibitive cost of this membrane and catalysts constitutes serious technological and 
financial limitations. On the other hand, one expects that the same factors 
responsible for power losses in fuel cells will be encountered in electrolysers, 
namely (i) the electrolyte degradation by the OH radicals produced at the electrodes, 
(ii) the existence of mixed potentials, (iii) the overvoltages related to the water 
oxidation and to mass transport in the diffusion layers. For the membranes, an 
alternative can be found with ionomers slightly or no fluorinated within the families 
of alkyl- or aryl-acids grafted on various polymeric chains like polyoxanes, 
polyphosphazenes, polyvinylidene fluoride, polytrifluorostyrene, polybenzoxazole, 
polysulfones, polyimides, poly-ether-ketones, polyparaphenylene ... For catalysts, it 
is worthy to try less noble materials like transition metal alloys and solid solution 
oxides with perovskite structure. For the mechanical resistance, a partial answer 
could be brought by the use of a multilayer membrane configuration and/or a 
composite membrane with low cost products 7. 

3.2. Electrolysers with ceramic membranes 

The operating temperature of such electrolysers lies between 700 and 900°C where 
water is in gaseous state. At these temperatures, one observes (i) a significant 
improvment of the ionic conductivity of the electrolytes and the electodes 
overvoltages, (ii) a lower value of the thermodynamic potential of water 
decomposition and (iii) the elimination of the difficulties due to the gas bubbling. 
Moreover, the solid state makes possible the deposition of the active components in 
thick layers (few ten microns) which allows to obtain high power and energy 
densities. Nevertheless, several problems are still to be solved : the electrical and 
electrochemical stability of materials (electrolytes and interconnects) in both 
oxidizing and reducing atmospheres, the compatibility of the expansion coefficients 
between the device components, the structural stability in regards to thermal cycling. 
Taking into account these conditions, the selected electrolyte materials belong to the 
two following groups : protonic (H+) conductors and oxide (O2-) conductors. 
Electrical conductivity of some ceramic proton conductors is shown in Fig. 1 8. 
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Figure 1. Electrical conductivity of ceramic proton conductors . 

The rare earth (Ln) doped cerates family was the most investigated because of their 
thermal and chemical stability. The general formula of these compounds is 
MCe,_xLnx03_6 with M = Ba, Sr and x < 0.1. In water free atmosphere, the ionic 
species responsible of charge transport is O2" with a vacancy mechanism. Protons are 
introduced by the following reactions 

HJO + VQ+OJ, 

->Ox
0 + 2H" 

> 20H 0 

-> 20H^ H 2 + 2 0 Q + 2h' 

Proton migration is very likely due to H+ jumping between two occupied adjacent 
oxygen sites9: 

->Oy
ni+OH* 

Iwahara et al. has shown that, depending on the hydration kinetics and the nature of 
the Ln dopant, these materials exhibit a mixed ionic conductivity (H+ + O2") as 
shown in Fig. 2 , the protonic one being predominant at low temperature 10. 
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Figure 2 : Variation of H+ and O2" transport numbers versus Ln ionic radius at different temperatures in 

Fig. 3 shows the current-voltage characteristics of an electrolyser using the protonic 
electrolyte SrCeo,9Ybo,i03^ and porous platinum electrodes between 800 and 900°C 
". A faradaic efficiency of 90% is obtained under these conditions because of the 
onset of electronic conductivity within the electrolyte. 
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Figure 3 : Current-Voltage characterisics of the H20, Pt/ SrCeo,9Ybo,i03-a/Pt, 02 electrolyser at 800°C 
(o, •) and 900°C (A, A) u , dotted lines show the voltage excluding ohmic loss. 
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Taking into account the above results, there is a risk in using this family as 
electrolytes in water electrolysis at high temperature. Further studies are to be 
carried out to improve their electrochemical stability. 
To perform water electrolysis at high temperature, O2" electrolyte conductors seem 
to be the more promising materials. The most investigated belong to the zirconia, 
ceria and gallia-based solid solutions as Zr0.g5Y0.15O0.1.925, Ce0.9Gd0.iO, i95 and 
Lao.9Sro.1Gao.8Sro.2O2.85. Taking into account the severe operating conditions of 
water electrolysis at high temperature, only Yttria Stabilized Zirconia (YSZ) fulfills 
the required criteria. Ohmic losses resulting from its relative low conductivity may 
be lowered by reducing the electrolyte thickness 12. Materials to be considered for 
these electrolysers are those used for SOFC, that is 

- electrolyte : YSZ, 
- anode material: LSM (La!.xSrxMn03) 
- cathode material: Ni/YSZ cermet 
- interconnect : MO-doped lanthanum chromite with M = Mg, Sr or 
metallic alloys. 

Anode and cathode materials should be tailored with an accurate control of porosity 
and compostion gradient. In the following, some particular features concerning the 
electrodes reactions are mentionned. Fig. 4 shows the current-voltage curve as well 
as impedance spectra of the Ni/YSZ interface for water reduction B. 
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Figure 4 : Current-potential curve and impedance diagrams of the H2/H20, Ni/YSZ interface 
at 592°C 13. 

For polarisations lower than -1360 mV/air at 592°C, a catalytic effect is observed 
with a significant increase of current. This behavior is explained by the extension of 
the reactive zone due to a superficial reduction of the electrolyte. The cathodic 
reaction takes place not only on the triple point contact zones but also on the free 

http://Zr0.g5Y0.15O0
http://Lao.9Sro.1Gao.8Sro.2O2
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surface of the electrolyte, a zone where the later becomes a mixed conductor. The 
influence of the water composition is shown in Fig. 5 H. The catalytic effect of water 
is clearly expressed. Such a behavior can help to think about the cathodic gas 
composition for water reduction. 

Figure 5 : Influence of the P(H20)/P(H2) ratio on the current-potential characteristics of the Ni/YSZ 
interface at 834°C 14. 

Figure 6 : Current density vs overvoltage of the 02, Lai-xS^MnCV YSZ interface at 960°C in air 

The 02, LSM/YSZ interface has been extensively studied by Hammouche et al. "' . 
Fig. 6 shows the current-voltage curves for this interface in relation to the anode 
material composition. The Pt electrode response is represented for comparison. For a 
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given composition, this figure shows that the anodic overpotential (O2" oxidation) is 
systematically lower than the cathodic one (02 reduction) for high electrode 
polarizations. On the other hand, the anodic overvoltage is an increasing function of 
dopant content. Finally, Ft electrode exhibits the highest current density for anodic 
overvoltages lower than 0.12 V approximately. The results corresponding to the 
Lao.sSro 5Mn03 composition are shown in Fig. 7. 

1(I*A) 

600 

400 

200 

0 

-

-

M-M— - JL . 

• 
• 

• 

• 

• 
• 

• 

• 

400 t1(mV) 

Figure 7 : Anodic current-overpotential curve for the 02, Lao.5Sr0 sMn03/YSZ interface at 960°C in air 

In the 200-380 mV range, the current I-overpotential r\ variation obeys the following 
exponential law: 

2F 
I = I°eXPRTT1 

with I0 = 2uA. For higher anodic overpotentials, the representative curve becomes 
quasi vertical. 
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Figure 8 : Influence the oxygen partial pressure on the anodic polarisation of the O2, (LaosSro.iVssMnOj 
/YSZ electrode at 960°C 18. 

The influence of the oxygen partial pressure on the anodic polarisation of the 
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02, (Lao.9Sro.i)o.85Mn03 /YSZ electrode is shown in Fig. 8. The overpotential is a 
decreasing function of P02 indicating that a high oxygen partial pressure improves 
the anode response. 
A large programme (HOT HELLY-Dornier Systems, Friedrichshafen, Lurgi) for 
steam electrolysis at high temperature has been developped in the eighties using 
these materials 19"22. A current density of about 0.5 Acm"2 was achieved at 1.33 V 
corresponding to an electrical energy consumption of 3.2 kWh Nm" H2 

(see Fig. 9). 
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Figure 9 : Current -voltage characteristic of a single electrolysis cell 

Performances of a stack of seven cells are shown in Fig. 10 indicating the important 
role of steam in the gas mixture to be electrolysed. 
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Figure 10 : Cell performance of a high temperature solid oxide cell stack of seven cells produced by 
20 

Westinghouse corporation . 
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A long term test (1000 h) at a current density of 0.3 Acm"2 has demonstrated a 
remarkable stability of both the voltage (1.07 V) and the faradaic efficiency (100%) 
for the whole period21. However, more studies are to be carried out including (i) the 
new cathode materials like Ln2Ni04+5 (Ln = La, Nd, Pr) and LaLxS^Mn^FeyOsis, 
(ii) the microstructure (porosity and composition gradients) of the cermet anodes 
and the composite cathodes and (iii) the recent techniques of cells and stacks 
fabrication 2 '24. Finally, the performances of an electrolyser using the SOFC 
components and the novel fabrication techniques should be established to serve as a 
reference in the future. 

References 

1. J. A. Turner, M. C. Williams and K. Rajeshwar, Interface 13, 24 (2004). 
2. E. D. Wachsman and M. C. Williams, Interface 13,24 (2004). 
3. J. P. Jonchere and C. Baudoin, L 'actualite chimique 12 , 20 (2001). 
4. T. Alleau, L 'actualite chimique 12 , 26 (2001). 
5. Y. Nicolet and J. C. Fontecilla-Camps, L 'actualite chimique 12 , 34 (2001). 
6. P. Schultz, L 'actualite chimique 1 , 3 (2002). 
7. C. Iojoiu, M. Marshal, F. Chabert and J.Y. Sanchez, Fuel Cells 3, 344 (2005). 
8. H. Iwahara in Proton Conductors, P.Colomban Ed, Cambridge University Press 

122 (1992). 
9. K. D. Kreuer, E. Schonherr and J. Maier, Solid State Ionics 70-71, 278 (1994). 
10. H. Iwahara, T. Yajima and H. Ushida, Solid State Ionics 70-71, 267 (1994). 
11. H. Iwahara in Proton Conductors, P. Colomban Ed., Cambridge University Press 

511(1992). 
12. B.C.H. Steele, C.R. Acad. Sci. Paris 1, Serie He, 533 (1998). 
13. E.J.L. Schouler, M.Forest, E. Fernandez and P. Fabry, Solid State Ionics 5, 559 

(1981). 
14. E. Fernandez, PhD Grenoble University (1980). 
15. A. Hammouche, E. Siebert and A. Hammou, Mat. Res. Bull. 24, 367 (1989). 
16. E. Siebert, A. Hammouche and M. Kleitz, Electrochimica Acta 40, 1741 (1995). 
17. A. Hammouche, E. Siebert, A. Hammou and M. Kleitz, J. Electrochem. Soc. 

138,1212(1991). 
18. A. Hammouche, PhD National Polytechnic Institute of Grenoble (1989). 
19. W. Donitz, R. Schmidberger and E. Steinheil, J. Hydrogen Energy 5, 55 (1980). 
20. F.J. Salzano, G. Skapardas and A. Mezzina, J. Hydrogen Energy 10 (12), 801 

(1985). 
21. W. Donitz and E. Erdle, J. Hydrogen Energy 10 (5) 291 (1985). 
22. K. H. Quandt and R. Streicher, J. Hydrogen Energy 11, 309 (1986). 
23. F. Mauvy, C. Lalanne, J.M. Bassat, J.C. Grenier, H. Zhao, P. Dordor and Ph. 

Stevens, J. Eur. Ceram. Soc. 25, 2669 (2005). 
24. G. Caboche, L.C. Dufour and F.Morin, Solid State Ionics 144, 211 (2001). 



INFLUENCE OF THE SINTERING TEMPERATURE ON pH SENSOR ABILITY 
OF Li3xLaM.xTi03. RELATIONSHIP BETWEEN POTENTIOMETRIC AND 

IMPEDANCE SPECTROSCOPY MEASUREMENTS 

Q.N. PHAM, C. GALVEN, O. BOHNKE. C. BOHNKE 

Laboratoire des Oxydes et Fluorures, UMR 6010 CNRS 

Institut de Recherche en Ingenierie Moleculaire et Materiaux Fonctionnels, FR CNRS 2575 

Universite du Maine, Av. O. Messiaen, 72085 LE MANS Cedex 9, France 
E-mail: odile. bohnke@univ-lemans.fr 

The ability of Li0 3oLao.56Ti03 ceramic surface to respond to pH variation has been 
investigated. The influence of the heat-treatment (or sintering temperature) of the 
membrane after synthesis on its surface sensitivity has been studied by potentiometric 
measurements and Electrochemical Impedance Spectroscopy (EIS) with a four-
electrodes symmetric cell in different pH buffered solutions. These techniques 
allowed us to determine the thermodynamic and the kinetics parameters of the oxide 
surface. The sub-Nernstian response can be explained by means of the site-binding 
model that describes the charging mechanism of oxides by surface reactions. The 
intrinsic buffer capacity, P;nt, of the oxide surface is a key parameter that defines the 
response of the pH sensor. We will discuss how this parameter influences the 
properties of the surface oxide and therefore the sensitivity of the membrane to pH 
variations. 

1. Introduction 

The lithium lanthanum titanate Li3xLa2/3-xTi03, with 0.06 < x < 0.14, (hereafter 
named LLTO) is one of the fastest crystalline lithium ionic conductors owing to its 
crystallographic structure. A maximum conductivity of 10"3 S cm"1 at room 
temperature was first reported by Belous et al.1 and afterwards by Inaguma et al.2 for 
the x = 0.11 compound of the solid solution. Generally, pure ionic conducting 
ceramics are good candidates for sensitive element in potentiometric sensors 
because of the fast ion exchange that can occur between the ions of the analysed 
solution and the ions of the ceramic membrane3. Therefore, these titanates, which 
are not hygroscopic, have been tested for Li+ ion-selective electrodes (ISE). We 
have shown in a previous paper4 that the LLTO membrane can be used to detect the 
Li+ activity in anhydrous solutions through a Li+ ion exchange mechanism. The 
potentiometric response shows a Nernstian behaviour with a Li+ sensitivity of 72 
mV/decade at 25°C. This high sensitivity can be correlated to a localised 
hydroxylation of the oxide surface with the residual water present in the solution in 
combination to the Li+ exchange reaction. Unfortunately, the attempts to use LLTO 
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as a membrane for Li ion-selective electrode in aqueous solutions failed. On the 
other hand, we have clearly demonstrated the ability of this membrane to be used as 
pH sensor5'6. It is worth noting that this material is not chemically sensitive to 
humidity and C02. 

The aim of this paper is to put some light on the response mechanism of H+ ion-
selective electrode in buffered solutions of different pH and to determine both 
thermodynamic and kinetic parameters involved in this mechanism. Therefore, 
potentiometric experiments have been carried out with LLTO as a membrane in an 
ion-selective electrode as a function of the pH of the solution. Furthermore, 
Electrochemical Impedance Spectroscopy (EIS) has been investigated with a four-
electrode configuration cell to investigate the interfacial phenomenon. This 
technique has been extensively used to study membrane and membrane/solution 
interface6,7. It is well known that these two techniques are complementary and allow 
to elucidate different aspects of the response mechanism. Potentiometric 
experiments, which allow to determine the thermodynamic parameters, involve the 
determination of the open-circuit potential (Eoc) of the whole potentiometric cell 
whereas EIS, which allows the determination of the kinetic parameters, may lead to 
separate the different interfaces, such as the bulk/grain boundary interface of the 
ceramic membrane, the membrane/solution interface present in the studied cell and 
allows to follow interfacial phenomenon evolution when pH varies. We will also 
show how the heat-treatment performed on the membrane influences the pH sensor 
sensitivity. 

2. Experimental 

LLTO powder of the nominal composition x = 0.10 was prepared by a modified 
Pechini-type chemical route, as described previously8. This technique of synthesis of 
oxides affords many advantages compared to the classical solid state reaction one 
(low temperature, short time of synthesis and formation of very small grains of 
oxide). Pellets of-10 mm of diameter, obtained by isostatic pressing (500 MPa) of 
the synthesised powder, were heated at different temperatures from 1000 °C to 1200 
°C for sintering. 

For potentiometric (Eoc) measurements, the pellet was fixed with a two-
components Araldite™ glue on the end side of a glass tube. To avoid the presence of 
a solid-solid interface jonction, a liquid internal reference Ag/AgCl/KCl was used. 
The external reference was also Ag/AgCl/KCl electrode. The open-circuit potential 
was recorded with a high input impedance Keithley 6517 Electrometer. 

A four-electrode symmetric cell was used for impedance spectroscopy in 
buffered solutions (Fig. 1). Two Pt plates were used as counter and working 
electrodes. Two Saturated Calomel Electrodes (SCE) were used as reference 
electrodes. The active membrane area of LLTO was about 0.4 cm2. The impedance 
measurements were carried out at room temperature, typically over the frequency 



98 

range from 500 kHz to 0.01Hz with 30 points per decade, in buffered solutions with 
pH varying from 1.3 to 12. A Solartron 1260 Frequency Gain-Phase Analyser 
coupled to a Solartron 1287 Electrochemical Interface were used. The 
electrochemical system behaves linearly in the voltage rangevarying from 10 to 100 
mV (r;m.s), so an ac applied voltage of 20 mV was chosen. The impedance data 
were analysed by using the Zview 2.7 software. 

Refs: ECS 

1 Pyrex 

Solution tampon 

Figure 1. The four electrode configuration cell used for impedance spectroscopy 

3. Results 

3.1 Potentiometric measurements 

The influence of the sintering temperature on the sensitivity of the pH sensor has 
been investigated. Sintering has been carried out at 1000 °C, 1025 °C, 1050 °C, 
1100 °C, 1150 °C and 1200 °C for 2 h. The increase of the sintering temperature 
leads to an increase of the grain size of the ceramic, as shown in Fig. 2. 

A-1000°C-2h B-1100°C-2h C-1150°C-2h D-1200°C-2h 

Figure 2. Scanning Electron Microscopy of the ceramic after sintering. 

The compactness of the membrane increases as sintering temperature increases. At 
1000°C the compactness is only 78 %. It increases drastically above this temperature 
to reach 92 % at 1025°C and 96 % at 1050°C. From 1100 to 1200°C the 
compactness remains equal to 97 %. Fig. 3 shows that the sensitivity of the 
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membrane to the pH depends strongly on the sintering temperature. The highest 
sensitivity (50 mV/unit pH) has been obtained for the membrane sintered at 1150 °C 
for 2h with a linear response from pH = 1.3 to pH = 11.5. However this sensitivity is 
slightly smaller than the theoretical one, i.e. 58.2 mV per decade at 20 °C. 

Figure 3. Potentiometric response of the LLTO membrane as a function of pH at room 

temperature. Sintering temperature : A - 1000°C, B - 1100°C, C - 1150°C, D - 1200°C. 
Sintering time : 2 hrs. The reference electrode is a RedRod™ electrode from Radiometer. 
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Figure 4. Room temperature response of the LLTO membrane as a function of time when pH 
is varied from 1.3 to 11.5 and back to 1.3. 

Fig. 4 shows that the response of the membrane to a pH variation is fast (in the order 
of 10 s for a variation of one unit of pH) and that it is reproducible. The fast 
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response is directly linked to the fast ionic conductivity of the ceramics that allows 
the charge carriers to be very mobile. 

3.2 Impedance spectroscopy 

Fig. 5 shows typical impedance diagrams of a LLTO membrane (heat-treated at 
1150 °C for 2h) in solution of different pH, plotted in the Nyquist plane. Two 
semicircles are evidenced: one in the 500 kHz - 100 Hz frequency range and 
another one in the low frequency part of the diagram, 100 Hz-0.01 Hz. The high 
frequency semicircle does not change with the pH of the solution and is then 
attributed to the Li+ motion in the grain boundary of the LLTO ceramic. The low 
frequency semicircle varies with the pH of the solution and is then attributed without 
doubt to the LLTO/solution interface. 

Figure 5. Impedance diagrams in the Nyquist plane of the LLTO membrane (1150 °C - 2h) in 
buffered solutions of different pH: O = 1.3, D = 7, A = 12. 

All the other membranes give the same impedance diagram as shown in Fig.5 
with two relaxations except the membrane heat-treated at 1000 °C. This will be 
discussed during the presentation. The data have been further analysed to extract the 
electrochemical parameters, i.e. resistance and capacitance of the LLTO/solution 
interface, by using an electrical equivalent circuit. Among the equivalent circuits 
proposed for an ion-selective membrane in contact with an electrolyte7'9, the 
electrical circuit presented in Fig. 6 is able to fit all our experimental diagrams with 
good agreement. The circuit (a) is a schematic representation of the impedance 
measured between the two reference electrodes of the four-electrode cell shown in 
Fig. 1. In this circuit, three relaxations are shown; two identical relaxations (R^, 
CPEct) for the impedances of the ceramic interface at the two membrane/electrolyte 
interfaces and (Rgb, CPEgb) for the impedance of the grain boundary of the ceramic 



101 

membrane. Since the same solution is used in both sides of the cell, the symmetry of 
the cell allows us to reduce the circuit (a) to the circuit (b) with only two relaxations, 
as observed experimentally. The relationships between the resistances and the CPEs 
are as follow: Ret = Ri/2 and CPEct = 2 C P E L 

Ret Rgb Ret 

ts / S / * I • v / V ^ I • s / V ^ n 
CPEct CPEgb CPEct 

Rgb R1 

^PBgbJ | _ C P E l J 

(a) 

(b) 

Figure 6. Electrical equivalent circuits used to analyse the impedance data, (a) circuit assumed 
for membrane between two solutions; (b) reduced circuit for symmetric cell. 

Figure 7. Resistance of the ceramic interface as a function of solution pH for ceramics 
sintered at different temperatures from 1025 °C to 1200 °C. 

4. Discussion 

The potentiometric response of the membrane (also named Galvani potential) is due 
to the charging of the oxide surface that depends on the pH solution. The mechanism 
involved in the charging of the oxide surface can be described by the site-binding 
model introduced by Yates et al.10. In this model, the oxide surface is assumed to be 
amphoteric, meaning that the surface hydroxyl groups can be neutral, protonized 
(thus positively charged) or deprotonized (thus negatively charged) depending on 
the pH of the solution. The charging of the surface oxide is then the result of an 
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equilibrium between the Ti-OH surface sites and the H+ ions in the bulk of the 
solution according to the two reactions: 

Ti-OH <r¥ Ti-0" + H+ (1) 

Ti-OH+H+ <-» Ti-OH2
+ (2) 

Both reactions are characterised by intrinsic dissociation constants Ka and Kb. 

u Tier a Hi uTiOH a
H ; 

K a = (3) K b = 5*- (4) 
UTiOH UTiOHj 

where Uj is the surface activity of the species i and a + is the surface activity of H+. 
The occurrence of these equilibrium will built up a charge at the oxide surface. 
Because of charge neutrality, an equal but opposite charge is built up in the 
electrolyte solution. This charge separation leads to the so-called double-layer 
capacitance. The potential difference that appears between the electrolyte solution 
and the oxide surface will vary with the pH of the solution. According to the theory 
developped by Bousse and later on by van Hal11, the resulting equation for the 
sensitivity of the potential to changes in the bulk pH is given by: 

RT 
Ay = -2.3 — aApH b u l k (5) 

F 

with 

2.3kTCdif 
(6) 

q2Pi 
+i 

The value of a varies between 0 and 1. The factor P^, is the intrinsic buffer capacity 
which is a measure of how the surface is able to store charge and therefore measures 
the sensitivity of the surface. Cm is the differential capacity. P ^ can be expressed in 
terms of acidic and basic equilibrium constants, Ka and Kb, and of the density of 
available sites on the surface. Ka and Kb as well as the density of the available sites 
are oxide dependent. From relationship (5) it can be seen that the sub-Nernstian 
response can now easily be explained by means of a value of a different of 1. a 
approaches 1 for a high value of p ^ and a small value of Cd;f. It is then easily 
understood that any oxide heat-treatment can influence the intrinsic buffer capacity 
and then the slope of the potentiometric response of the oxide, as experimentally 
observed in Fig. 3. Fig. 7 shows that an increase of the interfacial resistance is 
associated to an increase of the buffer capacity. 
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5. Conclusion 

This study clearly showed that the LLTO membrane can be used as pH sensor. It is 
shown that the sensitivity of the oxide surface depends strongly on the heat-
treatment of the ceramic after synthesis. The response of the ceramic to any pH 
variation is fast (owing to the high ionic conductivity of the titanate material), and 
highly reproducible. The sintering temperature influences the sensitivity of the 
membrane through the intrinsic buffer capacity parameter, Pj„t. The highest 
sensitivity has been found when the ceramic is sintered at 1150 °C. The mechanism 
involved in the charging of the oxide surface, which is at the origin of the 
experimental potential measured, can be described by the site-binding model that 
assumes that the oxide surface is made of amphoteric groups, Ti-OH, that can be a 
source or a sink of protons. Equilibrium between these neutral groups and the 
protonized and deprotonized groups occurs when the ceramic is in contact with a 
solution of given pH. These equilibrium govern the response of the oxide surface 
and the sensitivity of the pH sensor. 
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Nano-sized Ce(i.,)Sms02-6 (x = 0.05 - 0.2) were synthesized through combustion synthesis 
route. The thermo-chemical properties of the precursor were studied by TGA/DTA. Crystal 
structure and microstructure were characterized by means of X-ray powder diffraction (XRD) 
and scanning electron microscopy (SEM). The complex impedance spectroscopy used to 
evaluate contribution from grain, grainboundary and electrode-electrolyte interface in the 
temperature range 200 - 700"C reveals that the dopant concentration not only influences the 
conductivity of grain, but also that of grainboundary. Concurrently, total conductivity exhibits 
maximum for x - 0.15 

1. Introduction 

Solid electrolytes exhibiting high oxygen ion conductivity have been of special 
interest for their technological application in high temperature systems such as solid 
oxide fuel cells (SOFCs), oxygen sensors, electrochemical oxygen pumps, etc. The 
solid oxide fuel cells (SOFCs) have been promising energy conversion system with 
a great potential for high efficiency and low pollution [1, 2]. The state of the art 
electrolyte material yttria-stabilized zirconia (YSZ) based SOFC have been 
expected to operate in the temperature range 800-1000°C. Reducing the operating 
temperature allows the use of cheaper construction materials and more reliable 
seals. New materials have, thus, been investigated to reduce the operating 
temperature to 500-700°C [3]. Now they have been christened as intermediate 
temperature solid-oxide fuel cells (IT-SOFCs). 

Gadolinium (GDC) and samarium (SDC) doped ceria have been attractive 
materials as electrolytes for IT-SOFCs [4, 5]. Amongst these, the samarium doped 
ceria, has been found to exhibit high ionic conductivity, as well as high stability [6]. 
However, there have been some contradictions in the literature concerning the exact 
composition having maximum conductivity [7]. For example, according to Huang 
et al [8] and Yahiro et al [9], Ce0.8oSm0.2oOi9 compositions show maximum 
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conductivity, while Steele [10] and Zha et al [11] observed a maximum for 
Ceo.85Smo.15O195. Interestingly, the existing literature reveal that the attention have 
been mainly focused on total conductivity of ceria solid solutions; but very less 
attention has been focused on the effect of Sm content on the grain, grain boundary 
and total conductivities. 

For the practical SOFC applications, due to gas-tight or leak-proof 
requirement, solid electrolytes should be highly dense. The high density achieving 
at low sintering temperature is of great importance, because it provides better 
mechanical properties to the electrolytes, saves energy and most importantly the 
possible co-firing of SDC electrolytes with other SOFC elements. Materials 
fabricated by soft chemical routes, have, generally, resulted in nanoscale range and 
exhibit rapid densification at relatively lower sintering temperature. 

In the present work, cerium and samarium nitrates salts were used to form ceria 
solid solutions [ C e ^ S m ^ - s (x = 0.05 - 0.2)] through the glycine-nitrate 
combustion synthesis route and characterized. The chief emphasis is on reducing 
the sintering temperature and high oxy-ion conductivity at moderate temperatures. 

2. Experimental 

Hexahydrates of cerium nitrates (Ce(N03)3.6H20) and samarium nitrate 
(Sm(N03)3.6H20), Aldrich Chemicals (99.9 % purity), were used as an initial 
ingredients. Various compositions of samarium doped ceria (SDC) with formula 
Cei^Smx02-i/2, where x = 0, 0.1, 0.15 and 0.2, were prepared by combustion route 
[12, 13]. Requisite amount of cerium nitrate and samarium nitrate were weighed 
using Mettler 163 AE electronic balance. Later, they were mixed thoroughly and 
dissolved in distilled water. Appropriate amount of glycine fuel was added to the 
above solution with continuous stirring so as to achieve complete homogenization. 
The aqueous redox solution, containing metal nitrates and glycine, when introduced 
into a vertical muffle furnace, which was preheated to 550°C boils, froths, ignites 
and catches fire. At high temperature, the metal nitrates decompose to metal oxides 
and oxides of nitrogen, which leads to a voluminous foamy combustion residue in 
less than 10 minutes. The flame persisted for about 2 minutes. The foam (pale 
yellow in color) was then lightly ground in a silica basin with porcelain pestle to 
obtain fine powders. The powders were then transferred carefully into a silica 
crucible and calcined at 800°C for 3hrs in air so as to obtain well-crystallized 
powder. 

The thermo-chemical properties, temperature range 30-1000°C, were 
investigated by means of simultaneous DTA and TGA using TA instrument (TA -

http://Ceo.85Smo.15O1
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4000). The X-ray powder diffraction scans were recorded using a Rigaku X-ray 
diffractometer with CuKa radiation. The microstructures of the sintered specimens 
were observed by scanning electron microscope (SEM). Grain size was determined 
following the linear intercept method. 

The discs, dimension 13 mm diameter and 1-2 mm thickness, of calcined 
powders were obtain by pressing uniaxially at pressure 7 tons/cm2 for electrical 
characterization. Platinum was sputtered onto both parallel opposite sides of the 
sintered SDC pellet so as to achieve good ohmic contact. The real and imaginary 
parts of complex impedance was measured by two-probe method, using HP 4192A 
If impedance analyzer, in the frequency and temperature range 5 Hz - 13 MHz and 
200 - 700°C, respectively. 

The relative density was obtained using the formula 

X - ray density - Experimental density 
Re lative Density = (1) 

X - ray density 

The experimental density of the sintered specimens was determined following 
Archimedes principle. The X-ray density was obtained from the experimental 
lattice parameters and unit formula. 

2. Results and Discussion 

3.1 Thermal and Structural Characterization 

The as-synthesis, prior to sintering, powders of all compositions are found in 
amorphous form with some carbon and nitrogen residue. The DTA/TGA patterns 
for all compositions shown figure 1 (a-d) exhibit almost similar trend i.e. gradual 
weight loss of 6-9 %. The endothermic peak at 50°C corresponds to loss of water or 
water of crystallization. The SDC(x=0.1) and SDC(x=0.15) compositions show two 
sharp endothermic peaks in the temperature range 250 to 400°C, without 
accompanying any sudden change in mass. Furthermore, curves show no change 
above 800°C indicating proper combustion and crystallization. 

It is worth mentioning here that all the experimental characteristic lines found 
coincided with the JCPDS data corresponding to cubic Ce02. No line(s), in XRD 
pattern, corresponding to Sm203 confirmed the formation of solid solution. The 
variation of lattice constant, a, (obtained from the XRD data) with dopant content is 
shown in figure 2. Evidently, lattice constant increases with increase in dopant 
concentration. A linear relation between a and x, for present study, represented by 
Eq. (2) is in good agreement with Vegard's rule 
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Figure 1: TGA / DTA curves of SDC powder at different dopant concentration (a) x = 0.05, (b) x = 
0. 1, (c) x = 0.15, and (d) x = 0.20. 

a (x) = 5.372 + 0.0022* (2) 

The effect of sintering temperature on grain size is shown in figure 3. It is, in 
general for all samples, to seen hat the grain size increases with sintering 
temperature; and packing rate is found to slow down at about sintering temperature 

0 0.1 0.2 

dopant content (x) 

Figure 2: Variation of lattice constant with 
dopant content. 

1000 1200 

Temperature ( C) 

Figure 3: Variation of grain size with sintering 
temperature for SDC system. 



108 

1100°C. The variation of grain growth with the dopant concentration, shown in 
figure 4, reveals that the grain size remains almost same for all dopant level for low 

800 

0.05 0.1 0.15 

Dopant content 

0.2 

Figure 4 : Variation of grain size with Sm 
content(sintered at different temp). 

800 1000 1200 1400 

Sintering temperature (°C) 

Figure 5 : Variation of relative density for the 
samples ofSDC system. 

sintering temperature. At higher temperature, however, the grain growth is 
accelerated with dopant content. Furthermore, the densification rate increases with 
dopant content, however, it retards at x = 0.20 (figure 5). The packing density, all 
the samples under study, seen almost close to X-ray density after sintering at 
1300°C for 3 hours. The pure Ce02 exhibits smaller grain size as well as density as 
compared to Sm-doped ceria. The rate of grain growth (figure 3) exhibits sudden 
change at about 1100°C, thus, the sintering effect was studied in detail by varying 
the time at this temperature. It is found that maximum relative density is achieved 
for the sintering duration of 8 hours at 1100°C, which is much lower than that has 
been achieved at 1300°C for 3 hours duration. 

Microstructures of samples due to different sintering conditions are shown in 
figures 6(a-f). The surface view of SDC(x=0.15) pellet, calcined at 800°C, reveals 
high porosity and no proper formation of crystallites. Grain size, however, is found 
of the order of nanometer range. Sintering at 1000°C for 3 hours (figure 6b) gives 
rise to almost three times grain growth, but still with high porosity. The 
microstructure of sample sintered at 1100°C for 3 hours (figure 6c) suggests 
commencement of densification. Furthermore, the grain size is doubled. The sample 
sintered at 1300°C for 3 hours (figure 6d) reveals highly dense structure with the 
formation of a well-defined grain separated by grainboundary. A close look at the 
figure also indicates that the grains growth is almost doubled compared to 
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specimens sintered at 1100°C. A comparative study of figures 6a-e along with 
figure 4, suggests that the densification proceeds with grain growth. 

Figure 6: Microphotograph of (a) SDC(x-0.15) as calcined at SOOt (b) SDC sintered at lOOCC 
(c) SDC sintered at 1100°C (d) SDC sintered at 1000°C (e) SDC sintered at 1I00°C for 5 
hrs and (f) SDC sintered at 10OCC. 

Figure 6e, sample sintered at 1100°C for 5 hours, reveals increased 
densification accompanied by grains growth with increase in sintering duration. 
Additionally, grains are seen uniform in size and shape, and there is no evidence of 
exaggerated grain growth or segregation or agglomeration of grains. Sintering at the 
same temperature for the duration of 8 hours (figure 6f), gives maximum 
densification; well grain growth separated by sharp grain boundary. The packing 
density is found to be above 94% and, hence, impermeability to gases. 

3.2 Electrical Conductivity 

Arrhenius plots of Ce,^Smx02.<s (x = 0.05 - 0.2) are depicted in figure 7. The 
variation of conductivity as a function of dopant concentration, temperature ranges 
from 230 to 700°C, is shown in figure 8. From the figures, it can be seen that, 
during the entire temperature range, SDC(x=0.15) exhibits the highest conductivity 
followed by the composition x = 0.2,0.1,0.05 in the descending order. 

Chief advantages of combustion synthesis over other typical wet-chemical 
synthetic routes, sol-gel hydrothermal treatment, oxalate co-precipitation and 
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Figure 7: Arrhenius plot for Cei^Sm^02.f. (x = Figure 8: Variation of ST with dopant content 
0.05-0.2) for CeyJ&mJOi.ssystem 

carbonate co-precipitated, lies in the following aspects: (a) Rare-earth nitrates with 
fuel (glycine-nitrates or urea) form the solid solution easily at very low temperature. 
(b) Homogenous powders with high surface areas, (c) A simple preparation process 
(dry forming and pressure less sintering), (d) The low densification temperature 
(1100°C). Hence, the combustion route facilitates the fabrication of dense SDC 
electrolytes with ease. 

Samarium doping accelerates grain growth and densification, however, 
densification retards at x = 0.20. The inhibition effect of dopants on grain growth 
have previously also been observed in many other materials, such as MgO-doped 
A1203 [14], yttrium-doped Ce02 and Zr02 [15, 16]. Such a behavior has been 
explained using the core space charge model [17]. Guo et al attributed inhibition 
phenomenon to the decrease in space charge potential with increasing dopant 
content [18]. In nanoscale range, since a comparatively larger grain diffuses much 
faster, the densification is accelerated by dopant content. Sudden fall in 
densification, for x = 0.20, in spite of grain growth, is attributed to retarding defect 
interaction. The low fabrication temperature achieved in this work is manifestly due 
to nanoscale particle size, which facilitates good compaction with uniformity in the 
green bodies. This is in accordance with Herring's scaling law [19]. Samarium 
doping introduces oxygen vacancies into the host Ce02 lattice so as to achieve the 
charge neutrality. The SmCe and V0' point defects tend to cluster due to 
Coulombian attraction, and the tendency further increases with increasing dopant 
concentration. Subsequently, it leads to the formation of large number of (SmCe -
V0') pair defect aggregation cluster. It, eventually, slows down the mobility of 
cations thereby decrease in densification. 
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4. Conclusion 

Powders prepared following combustion synthesis route, with glycine-nitrates 
as fuel, gives ultra fine particles of uniform crystallite dimension 6-15 nm. The 
DTA / TG, XRD, and SEM studies, useful in assessing the sinterability, suggest 
that the fine particles facilitates the fabrication of dense ceramics at relatively lower 
temperature, 1100°C. The densification and the grain growth of Ce0 2 are further 
accelerated due to samarium doping. The 0.15 fraction of Sm in Ce0 2 offers 
maximum conductivity. 
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The scope of the studies is to explore electric and magnetic properties of Fe3+ ion rich red 
soils in Northern Sri Lanka. Six samples were collected at different locations in Northern 
Jaffna peninsula, Sri Lanka for this investigation. Reported studies involve current-
voltage (IV) measurements at room temperature of fresh, moisture-freed (115°C at 
48 hrs), and annealed (1000°C at half an hour) conditions. At the fresh condition 
moisture dominates and is responsible for much of its transport properties. However, we 
are reporting that Fe3+ ions influence its transport properties in the moisture-freed and 
annealed conditions. Even though moisture-freed and annealed samples follow sub-linear 
IV behaviour the quantitative values suggest that the samples are very close to insulators 
(or semiconductor-insulator boundary). High field magnetization measurements up to 7 T 
at 1.8 K show all the samples reach the saturation moments around at 2.5 T, where 
the behaviour is very much similar to ferromagnetic materials. The highest saturated 
moment reported is ~10"3 flB/Fe3* and the lowest is 6.5X10"4 /^/Fe3+. Also, we are 
presenting the inverse magnetic susceptibility-temperature (1/%(T)) measurements from 
room temperature (300 K) down to 1.8 K, which suggest that critical temperature Tc is 
around 30 K. Perhaps, the red-soil be a natural magnetic ceramic. 

1. Introduction 

Natural ceramic materials have been attracted lots of interest in recent time due 
to its unique applications. Minerals, soils etc are also considered as natural 
ceramic materials, which have been drawn attention of researchers all around the 
world for a long time. Soil is one of the important national resources of any 
country. Physical studies reported related to soils in Sri Lanka are relatively 
poor and almost nothing in Jaffna, Northern Sri Lanka. Some of the important 
properties such as colour, texture, structure, density, porosity etc are used for the 
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classification of soils. Soils in Valikamam North (15-20 km north to Jaffna 
peninsula) and some other isolated pockets in Jaffna area have very rich content 
of red soils. This particular soil is one of the favourites and suitable places for 
farming in Northern Sri Lanka. However, its chemical and some physical 
properties suggest that its wealth is not only limited to agriculture or plant 
science but also be a potential candidate or a replacement as a raw material for 
mineral based small or large scale industries. 

It is well documented that the hematite (a-Fe203) is responsible for its 
red colour in these soils. Some literature further says that the hematite is 
antiferromagnetically ordered and highly resistive and interestingly intrinsic 
semiconduction may be attained at higher temperatures in pure specimens.1 

Soil is the most complex scientific entity in the earth. In general it is 
made up of range particles that are largely inorganic oxides of silicon, 
aluminum, iron, carbon, calcium, and magnesium, with a fragment of many 
other chemicals, including organic components and compounds. Some soils are 
almost completely organic in nature, but form a distinct minority in the whole. 
The weathering of rock minerals into smaller and chemically transformed 
components forms most soils. 

Investigations of electrical and magnetic properties, and preliminary 
understanding of transport properties are initial objectives of this study. 
Therefore the work presented here mainly involves preliminary studies of 
electrical and low magneticfield transport properties and high magneticfield 
magnetization measurements in the samples collected from various locations in 
Northern Sri Lanka. 

2. Materials and Methods 

Samples were collected nearly a foot or two below the earth's surface (to avoid 
additional contamination) at six different locations such as A-Punnalikadduvan, 
B-Chunnakam, C-Achchuveli, D-Innuvil, E-Kopay, and F-Nilavarai. After 
filtering (remove unwanted contamination, nomenclature used "fresh sample") a 
part of these samples were moisture-freed at 115CC (laboratory oven) for 48 hrs 
and annealed at 1000°C for half an hour (Carbolite furnace used, maximum 
operating temperature 1200°C). 

Highly electrical resistive Pyrex material was used for the sample containers 
for both electeical and low magneticfield transport measurements. The sample 
containers were prepared with the dimension 15 mm X 10 mm x 5 mm. A small 
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hole of 1 mm diameter was drilled at the centre of two sides and the contact 
wires were inserted through the holes. 

Computer controlled Keithley- 2400 digital source meter is employed for all 
current-voltage (IV) DC-measurements. I-V measurements performed also at 
500, 1000, 1500 and 4000 Gauss low magnetic fields (electromagnet) at room 
temperature. The fields were applied perpendicular to the direction of current. 

Quantum Designs SQUID based magnetometer (Magnetic Phenomena 
Measurement System MPMS), was employed for dc magnetization 
measurements for temperatures from 1.8 K-300 K, and in fields up to 7 Tesla. 
The work has been carried out at Michigan, USA. 

3. Results and Findings 

Chemical characterization (Table 1) clearly indicates that the significant Fe3+ ion 
variation among the samples collected at different locations. In more Fe3+ ions 
are the dominant contributor in this soil than other ions presented. Therefore we 
believe that these ions may play a significant role in the transport process in 
these red soils. 

The current-voltage measurements were performed at room temperature for 
fresh (Fig. 1), moisture-freed (Fig. 2) and annealed (Fig. 3) samples. Comparing 
the Figs. 1 and 2 it is clear that the electrical transport of fresh soils is dominated 
by the moisture, since a significant drop in the current was observed in all 
moisture-freed samples. However, it is interesting to note that, in the Fig. 1, a 
few samples show linear behaviour (follow Ohmic character) above 1 V and the 
sample B almost saturates above 3 V, but the reason for this discrepancy yet to 
be known. The current through the rest two samples is low (nA order) this is 
probably due to less moisture in these areas. 

Table 1 Chemical characterization all six fresh samples are tabulated above.3 

Samples 

A 

B 

C 

D 

E 

F 

Fe3+ (ppm) 

42617 

37524 

31627 

27071 

26267 

22783 

Fe2+ (ppm) 

1943 

1563 

1206 

1463 

704 

670 

Ca2+ (ppm) 

11102 

7826 

11648 

9828 

6188 

10556 

Mg2+ (ppm) 

1528 

1201 

1528 

764 

2293 

437 

Al3+(ppm) 

1339 

2045 

2926 

1963 

4738 

1609 
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Fig. 1. Current-Voltage plot of six fresh samples at room temperature. A few samples follow nearly 
a linear behaviour above 1 V and a couple samples show saturation at above 3 V. 
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Fig. 2. Current-Voltage plot of six moisture-free samples at room temperature. A few samples 
follow clear linear behaviour and some samples show high reduction of current than its fresh 
samples. 
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Fig. 3. Current-Voltage plot of six annealed samples at room temperature. All samples nearly follow 
linear or sub-linear behaviour. But current values suggest samples are become insulators after 
annealing. 

After moisture-freed and annealed two or three orders of magnitude drop in 
the current is seen in all the samples (Figs. 2 and 3), i.e, the behaviour nearly 
same as insulating materials (or at the semiconductor-insulator boundary), 
however all samples follow nearly linear/sub-linear I-V behaviour. Except the 
sample F all other samples are reporting less than 200nA at 5 V in moisture-
freed condition (Fig. 2). It is reasonable to say that higher Fe3+ ion concentration 
(> 30,000 ppm) samples show more decrease in the current than the lower 
ion concentration samples. Perhaps due to increase of ionic scattering that 
lowers the current.3 However, for better understanding we require more 
extended studies in verity of samples. 

I-V measurements at low magneticfields, up to 1500 G, were performed in 
the fresh sample E at room temperature is shown in the Fig. 4. This reveals that 
the order of magnitude suppression in the current, i.e increase in the resistivity, 
at small field of 500 G, however, no further noticeable change is reported at 
1000 G or 1500 G (Fig. 4). The inset is the same measurement for the sample A 
(high Fe3+ ion content), the behaviour still persists as the sample E at low fields. 
The possible reason for this behaviour is due to Fe3+ ion-alignment at low 
magnetic fields and enhancing field induced scattering with the water molecules. 
Similar behaviour was noticed in all samples but in slightly varying magnitudes. 



117 

2 3 
Voltage (V) 

Fig. 4. Current-Voltage plot of a fresh sample E at room temperature at low magnetic fields applied 
perpendicular to the current direction. Field suppresses the current nearly by 5 times at 5 V. Inset 
shows the same measurement for the fresh sample A. 
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Fig. 5. Current-Voltage plot of a moisture-freed sample A at room temperature at low magnetic 
fields applied perpendicular to the current direction. The behaviour differs from the fresh sample, 
where reasonable increase of current is observed for the fields above 150 G. But further increase in 
the field up to 4000 G does not make much difference in the current. The behaviour persists in 
number of samples. 
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Similar type of measurement was carried out for the moisture-freed samples 
(Fig. 5) and annealed samples. However, the behaviour reported here shows 
exactly opposite to the fresh samples. In other words, perpendicular magnetic 
field enhances the conduction for both moisture-freed and annealed samples 
(not given due to slightly high signal to noise ratio). This behaviour has been 
recorded in number of samples. Probably due to field-induced alignment of Fe + 

reduces the scattering in the absence of water molecules. However, one requires 
high field studies at varying temperatures, probably at low temperatures, for 
further clarifications. 

High magneticfield magnetization measurements were carried out up to 7 T 
at 1.8 K is plotted for six samples are given the Fig. 6. Moments are started to 
align slowly with the field and saturates around at 2.5 T. The quantitative values 
suggest that the saturated moments are small compared to normal ferromagnets, 
but the behaviour follows similar trend as ferromagnetic materials, probably the 
weak-ferromagnet. Highest moment reported is - 10"3 //fi/Fe3+ for the sample E 
and the lowest is 6.5 x 10"4 //g/Fe3+ for the sample A. It seems little interesting, 
since the sample A shows the least moment per Fe + although it has highest 
number of Fe3+ (Table 1), in contrast to the sample E which contains relatively 
low ions. 

T • i • i • i ' i ' i • r 
c M Vs H of Fresh samples at 1.8 K 

Fig. 6. M-H curves to the fresh samples up to 7 T at 1.8 K. It shows that the moments saturate at 
2.5 T. Among the samples, sample E reports the highest moment and the sample A is the lowest. 
Even though the saturated moments report small value the behaviour is similar to ferromagnets. 
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Fig. 7. Temperature dependence of inverse magnetic susceptibility is plotted in the main figure. 
Samples show Tc ~ 30 K. The inset is plotted to show the same for the samples B and C again, since 
Tc is not clear in the main figure. 

Temperature dependence of inverse magnetic susceptibility is plotted in 
the Fig. 7. Field cooling has been done for samples B and C is at 100 Oe and 
for others at 1000 Oe. All samples report that the paramagnetic state become 
ferromagnetic at 30 K, i.e, T c ~ 30 K. The inset is plotted to show the same for 
the samples B and C, since it is not very clear in the main figure. 

4. Conclusion 

Fe + ions in red-soils are certainly playing a crucial role in its electric and 
magnetic transport properties. However, at the fresh condition as we expected 
moisture dominates and responsible for much of its transport properties. Also we 
reported a few situations that Fe3+ ions determine the electric and magnetic 
transport properties in the moisture-freed and annealed red-soils. High field 
magnetization measurements suggest that this soil could be a weak ferromagnet 
with the critical temperature around 30 K. We are stepping closer in identifying 
a natural magnetic ceramic in the northern Sri Lankan soils. 
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However, the investigation is still at its early stage, therefore the studies 
require more evidences and extended and closer examinations at various 
conditions and external parameters to confirm the claim concretively. 
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Neutron scattering experiments have been performed on LiNi02 composites at room 

temperature. Rietveld refinement analysis on the neutron scattering results of LiNi02 was 

performed by assuming hexagonal type structure with space group R-3m. The analysis of 

crystallite size of LiNi02 is performed from the FWHM of the Bragg lines using Scherrer 

equation. It is found that the crystallite size of LiNiC)2 increases with the increase of annealing 

temperature. The intensity of the Bragg lines and the background scattering of LiNi02 

composites have been used to estimate the percentage of LiNi02 formed in the annealing 

process. 

1. Introduction 

LiNi02 and LiCo02 are important materials that can be applied as cathode 

materials for lithium-ion batteries because of its high energy density.1'2 LiCo02 is 

structurally more stable than LiNi02 but more expensive and environmentally toxic. 

Presently, based on its advantages LiNi02 becomes particularly attractive as cathode 

material in lithium-ion batteries. Unfortunately due to the complexity of the structure, 

LiNi02 is more difficult to prepare compared to LiCo02. LiNi02 exists in two 

crystal structures: cubic and layered hexagonal. Only the latter can be applied as 

cathode material. Different methods and starting materials to produce this sample 
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have been reported in literature.3 

Studies on the structure of LiNi02 which is obtained from many different 

methods and starting materials have been widely discussed. LiNi02 has a structure 

of hexagonal with space group R-3m.3"5 The electrical conductivity at low 

temperature is explained by the variable range hopping mechanism due to mixing of 

cations.6 

In this paper we report the neutron scattering study of LiNi02. The average 

crystallite size of LiNi02 is discussed and the amount of crystalline LiNi02 produced 

in the annealing process is estimated. 

2. Experimental 

The sample was prepared by dry mixing of starting materials LiOH and NiO 

then milled by high-energy planetary milling for 3 hours at frequency 3 Hz to 

perform a ground product. After that, the mixture was heated at temperature 400°C 

for 5 hours. We divided the whole sample into three parts: sample A which had no 

further heating process, sample B annealed at 500°C for 5 hours and sample C 

annealed at 650°C for 5 hours. 

Thermal analysis of ground product of LiOH and NiO has been performed using 

TG (Thermal Gravimetry) measurements in the condition of dry N2. The 

measurements were taken in the temperature range from room temperature to 750°C. 

Neutron scattering measurements at room temperature have been performed for 

LiNi02 composites (sample A, B and C) by HRPD (High Resolution Powder 
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Fig. 1. TG curve of ground product of LiOH and NiO. 
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Diffractometer) installed at JRR-3 in Japan Atomic Energy Agency (JAEA). Powder 

samples were set in a vanadium container of 8 mm in diameter. Incident neutron 

wavelength of 1.823 A which is monochromatized by Ge (331) was used and the 

data were collected in the 26 range from 10° to 150° with step angle 0.05°. The 

neutron scattering experiments were done for 63.9, 46.6 and 50.4 hours for sample A, 

B and C, respectively. 

3. Results and Analysis 

TG curve of ground product is shown in Fig. 1. TG curve shows large mass loss 

about 2.5% if the ground product was heated up to 300° C. Up to 100° C the large 

mass loss in the sample is mainly caused by vaporization of water molecule that 

might be contained in the sample. We assume that the reaction to perform LiNi02 

from the ground product of LiOH and NiO is shown as follows 

2LiOH + 2NiO-»2LiNi02+H2 . (1) 

This reaction occurs at high temperature when the ground product was heated by 

annealing process. As the hydrogen gas H2 is resulted in the reaction, the mass loss 

of the ground product in the TG measurement is due to the H2 formation. The mass 

of H2 is about 1% of total mass of starting materials. Complete reaction of LiNi02 is 

shown by the minimum of mass loss curve around 600°C or more. From TG curve, it 

is suggested that the reaction to perform crystalline LiNi02 starts at temperature 

around 200° C. Relatively, the H2 mass losses at 400 and 500°C are about 60 and 

90% comparing to H2 mass loss at 6P9°C. 

Figure 2 shows the neutron scattering intensity from powder LiNi02 composites 

for sample A, B and C after experimental time correction. This correction is needed 

because of the difference in the measuring time for sample A, B and C. Strong Bragg 

lines of LiNi02 from sample A are observed at 20 around 52 and 77°. The Bragg 

lines of LiNi02 become clearer and sharper in the sample B. Other LiNi02 peaks in 

sample B appear at 29 around 22, 40, 58, 70, 82, 101, 106, 117 and 126°. The 

clearest and sharpest Bragg lines of LiNi02 appear in the scattering intensities of 

sample C. 
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Fig. 2. Neutron scattering intensities of LiNi02 composites at room temperature. 

High intensity of background scattering from sample A was also found in Fig. 2. 

The intensity of background scattering of sample A is almost 50% of the highest 

intensity of Bragg line. The background scattering intensities that include the 

contribution from vanadium sample cell and the incoherent scattering of atoms 

become smaller in the sample B and C as shown in the neutron scattering results in 

Fig. 2. We assume that the formation of LiNi02 crystalline is not complete in the 

sample A and B, and the change of background intensities are mainly from 

incoherent scattering of atoms. Based on these assumptions, it is obtained that the 

differences of the background intensities are proportional to the number of hydrogen 

atoms (A«H) that have large incoherent scattering cross section, namely: 

^background "- ^nH • (2) 

The large background intensity is caused by the existence of atom H in the 

sample A where atom H has a large incoherent scattering cross section by neutron 

beam. Although the crystalline LiNi02 has been formed, a large amount of starting 

material LiOH could still exist in the sample A. The existence of atom H from LiOH 

in the sample A makes the background scattering large. The amount of atom H in the 

ground product decreases by annealing process. Crystalline LiNi02 was formed by 

annealing the ground product at high temperature. 
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Table 1. Atomic sites, occupancy g and positions 
in LiNiQ2 used in the refinement analysis. 
Atom 

Li 
Ni 
0 

Site 
3(a) 
3(b) 
6(c) 

K 
1.0 
1.0 
2.0 

X 

0 
0 
0 

y 
0 
0 
0 

z 
0 

0.5 
z 

Table 2. R factors, lattice parameters a and c, position of oxygen atoms z and temperature 
parameters B obtained from the refinement analysis. 
sample 

A 
B 
C 

(%) 
5.68 
9.04 
8.67 

(%) 
3.42 
1.00 
7.60 

R? 

(%) 
1.73 
0.50 
4.09 

a 
(A) 

2.899 
2.899 
2.892 

c 
(A) 

14.206 
14.206 
14.222 

z 

0.249 
0.247 
0.245 

Bu 
(A2) 
5.69 
3.19 
0.71 

(A2) 
1.37 
0.69 
0.25 

Bo 
(A2) 
0.43 
0.81 
1.44 

Rietveld analysis has been performed on the neutron scattering intensities of 

sample A, B and C using RIETAN-2000.7 It is assumed that the crystal LiNi02 

belongs to hexagonal symmetry with space group R-3m. Lithium, nickel and oxygen 

atoms occupy 3(a), 3(b) and 6(c) sites, respectively. Atomic positions in LiNi02 unit 

cell used in Rietveld refinement are shown in Table. 1. Split pseudo-Voigt function 

has been used as profile function in the refinement.8 In the refinement calculation, 

we excluded several small peaks that do not coincide with the Bragg line of LiNi02. 

The occupation factor g of atom Li, Ni and O are 1.0, 1.0 and 2.0, respectively as 

shown in Table 1. R factors, the oxygen position z and temperature parameters B 

from the refinement results are shown in Table 2. 

The width of Bragg lines of LiNi02 in the sample A, B and C shows a tendency 

to decrease by increasing the annealing temperature. The average crystallite size of 

LiNi02 formed in the annealing process from ground product has been analyzed 

from peak width of Bragg line using Scherrer equation: 

where t is the average crystallite size in angstrom, K is a constant and equal to 0.9, X 

the wavelength of incident beam, D the FWHM (full width at half maximum) of 

Bragg line and 2£>the scattering angle of Bragg line. The full width at half maximum 

of Bragg line Dmeas which is obtained from measurements should be corrected with 

the instrumental resolution Dinst using the relation 
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Dl D - D 
^ m e a s ^ m s t • 

(4) 

The resolution curve Dinst of HRPD for 12' collimator used in the experiments is 

shown in Fig. 3. The value of Dmeas was obtained from Rietveld refinement by 

following equation 

£>meas = 8 l n 2\u tan2 6> + F tan 0 + w] (5) 

where U, V and W are three parameters of Gaussian function obtained in the 

refinement calculation. 

The average crystallite sizes of LiNi02 which were calculated using eq. (3) for 

three different samples A, B and C are shown in Fig. 4. Two main peaks (104) and 

(018) of LiNi02 are used in the calculation. These two peaks are selected because 

they appear clearly in the three samples A, B and C. The average sizes of LiNi02 are 

about 30, 40 and 120 A for sample A, B and C, respectively. These sizes are in the 

range of nanostructure materials. It is shown in Fig. 4 that annealing temperature has 

a strong influence to the average crystallite size of LiNi02. The average crystallite 

size of LiNi02 increases with the increasing of annealing temperature. 

If we assume that almost all starting materials change to LiNi02 in the sample C, 

the relative amount of LiNi02 which was formed in the sample A and B can be 

estimated by comparing the area of the Bragg line of LiNi02. The estimated relative 

amount of crystalline LiNi02 is shown in Fig. 5. Assuming that 100% of starting 

materials change to crystalline LiNi02 in the sample C, the percentage of crystalline 
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Fig. 3. Instrumental resolution D\m for 12' collimator of HRPD used in the experiments. 
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Fig. 4. Average crystallite size of LiNid. 
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Fig. 5. Relative amount of LiNi02 obtained by 
annealing process. 

LiNi02 formation in sample A and B are about 61 and 87%, respectively. This 

estimation is almost same with the analysis of mass loss from the TG data. The 

background intensities of sample A, B and C are explained by the percentage of 

crystalline LiNi02. The amount of crystalline LiNi02 formed by annealing process 

increases with the annealing temperature. 

4. Conclusions 

Crystalline LiNi02 has been prepared by annealing the ground product of LiOH 

and NiO. Neutron scattering experiments and Rietveld analysis have been performed 

on the LiNi02 composites. The large background scattering intensities of LiNi02 

composites show that some parts of starting materials are still exist in the composites. 

The average crystallite size of LiNi02 increases with the increase of annealing 

temperature. The amount of LiNi02 formed in the annealing process increases by the 

annealing temperature. 
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PREPARATION AND PROPERTIES OF LIFEPO4 NANORODS 
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LiFeP04 nanorods have been synthesized using a Theological reaction followed by a self-
assembling process, and characterized by XRD, TEM, FTIR, cyclic voltammogram, 
model battery, etc. The results show that the LiFeP04 nanorods with length of 50-100 
nm and nanorod diameter of 20~50 nm are grown orderly with certain direction, 
resulting in better conductivity and insertion/extraction reversibility of Li+ ions. 

1. Introduction 

LiFeP04 is an attractive candidate for use as a cathode material in lithium ion 
batteries based on environmental and safety considerations [1, 2], The main 
problem of the LiFeP04 is that synthesis is not easy because of the iron oxidation 
state. The oxidation state control has been usually done by the furnace heating 
with the reductive or inert gas flow for several hours as shown in the previous 
reports [3-7]. In addition, alternative synthetic processes have developed 
continually, Yang et al. [8] used pure hydrothermal synthesis and Franger et al. 
[9] tried mechanochemical activation and rapid heat treatment. Recently, 
Higuchi et al [10]. showed the possibility of the microwave processing to make 
the LiFeP04. They prepared precursors by solid state mixing and calcined it with 
the microwave under the inert atmosphere. However, iron precursors act as 
microwave absorbers and therefore selection of the iron precursors is restricted 
in that case. Although the attempts have been made to find the proper fabrication 
procedures, it is important to prepare rod-like LiFeP04 nanomaterials for 
improving structure and electrochemical performance of LiFeP04 because the 
nanorod materials haveunique properties originated from their high surface area 
and low dimensionality. To the best of our knowledge, the synthesis of LiFeP04 

nanorods has not been reported. In the present work, LiFeP04 nanorods have 
been synthesized using a rheological reaction followed by a self-assembling 

1 Corresponding author. Tel.: +86 27 87651107; fax: +86 27 87864580. 
E-mail address:chenw@mail.whut.edu.cn (W. CHEN) 
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process, and characterized by XRD, TEM, FTIR, cyclic voltammogram, model 
battery, etc. 

2. Experimental 

LiFeP04 nanorods were prepared in a rheological phase reaction method 
followed by a self-assembling process. LiOH*H20, FeC204

,2H20 and 
NH4H2P04 with molar ratio of 1.5:1:1 were dissolved in distilled water and 
stirred for 10 min, the resulting rheological phase slurry was put into the Teflon-
lined autoclave with a stainless steel shell. The autoclave was kept at 180 °C and 
autogenerated pressure (about 2.5 MPa) for 24 h, then allowed to cool to room 
temperature naturally. The final gray product was washed with distilled water 
and dried at 80 °C for 8 h. 

XRD experiments were performed using a D/MAX-II1 X-ray diffractrometer 
with Cu Ka radiation and graphite monochrometer. TEM images were taken in a 
JEM-lOOcx II microscope operating at 80 kV. Fourier transform infrared (FTIR) 
absorption spectra were recorded using a 60-SXB IR Spectrometer with a 
resolution of 4 cm"1. The test cells containing 1 M LiPF6-EC-DEC 1:1 volume 
ratio were charged and discharged at a 0.1 C rate. Cyclic voltammogram (CV) 
test was performed on an Auto Lab instrument with a scanning rate of 0.1 mV/s 
between 1.7 and 4.5 V. All potentials are cited in this paper with respect to the 
reference Li+/Li. HP-4294A apparatus was used to investigate the electrical 
properties of the samples. 

3. Results and discussion 

3.1. XRD Analysis 

Figure 1 shows the XRD pattern of synthesized LiFeP04. All peaks can be 
indexed as pure and well-crystallized LiFeP04 phase with an ordered olivine 
structure and a space group of Pnma. The lattice parameters calculated by the 
XRD data (Figure 1) of the material are a=1.0342 nm, b=0.6005 nm, and 
c=0.4693 nm, which are very close to the standard data given by JCPDS 83-
2092. The XRD result demonstrates that the a rheological self-assembling route 
developed in the present work could synthesize single-phased product LiFeP04 

with no unwanted impurity phases, such as Li3P04- and Fe3+-related 
compounds[4]. Conventional solid state methods, although carried out under 
carefully controlled conditions, have shown the unwanted presence of the 
impurity phases Fe203 and Li3Fe2(P04)3 [I]. Another advantage is that the 
sample can be prepared by this process without sintering. This makes it simple to 
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prepare LiFeP04 olivine materials. In comparison with the previous solid state 
processes, the rheological self-assembling process reduces the synthesis 
temperature of LiFePCV It is evident that the soft solution environment 
remarkably accelerates the reaction kinetics of the formation of LiFeP04. 

250 

10 20 30 40 50 60 TO 
26/(°) 

Figure 1. XRD pattern of the LiFePCV nanorods. 

3.2. TEM Analysis 

TEM analysis was carried out on the sample, as shown in Figure 2. The 
micrograph reveals the formation of rod-like nanostructure, whose length range 
is from 50 nm to 100 nm and diameter range is from 20 to 50 nm. Almost all 
nanorods are grown directionally and are well connected with linear grain 
boundaries. As far as the TEM results are concerned, no such information is 
available in the literature to compare with our results. However, one can not 

Figure 2. TEM images of the LiFePOt nanorods. 
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expect the above features, such as nanorod morphology and directional growth, 
in a similar compound prepared via solid-state reaction at high temperature. The 
aforementioned features are very desirable for a material to be employed as an 
active electrode material in a modern rechargeable Li ion battery. 

3.3. FTIR Analysis 

The FTIR spectrum of synthesized LiFeP04 is shown in Figure 3. The 
characteristic absorption band of LiFeP04 at 1445 cm"1 is associated with the 
vibrations of P-O-Fe bond in LiFeP04 whereas the band situated at 1077 and 
972 cm"1 corresponds to the characteristic absorption of the [P04]

3". The 
absorption band of LiFeP04 between 635 and 470 cm"1 is associated with the 
vibrations of P-0 bond in LiFeP04. Notably, the characteristic absorption band 
of Li-0 bond at 405 cm"1 is weak, indicating the weak interaction between Li 
and O atoms, which enables Li+ ions to insert/extract easily in the ordered 
olivine structure of LiFeP04 [11]. 

1000 ' 2000 ' 3000 
Wavenubers/ (cm1) 

Figure 3. FTIR spectrum of the LiFeP04 nanorods. 

3.4. Electrochemical Analysis 

The first charge-discharge curve shown in Figure 4 displays a voltage plateau 
around 3.3-3.5 V which corresponds to Li insertion/extraction. The initial 
charge/discharge capacity is 109 and 105 mAh/g, respectively. The discharge 
capacity of the cell with prepared LiFeP04 nanorods decreases from 105 mAh / 
g in the first cycle to 75.0 mAh / g in the twentieth cycle, as shown in Figure 5. 
The electrochemical performance of the LiFeP04 nanorods is better than the 
values of pure LiFeP04 reported by others [12]. 
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Figure 4. Initial charge/discharge curve of the 
LiFeP04 nanorods. 
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Figure 5. Cycling property curve of 
the LiFeP04 nanorods 

In order to further understand the electrochemical performance of LiFeP04 

nanorods, cyclic voltammetry was carried out. The CV curve of LiFeP04 in the 
first cycle is shown in Figure 6. It exhibits a pair of redox peaks around 3.4 V vs. 
Li+/Li, but the peak profiles of the as-prepared LiFeP04 were more symmetric 
and spiculate than that attained by others, indicating little conductivity restriction 
comparing to the latter. As for cyclic voltammogram, the potential interval 
between anodic peak and cathodic peak is an important parameter to value the 
electrochemical reaction reversibility. As shown in Figure 6, LiFeP04 
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Figure 6. Cyclic voltammogram curves of the LiFeP04 nanorods 

nanorods exhibits an anodic peak at 3.510 V and a corresponding cathodic 
response at 3.375 V. The potential interval of LiFeP04 nanorods was 0.135 V, 
much less than the value 0.151 V reported by Mi et al [13]. The well-defined 
peaks and smaller value of potential interval shows the enhancement of electrode 
reaction reversibility. Notably, the electrical conductivity of LiFeP04 nanorods 
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is 10"5 S/cm, which is five orders of magnitude higher than those of bulk 
materials (10'10 S/cm) [14]. The good performance of the as-synthesized 
LiFeP04 sample most likely result from the favorable nanorod structure, uniform 
size distribution as well as phase purity, all of which result in turn from our 
novel synthesis method. Besides its simplicity, the method is also versatile in 
that other lithium transition metal phosphates such as LiNiP04, LiCoP04 and 
solid solutions of different lithium transition metal phosphates with favorable 
physical characteristics can be easily synthesized by this method as well. 

4. Conclusions 

In summary, the rheological self-assembling method has been developed to 
directly synthesize LiFeP04 nanorod materials. The LiFeP04 nanorods with 
length of 50-100 nm and nanorod diameter of 20-50 run are grown orderly with 
certain direction, resulting in better conductivity and insertion/extraction 
reversibility of Li+ ions. The high-yielding cost-saving synthetic procedure is 
expected to be applied in large-scale fabrication of LiFeP04 nanorods and 
appears attractive for its uses in lithium intercalation devices. 
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This work reports new trends on the structural and electrochemical properties of two 
polymorphs of the well-known Mo-0 system. Two crystalline phases have been 
obtained: the monoclinic P-M0O3 and the orthorhombic a-Mo03. The structure and 
morphology of these oxides were studied as a function of the temperature and the 
ambient of heat treatment to determine the optimum conditions for single phase 
synthesis. Results from XRD, SEM and Raman measurements are presented. The 
electrochemical lithium intercalation into the prepared trioxides was attempted as the 
intercalation host for secondary lithium batteries Cycling performance showed a high 
ability of both polymorphs to form lithium intercalation compounds. For the P-M0O3 
phase, the maximum lithium uptake 1.9 Li+/Mo leads to the gravimetric capacity 353 
mAh/g, while the a-Mo03 phase develops a specific capacity 298 mAh/g for 1.6 
Li7Mo inserted. 

1. Introduction 

Layered intercalation compounds have been known for a long time, and a 
considerable variety of host frameworks that can incorporate atomic guest 
species have been investigated.1 Few binary oxides exist with layered structures 
(e.g. M0O3, V205) which are able to form AxMo03, AxV205. These are phases 
inserted by alkali ions called "bronzes" that exhibit new interesting features. 
Within this group of oxides studied, specially the molybdenum oxides have 
received special attention due to their physico-chemical and electrochemical 
properties.2"4 

Molybdenum is known to exist in a number of oxidation states and a 
variety of oxides, sub-oxides, hydroxides, and hydrated complexes.5 The oxides 
and oxide-hydrates of molybdenum in its highest oxidation state display a 
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variety of structural types involving linked Mo06 octahedra. Hitherto, two 
polymorphs of molybdenum trioxides are known to exist: the monoclinic 
P-M0O3 and the orthorhombic a-Mo03. The metastable phase (3-Mo03 has a 
structure similar to that of Re03, while the a-Mo03 structure can be described 
in terms of layered lattice in which distorted Mo06 octahedra share edges and 
vertices to form corrugated two-dimensional sheets separated by a van der 
Waals gap. 

The electrochemical properties of the lithium insertion into some 
anhydrous and hydrated molybdenum oxides have been reported previously.3"10 

The amount of Li+ ions inserted into hydrated compounds is higher than the 
lithium uptake 1.5 and 2 Li/Mo obtained for anhydrous OC-M0O3 and (3-Mo03, 
respectively. Kumagai et al.7~s reported that crystalline Mo03-2H20 phase can 
accommodate reversibly more than 2.5 Li/Mo. The suitability of Mo03-'/3H20 as 
positive electrode in Li batteries has been reported by Guzman et al? Several 
characteristics of the lithium intercalation in molybdenum trioxide hydrate, 
Mo03-2/3H20, and the anhydrous Mo5Oi4 phase have been studied by Nazri and 
Julien.10 The lithium uptake into anhydrous Mo5Oi4 was found 1.45 Li/Mo at 
the first cycle. The Li//Mo5Oi4 cell delivered capacity as high as 280 mAh/g. 

On the basis of our previous studies, the anhydrous a-Mo03 and P-M0O3 
phases have been synthesized by a sol-gel method. The products have been 
tested as active material in electrochemical Li cells. The in-situ structural 
evolution of the layered LixMo03 phase is also reported. 

2. Experimental 

Crystalline a-Mo03 was synthesized by thermal decomposition of acid 
molybdic Mo0 3 lH 2 0 (purum from Aldrich-Chimie). The samples were 
obtained by thermal annealing in a two-zone tube furnace with a 50 cm3/minute 
argon flow. After 2 h purge, the furnace temperature was ramped from room 
temperature to the desired heat treatment over 1 h period. Samples were heat 
treated at 750 °C for 48 h. Crystalline P-M0O3 was prepared by the cation 
exchange method reported by McCarron11 using sodium molybdate 
Na2MoCy2H20 dissolved in distilled water. The aqueous solution was passed 
through an acid resin (Dowex 50WX8-300). A green dried powder was obtained 
after water evaporation. The final product |3-Mo03 was prepared by heating the 
pale-greenish precursor at 270 °C for 4 h in a flowing oxygen ambient. 

Powder XRD data were obtained using CuKa radiation (A=1.5406 A) with 
a Philips X'Pert diffractometer. Raman spectra were recorded on a Jobin-Yvon 
U1000 double monochromator using the 514.5 nm line from a Spectra-Physics 
2020 argon-ion laser. Standard photon-counting techniques were used for 
detection. In a typical spectral acquisition, six RS spectra each recorded with a 
resolution of 2 cm"1 were averaged. Care was taken against sample photo-
decomposition using low excitation power of 10 mW. 

The non-aqueous cell assembly had the configuration Li/IM LiPF6 

solution of EC-DEC (l:l)/Mo03. A cell was constituted by a pellet cathode 
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pressed at 0.5xl05 Pa with an area of 0.8 cm2 cathode, a glass-fiber separator 
(Whatman GF/C), and a lithium-metal foil anode. This assembly were 
sandwiched between nickel foils as current collectors. Electrochemical titration 
measurements were carried out using a Mac-Pile system at current densities in 
the range 0.1-0.2 mA/cm2. Kinetics parameters have been determined by the 
GITT method from the variation of the cell voltage vs. time during the 
relaxation period following a long discharge or charge.12 

3. Results and discussion 

The thermal decomposition of the Mo03-lH20 raw powders occurred 
continuously in the range 100-450 °C. TG/DTA curves showed successively the 
water removal, the formation of the monoclinic phase, the exothermic reaction 
corresponding to the |3-Mo03 —> a-Mo03 transition and finally the growth of 
the (X-M0O3 crystalline phase.4 XPS data confirmed the binding energy for Mo 
2p3/2 core level corresponding to the Mo(VI) atoms in the Mo06 octahedra. 

3.1. Structure and morphology 

Structural properties of molybdenum trioxides were studied using X-ray 
diffraction (XRD) and Raman scattering (RS) experiments. Fig. 1 shows the 
XRD patterns of P-M0O3 and a-Mo03 crystalline samples. The main features 
of the XRD patterns can be indexed in the monoclinic {P2,/n S.G.) and 
orthorhombic {Pbnm S.G.) system, respectively. Single crystals of a-Mo03 

have the shape of elongated platelets with the (010) axis perpendicular to the 
basal plane and the (001) axis along the longest edge. The orthorhombic 
structure was formed above 500 °C. The layered arrangement causes van der 
Waals interactions between parallel layers formed by Mo06 octahedra that 
share edges in the (001) direction and are connected by corners in the (100) 
direction. The (0£0) intense Bragg lines suggest that this compound is a layered 
structure packed in the direction of the 6-axis. 

The X-ray pattern of (3-Mo03 coincides with that reported by Parise et 
al.13 This phase adopts an Re03-related structure. The common structural 
arrangement of this material is the Mo06 octahedral unit, which is repeated 
along three directions through shared corners. Lattice parameters of 
mobybdenum trioxide are listed in Table 1. 

Table 1. Lattice parameters of the M0O3 phases. 

Phase 

(X-M0O3 

P-M0O3 

Space group 

Pbnm 

P2,/n 

Lattice parameters (A) 

a=3.9621 A, b=13.858 A, c=3.972 A 

a=7.118 A, b=5.379 A, c=5.566 A, P=91.87° 

Fig. 2 shows the typical SEM pictures of molybdenum trioxide samples. 
The elongated morphology of the a-Mo03 samples is clearly observed, while 
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the P-M0O3 displays smaller particles. The (X-M0O3 single crystal might be 
easily cleaved to form very thin slabs. Thus, the crystal forms of the final 
products M0O3 are different from each other. 
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Figure 1. XRD patterns of a-Mo03 and P-M0O3 crystals. 
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Figure 2. SEM images of (X-M0O3 (a) and P-M0O3 (b) crystaliine powders. 

Fig. 3 shows the RS spectra of (3-MoQ3 and a-Mo03 crystalline samples. 
The spectral fingerprints of the two phases are clearly seen in their Raman 
features. The RS spectrum of CX-M0O3 can be analyzed using the orthorhombic 
D2),'

6 symmetry. The spectrum is dominated by the internal modes involving 
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stretching and bending modes of Mo-O bonds in Mo06 distorted octahedra. The 
multiplicity corresponds to the various Mo-0 lengths varying from 0.167 to 
0.233 nm for the a-Mo03 structure. The highest Raman band at 994 cm"1 is due 
to the vibration of the shortest Mo=0 bonds, the so-called molybdyl mode. The 
RS spectrum of (3-Mo03 suggests a close similarity with pattern observed for 
W03. With the absence of the molybdyl mode and the shift of the O-M03 
stretching vibration, the Mo-O stretching region of (3-Mo03 is dissimilar to that 
of OC-M0O3. 
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Figure 3. Raman scattering features of a-Mo03 and P-M0O3 crystals. Spectra were recorded at room 
temperature with the 514.5 nm laser line at excitation power density 10 kW/cm2. 

3.2. Electrochemical features 

Fig. 4 shows the first discharge-charge curves of the L1//M0O3 cells using the 
synthesized a-Mo03 and (3-Mo03 materials as positive electrodes and non-
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aqueous 1M LiPF6 solution of EC-DEC (1:1) electrolyte. The cells were cycled 
at 0.1 mA/cm2 that corresponds to a C/8 rate. An initial voltage of ca. 3.25 V 
was measured for both Li//Mo03 cells. Anhydrous a-Mo03 give a discharge 
capacity of 298 mAh/g corresponding to the faradaic yield 1.6 eVMo in the 
potential range 3.5-1.0 V. This value is in fair agreement with previous data of 
1.3-1.6 eVMo.4"7 The discharge-charge curve for the Li//(3-MoC>3 cell displays 
electrochemical features different than the Li//a-Mo03 cell. The first discharge 
reaction occurs at a lithium uptake x=1.9 leading to a specific capacity of 353 
mAh/g. Comparing the discharge-charge profiles (Fig. 4), we remark different 
stepwise-discharge behaviours as follows. 

4.0 I 1 1 1 1 1 1 1 r 

0.0 0.4 0.8 1.2 1.6 2.0 
Composition x(Li) in LijMoO, 

4.0 I 1 1 1 1 1 1 1 1 r 

I I i I i I i I i 1 i I 
0.0 0.4 0.8 1.2 1.6 2.0 

Composition x(Li) in LixMo03 

Figure 4. First discharge-charge curve of the Li//Mo03 cells cycled at 0.1 mA/cm2 including a- and 
P-phase electrode. 

The cell potential for the Li//p-Mo03 cell displays three distinct regions. A 
first plateau at 2.65 V is followed by a rapid decrease around x(Li)=0.4, i.e. a 
capacity of 75 mAh/g, to reach a large voltage plateau at 1.7 V. In the same 
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range of potential, the charge process occurs differently with the disappearance 
of the initial voltage plateau. The cell exhibits a capacity loss of 24% probably 
due to structural modification upon the lithium insertion-deinsertion process. 
The polarization during charge is observed to increase with an increasing cell 
number for P-M0O3 materials. 

The CC-M0O3 phase gives a discharge capacity slightly smaller (1.6 e'/Mo) 
than that of P-M0O3 but a much higher capacity retention (ca. 95%). The 
discharge curve exhibits a voltage plateau at 2.27 V centred at x=0.75, while the 
charge curve displays a monotonous increasing profile. Molybdenum trioxide 
was found to react readily with lithium forming two well-defined discharge 
products, according to the X-ray data, which are similar to the known high 
temperature Li2Mo03 phase.14 The electrochemical lithium insertion into the 
M0O3 framework can be described according the following reaction 

xLi+ + xe'+[MoVI]03 <-> Li1[Mo(M]03, (I) 

assuming the reduction from Mo(VI) to Mo(V) and Mo(IV) oxidation states. 
Satisfactory charge-discharge efficiency and storage capability are other 

favourable features of the Li//a-Mo03 cells. Upon lithiation of LijMo03, the 
electronic conductivity increases from 10"4 S/cm for x=0 to ca. 10"' S/cm for 
0.3<x<0.9 to form a molybdenum bronze.2 The chemical diffusion coefficients 
of Li+ ions in LixMo03 obey an quadratic law against x(Li).2 A maximum value 
of ca. 10"9 cm2/s has been reported for x=0.6. Li mobility was shown to slightly 
decrease upon subsequent discharge-charge cycles due to irreversible structural 
and morphological changes of the host matrix. However, when the cell was 
charged, the oxidation of Mo produces a resistive compound which induces a 
large polarization of the cell at the end of the charge process. This effect is 
highly beneficial for battery operation because the M0O3 electrode works as a 
self-limiting current material. 

To confirm the above suggestion, the structural changes occurring in the 
Li^Mo03 electrode materials during Li intercalation were followed by in-situ X-
ray diffraction measurements using a specially designed electrochemical cell.5 

Fig. 5 shows the XRD patterns of the a-Mo03 electrode during discharge. This 
result shows that, upon lithium insertion in the layered host matrix, the 
structural properties are preserved. From the shape and positions of the Bragg 
lines shown in Fig. 5, there is an indication that the framework structure of 
M0O3 is almost unchanged during discharge reaction up to 1.5 Li/Mo. However, 
one can observe the formation of a ternary phase, i.e. appearance of Bragg peaks 
at ca. 26=41° for x>0.5 Li/Mo. The new Bragg peaks disappear upon 
delithiation, that indicates continuous structure reorganization and complete 
reversibility of the insertion-deinsertion process for anhydrous material in the 
potential range 3.5-1.2 V. The crystalline structure appears with well-developed 
Mo06 octahedra. This configuration prevents repulsive forces between inserted 
ions which could be the origin of the strong stepped voltage in P-M0O3. After 
an intercalation/deintercalation cycle the original host lattice may be retained 
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practically unchanged because the structure of the host matrix is determined by 
strong covalent Mo-0 bonds. 
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Fig. 6 shows the long-term cycling behavior of the Li//Mo03 cells. The 
variation in the storage-charge capacity of Li//Mo03 cell as a function of cycle 
number of such cells when cycled between 3.2 and 1.2 V under a current 
density of 0.1 mA/cm2. The Li//a-Mo03-type cell was charged and discharged 
more than 100 times and up to the 100th cycle the decrease of the specific 
capacity is 180 mAh/g. The Li//a-Mo03 cell exhibits a larger decrease in 
capacity retention. After 55 cycles, this cell delivered only 148 mAh/g. The 
cycling behavior can be modeled using the relation giving the capacity as a 
function of the cycle number 

C = C0(l-5)n 
(2) 

where C0 is the initial capacity, n the cycle number and 8 the fraction loss per 
cycle. For the Li//a-Mo03 cell, we obtain 8=0.1%. 

3.3. Kinetics of Li ions 

Kinetics of Li+-ions insertion in LixMo03 have been studied in the composition 
0<x<1.6. Fig. 7 displays the chemical diffusion coefficients of Li+ ions in the 
LixMo03 host materials. The compositional dependence of D* in Mo03 is 
rather a quadratic function which is due to the nature of the empty sites in the 
host structure. The behavior of the curves can be modeled using the relation 

D*= WD0 = xj3(\-x), (3) 

where D0 is the component diffusion, W is the thermodynamic factor and /? is 
an interaction parameter related to the repulsive interaction energy between 
alkali ions.15 
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Figure 7. The chemical diffusion coefficients of Li+ ions in the Li*Mo03 host materials. 
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The maximum of D* (Z)*=4xl0"9 cm2/s in the anhydrous a-Mo03 phase 
corresponds with the half-filling site number. The chemical diffusion 
coefficients of Li+ in the (3-Mo03 powders exhibit different features: (i) values 
are smaller by one order of magnitude than for a-Mo03, and (ii) D* remains 
almost constant in the range 0.9<x<1.6. This behavior may be attributed to a 
blocking effect for the Li+ diffusion. Thus, the ideal lattice gas model can be 
applied in which the ion-ion interaction energy is negligible. The compositional 
dependence of the thermodynamic factor in molybdenum oxides shows a 
variation from 3 to 300 in the range 0<JC<1.5, indicating a strong electronic 
contribution on the insertion reaction in Mo03 at high values of x. 

4. Conclusion 

This work has shown a comparison between the structural and electrochemical 
properties of two molybdenum trioxides, the anhydrous a- and (3-phases. The 
electrochemical properties of these molybdenum oxides are strongly related 
with their structural characteristics. Thermodynamics and kinetics of lithium-ion 
insertion appears to be a function of the structural arrangement of Mo06 

octahedra in the host lattice. Diffusion coefficient can be modelled using either a 
simple model for site occupancy or an ideal lattice gas model. 
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The feasibility of the preparation of doped zircon (ZrSi04 or Zr02.Si02) via solid state 
sintering of precursor oxides (Zr02 and Si02) and the dopants has been investigated. In this 
study, Y203, Yb20], Fe2C>3, CaO, MgO, U2CO3 and Na2C03 were used as dopants with a 
concentration level of 10 mol %. The sintered pellets were subjected to X-Ray Diffraction 
(XRD) analysis and the zircon yield was calculated using the XRD data. It was revealed that 
the zircon yield in the dopant oxide added samples was very high (57-100% depending on the 
dopant) and the ionic radius difference between the host Zr4+ and the dopant cation has a 
direct implication with the zircon yield. Although it could be observed that the addition of 
trivalent or divalent cations enhanced the zircon yield, addition of monovalent cations 
completely hindered the zircon formation. 

1. Introduction 

Zircon (ZrSi04) is well known for its low thermal expansion coefficient and low 
thermal conductivity.1 Important commercial deposits of mineral zircon are mined 
in Australia, South Africa, USA, India and Sri Lanka, the greatest portion of which 
is used directly in the manufacture of refractories. Minerals always contain 
impurities in different concentration levels and hence the properties of mineral 
zircon may be quite different from those of pure zircon. Since our main research 
interest is the electrical characterization of doped zircon ceramics prepared using 
mineral zircon as the starting material, it was intended to prepare high-purity zircon 
in the laboratory for a comparative study. The preparation of high-purity zircon 
powders is generally accomplished via sol-gel and hydrothermal methods using 
suitable precursors. However, the preparation of zircon via solid state sintering of 
precursor oxides (Zr02 and Si02) is not commonly reported in literature. The results 
of a preliminary study on preparation of doped zircon via solid state sintering of 
precursor oxides and the dopants (Y203, Yb203] Fe203? CaO, MgO, Li2C03 and 
Na2C03 with a concentration level of 10 mol %) are reported in this paper, along 
with the probable crystallographic explanation for the formation of zircon. 
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2. Experimental 

Zr02, Si02 (Johnson Matthey / Purity 99.9 % / 325 mesh), Y203, Yb203> Fe203 

(Aldrich / purity 99.99), CaO, MgO (Johnson Matthey / Purity Grade 1) and 
Li2C03, Na2C03 (BDH AnalaR) were used as starting materials. The required 
amount of dopant was weighed and added to the equimolar mixture of Zr02 and 
Si02, such that it would give the composition of 10 mol% doped zircon upon 
addition. An equimolar mixture of Zr02 and Si02 (without any dopants) was also 
prepared for comparison. Each powder batch was wet ball milled for 72 hours using 
water as the milling fluid and A1203 pebbles as the milling media. The ball milled 
powders were calcined for 3 hours at different temperatures depending on the 
dopant used in order to promote the decomposition of carbonates (deliberately 
added or present as impurities) to oxides and to accomplish the removal of residual 
water (if present) from the powders. The powders devoid of deliberately added 
carbonates were calcined at 700 °C. Since the dissociation temperature of Na2C03 is 
850 °C, the powders with deliberately added Na2C03 were calcined at 900 °C 
whereas those with Li2C03 were calcined at 1350 °C in view of the fact that the 
dissociation temperature of Li2C03 is as high asl310 °C. Then the powders were 
uniaxially pressed in a stainless steel die under a pressure of 225 MPa. The green 
pellets prepared from the equimolar mixture of Zr02and Si02 (without any dopants) 
were sintered at three different temperatures (1500, 1600 and 1676 °C) for 5 hours 
using a Carbolite (HTF 18/3) high temperature furnace in order to see the optimum 
sintering temperature at which it would give the maximum zircon yield. The 
optimum temperature was found to be 1600 °C and hence the doped samples were 
sintered at that temperature for 5 hours. The sintered samples were then subjected to 
XRD analysis using a Philips X-Ray spectrometer with Cu K„ radiation. 

3. Results and Discussion 

Zircon synthesis, via sintering of precursor oxides Zr02 and Si02, is difficult in the 
absence of a reaction promoter such as an alkali halide or a transition metal.2 The 
difficulty of sintering can easily be explained by the crystallographic consideration, 
as illustrated in figure 1. For the combination reaction between Zr02 and Si02 to 
take place, i.e. for the complete formation of ZrSi04, both the movement of Zr4+ in 
the direction of big arrows (=^ ) and the formation of the island-like lattice of Si04 

tetrahedra by the insertion of Si02 component, straining the anions in the Zr02 

structure in the direction of the little arrows (-*•), should be permitted (figure 1). 
This crystallographic consideration supports the fact that the activation energy for 
the combination reaction between Zr02 and Si02 is kinetically very high, so the 
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combination reaction is permitted only at higher temperatures. However, the 
temperature should be essentially below 1676 °C, which is the dissociation 
temperature of ZrSi04. 

a a 
(a) T - Zr02 (b) ZrSiQ4 

Figure 1. The crystallographic representation of the combination reaction between Zr02 and SiC>2 
(a) Tetragonal - Zr02 (b) ZrSi04.2 

The recombination of dissociated Zr02 and Si02 has been investigated by some 
researchers 3 '4 and reported that the surface structure of dissociated Zr02 and Si02 

is slightly distorted and the recombination is rapidly accelerated above 1450 °C. 
This rapid recombination of dissociated Zr02 and Si02 indicates that the zircon 
synthesis may be readily performed, if the surface structure of these two precursor 
oxides is slightly distorted.4 Also the formation of ZrSi04 via sintering of ball 
milled Zr02 and Si02 powders has been studied by few researchers and the effects 
of slurry verses dry milling, sintering time and particle size on zircon yield have 
been examined.5 There it has been found that a very high zircon yield could be 
obtained via slurry milling, cold pressing and sintering of the precursor oxides. Also 
it has been reported that a kind of disturbed lattice structure may be obtained 
through prolonged slurry milling by mechanochemical activation of the surface 
layer of these precursor oxides.5 In conformity with those findings, the oxide 
powders were subjected to wet ball milling in the present work (as described in the 
experimental section) prior to the compaction. Figure 2 shows the XRD spectra of 
the samples sintered for 5 hours at three different temperatures (1500, 1600 and 
1676 °C). The zircon yield, aZr, in the resulting samples was calculated using the 
following equation.6'7 
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a7=-
hrilOOj +"'m(lll) +"'m(uT) +-*((llT) 

(1) 

Here, / is the peak intensity of XRD and the numbers in parentheses are the 
plane indices. Subscripts Zr, m and t stand for ZrSi04, monoclinic-Zr02 and 
tetragonal-ZrC>2, respectively. 

3000 

2 Theta 
Figure 2. The XRD spectra of the samples (Zr02+SiC>2) without any dopants sintered at (a) 1500 °C 
(b) 1600 °C and (c) 1676 °C for 5 hours. 

The zircon yield for different sintering temperatures, calculated using eq. (1), is 
given in the table 1. Although the zircon yield was quite low even at the highest 
sintering temperature tested, the formation of zircon was evident in all the three 
samples. It could be observed that the zircon yield in the sample sintered at 1600 °C 
(25 %) was higher that that in the sample sintered at 1500 °C (23 %) most probably 
due to the increase in the sintering temperature. However, the zircon yield in the 
sample sintered at 1676 °C (17 %) was lower than those in the 1500 and 1600 °C 
sintered samples since partial dissociation of zircon may take place at 1676 °C 
(which is the dissociation temperature of zircon). 
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Table 1. The zircon yield in the samples (Zr02+Si02) sintered at different temperatures for 5 hours. 

Sintering temperature (°C) 
1500 
1600 
1676 

Zircon yield (%) 
-23 
-25 
-17 

It has been found that the particle size of Zr02 and Si02 powders should be very 
fine, typically in the range of 0.5-1 urn, in order to get a higher zircon yield in the 
sintering process of these precursor oxides.5 Therefore the most likely reason for the 
observed low zircon yield in the present work may be the coarser particle size of the 
starting powders (325 mesh -45 um). Prolonged ball milling would be necessary in 
order to reduce the particle size down to 0.5-1 urn, which is time consuming and 
disadvantageous in a practical point of view. 

Figure 3 shows the XRD spectra of zircon samples with dopant oxides sintered 
at 1600 °C for 5 hours. It is readily noticeable that the zircon yield in all these five 
samples is higher than that in the sample without any dopants sintered at 1600 °C 
for 5 hours. Table 2 gives a comparison between the zircon yield in the dopant 
oxides added samples and that in the sample without any dopants, calculated using 
theeq. (1). 
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Figure 3. The XRD spectra of the samples (Zr02+Si02+ 10 mol % dopant oxide) sintered at 1600 °C for 
5 hours (a) Y20, (b) Yb20, (c) Fe203 (d) CaO and (e) MgO. 
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Table 2. The comparison between the zircon yield in the dopant oxides added 
samples and that in the samples without any dopants sintered at 1600 °C for 5 
hours. 

Sample 
10 mol% Y203 doped zircon 
10 mol% Yb203 doped zircon 
10 mol% Fe203 doped zircon 
10 mol% CaO doped zircon 
10 mol% MgO doped zircon 
Without any dopants 

Zircon yield (%) 

-76 
-57 
-100 
-85 
-79 
-25 

A new processing technique to synthesize zircon, which has a higher yield at a 
relatively low temperature, using ZrOCl2 as the Zr02 source and Si(0C2H5)4 as the 
Si02 source, together with some amount of Y203, has been reported elsewhere8 and 
found that at a given temperature, the formation rate of zircon in Y203 added system 
was very high (more than 70%), whereas that in system without Y203 was very low 
(less than 7%). It has been speculated there that the incorporation of Y3+ into Zr02 

resulting in a disturbed Zr02 lattice structure was accounted for the high formation 
rate of zircon in the Y203 added system. In particular, a disturbed lattice structure of 
Zr02 is more desirable in the reaction between Zr02 and Si02, because it is known 
that Si02 migrates in to Zr02, not vice versa.9 Hence, in the present work, the most 
likely reason for the higher zircon yield in dopant oxide added samples is the 
formation of a kind of distorted lattice structure of Zr02 upon the incorporation of 
these dopant cations in the Zr02 host structure. As far as the trivalent dopant oxides 
are concerned, the zircon yield in 10 mol% Y203 doped zircon and that in 10 mol% 
Fe203 doped zircon were found to be higher than the zircon yield in 10 mol% Yb203 

doped zircon (table 2) indicating that the level of distortion in the Zr02 structure 
when Yb3+ is incorporated might be less than those when Y3+ or Fe3+ is 
incorporated. In the case of divalent dopant oxides, the zircon yield in 10 mol % 
CaO doped zircon was superior to that in 10 mol % MgO doped zircon. 

One should pay attention on the difference between the ionic radius of the host 
ion and that of the substituting ion, as far as the degree of distortion of a lattice 
structure obtained by substitution of foreign atoms is concerned. A significant 
difference between the ionic radii of these two ions would give rise to a higher level 
of distortion in the lattice structure, whereas almost equal ionic radii of these ions 
would give rise to a lower level of distortion. Therefore, the level of distortion in the 
Zr02 structure when Yb3+ is incorporated should clearly be lower than those when 
Y3+ or Fe3+ is incorporated because the ionic radius of Zr4+ (0.980 A) is closer to 
that of Yb3+(1.120 A) than those of Y3+ (1.155 A) and Fe3+ (0.640 A). Similarly, in 
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the case of Ca + (1.260 A), having an outlying ionic radius may give rise to a higher 
distortion level in the Zr02 structure than Mg2+ (1.030 A) upon doping. Please note 
that all the ionic radii considered herein are eight-coordinated since Zr4+ is known to 
be eight-coordinated in the Zr02 structure. 

Although it could be observed that the addition of trivalent or divalent cations 
enhanced the zircon yield, addition of monovalent cations completely hindered the 
zircon formation. The XRD spectra of 10 mol% Li2C03 doped zircon and 10 mol% 
Na2C03 doped zircon are shown in figure 4 and it can be observed that the peak 
corresponding to zircon (200) is absent in both the spectra resulting in zero zircon 
yield according to the eq. (1). 
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Figure 4. The XRD spectra of the samples (Zr02+Si02+ 10 mol % dopant carbonate) sintered at 1600 °C 
for 5 hours (a) Li2C03 and (b)Na2C03 
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4. Conclusions 

In the samples prepared from the equimolar mixture of Zr02 and Si02 (without any 
dopants) the zircon yield was quite low with the highest being 25% when the 
samples were sintered at 1600 °C for 5 hours. The zircon yield in the sample 
sintered at 1500 °C for 5 hours and that in the sample sintered at 1676 °C for 5 hours 
were 23% and 17% respectively. The observed low zircon yield in these samples 
indicates that the wet ball milling (with the ball milling parameters used in the 
present work) has not mechanochemically activated the surface layer of these 
precursor oxide powders. It was also speculated that the coarser particle size of the 
starting precursor oxide powders would result in low zircon yield in the samples. 
However, it was revealed that the zircon yield in the dopant oxides added samples 
was very high (57-100% depending on the dopant) most probably due to the 
distortion of the surface layer of Zr02 powders upon the substitution of doping 
cations in the place of Zr4+ in the Zr02 structure. It was also revealed that the ionic 
radius difference between the host Zr4+ and the dopant ion has a direct implication 
with the zircon yield. Although it could be observed that the addition of trivalent or 
divalent cations enhanced the zircon yield, addition of monovalent cations 
completely hindered the zircon formation. 
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The planar specimen of ZnTe:V cermet films as well as ZnTe films were prepared onto glass 
substrate by e-beam evaporation of the element in vacuum at -lO^torr. The effects of various 
deposition conditions on the electrical properties of the cermet devices have been studied in 
detail. It is found that ambient pressure, source to substrate distance and beam current play 
important role in obtaining films. The deposition rate of the films was maintained at about 
2.05 nms"'. The current-voltage characteristics of vacuum deposited ZnTe:V cermet thin films 
were studied under the high electric field (>106 Vm"') as a function of film thickness ranging 
100 to 200 nm and containing 0 to 10% V in ZnTe matrix at temperature ranging 300 to 413 
K. The composition and thickness dependence of the activation energy as well as 
thermoelectric power measurements were done in the 300 to 413 K temperature ranges. The 
results of dc conductivity and thermoelectric power obey an activated conduction mechanism. 
Thermo power result also suggests that the simultaneous bipolar conduction of both carriers 
take place. 

1. Introduction 

In recent years, the II-VI family of compound semiconductors, in particular Zinc 
Telluride (ZnTe) has been the focus of great interest due its low cost and high 
absorption co-efficient for application to photovoltaic and photo electrochemical 
cells1'2,3'4. ZnTe has a direct band gap of 2.2 to 2.3 eV at room temperature and 
usually a p-type semiconductor. Literature5 reports indicate that ZnTe exhibits 
improved photorefractive response when it is doped with vanadium. Vanadium is 
believed to be a deep donor in ZnTe and it has attractive use in a variety of 
applications, including optical power limiting, optical computing and optical 
communication6. Moreover, ZnTe:V offers superior photorefractive performances 
for the application of optical data processing and power combining in operation of 
800-900 nm band region compared with the large band gap semiconductor (such as 
GaAs as CdTe) where their energy band gap limit their use below -900 nm. 

Although there have been a number of investigations on the electrical7'8, 
optical9'10 and electro optical properties of ZnTe7'9'" and ZnTe:V5'6 films by a 
number of researchers, no systematic study appears to have been done on the 
electrical and optical properties, in particular on vanadium doped ZnTe films at 
varying deposition conditions. Hence, there is a need to study how varying 
deposition conditions affect the physical properties of doped ZnTe film to assesses 
its usefulness in a variety of photosensitive operation in optoelectronic devices 
including optical data processing and computing. In this paper, we present and 
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discussed the preparation of ZnTe as well as vanadium doped ZnTe films and the 
effects of different variables on the physical properties of the films. 

2. Experimental 

2.1. Cermet Thin Film Preparation 

Cermet sandwich structures containing a mixture of ZnTe powder (99.999% pure) 
and vanadium powder (99.999% pure), obtained from Aldrich Chemical Company, 
USA, were deposited by electron bombardment heating technique in vacuum 
(Coating Unit; Edwards, Model: E306) at a pressure of 6><10"6 torr. The ZnTe:V 
cermet films were deposited at a rate of 2.05 nms"1 to a thickness of 100 to 250 nm, 
respectively containing 0 to 10 wt% V. Each material was weighted by an electrical 

balance (Mettler TOLEDO, AB 204) having a resolution of + 0.0001 gm, according 

to percentage composition to be used. The percentage composition of starting 
materials in the evaporant mixture, was determined as12 

W 
Weight% V = v- x 100% (1) 

W„+W„ 
where, Wv and WaTt are the weights V and ZnTe, respectively. Then the materials 

were grinded together using a pestle and mortar and thoroughly mixed. The lower 
Al (Aluminium) electrode and upper Al or Cu (Copper) electrodes were evaporated 
during the same pump down cycle. The films were deposited onto glass substrate at 
room temperature. The three masks (one for ZnTe:V films and others two for 
electrode) were used for the deposition of sandwich devices. The substrate holder 
was about 0.09 m above the source. A mechanical shutter was operated from 
outside, isolated the substrates from the evaporants. 

J4 4 
Al Electrode 

^/ZnTe:VFilm 
- Al Electrode 
- Glass Substrate 

Figure 1. Schematic diagram of sandwich unformed film structure of Al/ZnTe:V/Al cermet device. 

The deposition chamber was thoroughly cleaned with emery paper and cotton
wool by wetting acetone and was then dried with a dryer. A small quantity of source 
materials was loaded into clean cermet-hearth based on the source turret. Cleaned 
substrates were placed on the substrate-holder and the chamber bell jar was placed 
on the base plate. When the chamber pressure reduced ~10"6 torr, deposition was 
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then started with beam current of 40-50 mA by turning on the low tension control 
switch. The preparation of Al/ZnTe:V/Al sandwich cermet thin films, which were 
deposited onto the glass substrate at room temperature for measuring I-V 
characteristics of various conditions and its schematic diagram is shown in Figure 1. 

2.2. Measurement Technique 

I-V characteristics of sandwich structure Al/ZnTe:V/Al cermet thin films were 
measured as a function of temperature in the 300-413 ranges. The glass substrate 
was heated by a specially designed heater and the temperature was measured by a 
chromel-alumel thermocouple placed on the middle of the substrate. A d.c. power 
supply (Heathkit, Model: IP-2717A) was used to pass a constant d.c. current through 
the test sample. An electrometer (Keithley, Model: 614) monitored the current 
through the sample and a digital multimeter (Model: DM-206) was used to measure 
the potential differences across each sample. Digital multimeter (Model: DL-711) 
was also used to measure the current. The thickness was measured by the 

Tolansky13 interference method with an accuracy of + 5 nm. 

3. Results and Discussion 

It is well known that Metal/Insulator/Metal (MIM) sandwich structure can under go 
a forming process under certain conditions, during which the electrical conductivity 
of the sample increases, by several orders of magnitude1 . The forming process 
depends on the ambient pressure, temperature, electric field, cermet thickness and 
electrode materials. Since the deposition variables as well as the effects of 
temperature play important role on conductivity, authors studied their effects in 
detail. 

3.1. Effects of Ambient Pressure 

The effect of ambient pressure on I-V characteristics of sandwich device 
Al/ZnTe:V/Al at composition 2.5wt% V, of cermet film thickness 150 nm is shown 
in Figure 2. It is evident from the graphs that with the decrease of ambient pressure, 
the device conductivity is found to increase in all investigated cermet devices. The 
main feature of the conduction mechanisms is that it exhibits non-ohmic behaviour 
in the high field region (5xl06 to 108 Vm"1). 

3.2. Effect of Source to Substrate Distance 

Three sets of each 150 nm thick Al/ZnTe:V/Al cermet structure with composition of 
2.5wt% V, were deposited at a variable source to substrate distance of 0.08, 0.09 
and 0.10 m, respectively. The d.c. I-V characteristics of their study indicates that 
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structure grown at source to substrate distance of 0.09 m, offers the highest 
conduction. 
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Figure 2. I-V curves of a 150 nm Al/ZnTe: V/Al cermet film deposited at 2.5wt% V. 
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Figure 3. I-V curves of different beam current for a 150 nm sandwich devices grown at 2.5wt% V. 

3.3. Effect of Beam Current 

The role of beam current in cermet devices has been studied in details. The 
dependency of beam current on the I-V characteristics of a 150 nm thick 
Al/ZnTe:V/Al cermet structure, grown at a composition of 2.5wt% V, at a pressure 
of 6x10~6 torr, were studied at beam current of 40, 45 and 50 mA, respectively and 
their results are shown in Figure 3. It indicates from the graphs that the conduction 
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mechanism increases with the increasing of beam current. The cause of the increase 
is due to the increasing of particle compactness and of the increase of the metal 
islands of the deposited structure. 

3.4. Effect of Composition 

Cermet sandwich structure contain a mixture of vanadium powder in Zinc Telluride 
matrix is very important. To study the effect of composition four samples each of 
200 nm thick Al/ZnTe:V/Al cermet films were deposited at a composition of 0 to 
10wt% V, respectively at a pressure of 6x10"6 torr and their I-V characteristics are 
shown in Figure 4. The curves show that as the metal concentration increases, the 
higher the current flowing through the devices. The effects may be due to the case 
with which metallic filaments are formed in samples of higher vanadium content. 
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Figure 4. I-V curves for a 200 nm thick Al/ZnTe:V7A1 devices deposited at variable compositions. 
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Figure 5. I-V curves of ZnTe:V films deposited at 2.5wt% V at variable thickness. 
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3.5. Effect of Thickness 

To study the thickness effect of I-V characteristics of a Al/ZnTe:V/Al sandwich 
devices of thickness of 100, 150, 200 and 250 nm, respectively deposited at a fixed 
composition 2.5wt% V are shown in Figure 5. It is evident from the graphs that as 
the thickness decreases the conduction mechanism increases in all the devices. This 
is due to the effects of increasing metallic filamentary path as its thickness 
decreases. 

3.6. D.C. Conductivity Activation Energy 

The composition and thickness dependence of the activation energy could be 
investigated over the range of temperature studied. The conductivity, which is 
related to the electron transport process in the material, can be expressed by Criado 
et. al.15 the following relation of Eq. (2), 
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Figure 6. Variation of lna vs. T -I for five compositions of ZnTe: V of 200 nm thick at fixed bias 15 V. 

CTdc = CTo exp 
kBT 

(2) 

where, rjdc is electrical d.c. conductivity, a0 is constant, AE, is activation energy, 
kB is Boltzman constant and T is the absolute temperature. Figure 6. shows the 
variation of conductivity with inverse temperature at fixed bias of 15 V d.c. for 200 
nm thick ZnTe devices prepared at variable compositions. From the graphs, the 
activation energy for five compositions was calculated from the slope of the curves 
and their values were tabulated in Table 1. Similar calculation of activation energy 
with thickness of 100 and 150 nm, respectively were also done. 
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It may be seen from the Table 1 that there is no discrete value of En which 
covers the whole temperature range but rather a spectrum of activation energies. It is 
seen from Table 1 that the value of activation energy depends on thickness, 
composition and temperature as well. It is also seen that at a particular thickness, the 
activation energy is decreased as the vanadium concentration increases in ZnTe 
matrix and at a fixed composition, activation energy increases with increasing of 
temperature in all spectrum of temperature range. 

Table 1. Activation energies for D.C. conductivity of ZnTe: V cermet sandwich devices. 

Thickness 

nm 
200 

Cremate 
Compositions 

wt% 
0.0 
2.5 
5.0 
7.5 
10.0 

Activation energies, E„ in (eV) 

Temperature ranges in (K) 
301-333 
0.51432 
0.49539 
0.47069 
0.44451 
0.42176 

333-363 
0.96532847 
0.87433364 
0.85198858 
0.74941631 
0.62209124 

363-413 
1.03562471 
1.00618704 
0.99442047 
0.85869414 
0.74829619 

3.7. Thermoelectric Effect 

The thermoelectric power measurements were carried out on the planar thin films 
samples of various compositions 2.5 to 10 wt% V in the temperature range 303 to 
403 K by using integral method. Seebeck voltage was measured with respect to a 
copper contact film by connecting the positive terminal of the electrometer to the 
cold opened end. From the study, the thermoelectric power varies with temperature 
for various compositions. All investigated samples show the mixed-carrier 
behaviour and bipolar in nature. This behaviour means the Fermi level may be 
formed midway between the conduction and valance band, as discussed by Mott16. 

4. Conclusions 

Vanadium doped ZnTe cermet films of composition 0 to 10wt% V, were prepared 
onto glass substrate by e-beam evaporation technique. The effects of various 
deposition parameter such as ambient pressure, source to substrate distance, dopant 
composition and beam current have been studied in details and their effects play an 
important role in the conduction mechanism of the devices. The deposition rate of 
the cermet film was maintained at about 2.05 nms"1. The composition and thickness 
dependence of the activation energy as well as thermoelectric power measurements 
was done in the 300 to 413 K temperature ranges. 

The results of d.c. conductivity and thermoelectric power obey an activated 
conduction mechanism. Thermo power result also suggests that the simultaneous 
bipolar conduction of both carriers take place. 
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Abstract A computer simulation by a molecular dynamics method 
is performed to study the properties of structure and Li ion diffusion 
in La4/3_a;Li3a:02/3_2:rTi206 (Cl=vacancy), which is the perovskite-
type Li ion conductor. In the low Li concentration, Li ions conduct 
a two-dimensional motion, while Li ions diffuse a three-dimensional 
motion in the high Li ion concentration. The partial distribution 
function for Li-Ti and the diffusion paths of Li ions suggest that Li 
ions stay for a long time at off-site positions which are 2.7A away 
from a body-centered Ti ion. The Li ion concentration dependence 
of a is in approximate agreement with experiments. The energy 
band dispersion and the density of states are calculated using the 
linear-muffin-tin-orbital (LMTO) method. The energy contour map 
shows the stable position of Li ions is off centers of the vacant La 
sites. 

1 Introduction 

The superionic material (LaLi)TiC>3 has the highest hthium ionic conductivity 
up to now. Studies on solid state Li ion conductors are performed actively 
at this moment because of their useful application in solid state high energy 
rechargeable batteries, electrochromic devices and sensors. Solid state elec
trolytes have many advantages compared to liquid or polymer based electrolytes 
such as high electrochemical stability with favorable anodes and cathodes, no 
leakage, flexibility in cell design and possible high operational temperature 

[1, 2]. 
Recently, Zou and Inoue have measured the microstructure and Li ion con

ductivity of La4/3_a.Li3;l:Ti206. They have referred recent researches of Li ion 
conductor 
La4/3_zLi3a:02/3_2xTi206 (n=vacancy), which has Li ion conductivity as high 
as 10~3(ficm) - 1 at room temperature [3, 4, 5]. 

1 Corresponding author: michi@phys.sc.niigata-u.ac.jp 
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It was found that a solid Li ion conductor Lio.34La0.5i(i)Ti02.94(2) shows 
high ionic conductivity more than 2 x 10 _ B (ncm) _ 1 at room temperature [6], 
The compound had a cubic perovskite structure with a lattice constant 3.871A. 
Inaguma et al. anticipated that Li ions perform a two-dimensional conduction 
in the low concentration region of x < 0.21 and a three-dimensional conduc
tion in the high concentration region [6]. Katsumata et cd.[7] also tried MD 
simulations to the Li ion conductor Lao.6Lio.2TiC>3. The first peak of the pair 
distribution function #Li_Ti(r) f° r Li-Ti was observed at r = 2.7A, which is 
the distance between Ti ion and bottleneck. Their model potentials and results 
have been refered to organize our computer simulations. In 2005, Yashima et al. 
[8] have experimented a neutron powder diffraction study of Lao.62Lio.i6TiC>3. 
They have found that at 77K Li ions are located at 2c site on (002) La deficient 
layer, while at room temperature they are spread over a wide area and diffuse 
along the path of 2c-4f-2c or 2c-2d-2c on the (002) layer. 

Ruiz et al. [9] measured the ionic conductivity of Lai.33_ILi3:ETi206 for 
three kinds of concentration x — 0.29, 0.21 and 0.09. Prom Arrhenius plot, 
they got the activation energy Ea = 0.48eV for x = 0.29 and 0.09 and Ea = 
0.44eV for x = 0.21. So they got a reverse V type concentration dependence 
in conductivity. 

Recently we have investigated the structural and dynamical properties of 
the Li ion conductor 
La4/3_xLi3Xn2/3_2a:Ti206 using MD simulations [10]. The MD method pro
vides us a microscopic picture of the diffusion process of Li ions in a system. 
The MD calculations are based on the assumption that Newton's equation of 
motion with a two-body central-force interaction can give a reasonable descrip
tion of the motion of ions in the system. We now address the investigation of 
the electronic structure of Li ion conductors [11], 

2 Crystal Structure of (LaLi)Ti03 

The schematic structure of La4/3_,I.Li3a;O2/3_2XTi206 is shown in Fig.l. The 
structure is constituted by Al-site, B-site and A2-site in repetition [12, 13], 
Al-site is occupied by La ions and Li ions, while A2-site is occupied by La 
ions, Li ions and vacancies as shown in Fig.l. B-site is dominated by Ti ions 
and O ions. 

It is known that the occupation ratio of each ion in each site is different 
by Li ion concentration. In Al-sites, La ion concentration decreases and Li 
ion concentration increases with increasing x. Almost all vacancies are present 
on A2-sites, not on Al-sites. In A2-sites, Li ion concentration increases and 
vacancies decrease with increasing x. La ion concentration on Al-site predom
inates that on A2-site. This disordered structure is closely connected with the 
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Figure 1: The upper A-site and the lower A-site are called Al-site and A2-site, 
respectively. 

Li ion conductivity and the conduction path. 

3 MD Calculations 

Effective interionic potentials used here are composed of three interactions, 
Coulomb interaction, Born-Mayer repulsion and Van der Waals interaction. 
The values of parameters are prepared in order that the partial pair distribu
tion functions and ionic conductivities may satisfy the calculated results by 
Katsumata et al. [7] and the experimental results by Inoue et al. [3, 4, 5], 
Ref.[14] is also used to get ready for the model potential. 

3.1 Pair Distribution Functions 

In order to investigate the structure of (LaLi)Ti03, we have calculated the 
partial pair distribution functions gij(r) for all pairs of ions. From gtj{r) for 
La-La, Li-Li, Ti-Ti, and 0 - 0 in x — 0.09, we see that La ions and O ions form a 
nearly well defined fee lattice. When Li ions are placed at proper corner sites of 
cube, namely on Al-site or A2-site, the ionic distance length of Li-Ti is about 
3.35A. However, after the simulation, the nearest neighbor distance of the first 
peak of g(r) for Li-Ti is 2.7A as shown in Fig.2. This means that Li ions are 
not at corner sites of each cube. This result has been already found by also 
Katsumata et al. [7]. At first, Li ions are set at the equivalent sites with those 
of La ions. When the system comes to a state of thermal equilibrium, Li ions 
situate at off-site positions as figured in Fig.3, not at cubic corners. Taking the 
off-site position of Li ions is congruent with a recent neutron diffraction study 
by Yashima et al. [8]. 

A , A-sitc ion 

f P B-site ion 

© 0 2 - ion 
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Figure 2: Partial pair distribution functions for Li-La, Li-Ti and Li-0 in x = 
0.21 

3.2 Mean Square Displacement 

The mean square displacements (MSDs) < |r(t) —r(0)|2 > for Li ions are shown 
in Fig.4 for the cases of x = 0.29. We see that the MSDs of all components 
increase with time and then Li ions in the case of x = 0.29 perform a three-
dimensional diffusion. But for the case of x = 0.09, the MSDs of x- and 
y- components increase with time, while z- component shows to be constant 
approximately. This means that Li ions for the case of x = 0.09 conduct a 
two-dimensional diffusion. 

The linear region in the functions < \r(t) — r(0)|2 > may be related to the 
diffusion coefficient D by the well-known equation 

< \r(t) - r(0) |2 > = nDt + C, (1) 

where C is a constant term, n = 2,4,6 are taken for the cases of one-, two- and 
three-dimensional diffusion, respectively. The calculated diffusion coefficient D 
and ionic conductivity a of Li ions are shown in Table 1. From experimental 
results by Inoue and Zou [3, 4, 5], we can estimate as logcr ~ —1.7 ~ —1.0(Q • 
c m ) - 1 . Experiments by Katsumata et al. [7] showed that D ~ 1.3 x 10~6cm2/s 
at x = 0.067 and T = 500K. As shown in Table 1, we get V = 1.5 ~ 2.5 x 
10~6cm2/s, logcr = —2.5 ~ — 2.0(f2-cm)_1. These calculated results agree with 
experimental results substantially. We get that the ionic conductivity of Li ions 
in the high concentration region has a saturating or decreasing tendency. The 
saturation-typed concentration dependence in the conductivity also coincides 
with experiments [3, 4, 5]. 
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Figure 3: Schematic position of each ion after simulations 

Table 1: Concentration dependence of D and a. a has the minimum value at 
x = 0.09 and takes the maximum value at x = 0.21. 

concentration x 

0.09 
0.21 
0.29 

D(cm a /s) 

2.27x10"° 
2.52x10"° 
1.48x10"° 

a(Q- cm) 1 

3 .20x l0 - 3 

8.17X10-3 

6.64X10"3 

log a 

-2.50 
-2.09 
-2.19 

The experimental results of a by Ruiz et al. [9] and Inaguma et al. [16] 
support approximately our calculated concentration dependence of a shown in 
Table 1. 

3.3 Trajectory of Li Ions 

It is one of useful points of the MD method to observe directly the motion of 
Li ions by investigating trajectories of Li ions. 

In the case of x = 0.09, the motion of Li ions seem to be inactive, as 
compared with the case of x = 0.29. A few Li ions for x = 0.09 might migrate 
on the same A2-site layer. There is a few jump diffusion along the c-axis, but we 
can not observe the continuous jump along the c-axis. Then we may understand 
that Li ions for x = 0.09 conduct the two dimensional motion approximately. 

In the case of x = 0.29, Li ions are very active on each A2-site layer and 
also jump frequently between Al-site and A2-site and migrate continuously like 
A2-site —> Al-site —> A2-site. We see that the three dimensional conduction of 
Li ions strengthen for the case of x = 0.29. 

Fig.5 shows the trajectories of ions on a some A2-site for the case of x = 
0.29. Diffusing particles and large vibrating particles represent Li ions. Small 
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Figure 4: Mean square displacements of Li ions for x = 0.29 

vibrating particles show La ions. When Li ions on the A2-site jump to the 
neighboring Al-sites, the diffusion paths of those ions are projected on the 
same A2-site. We see that Li ions stay at off-site positions and migrate on the 
diffusion path along the lattice axis approximately. 

4 Electronic Total Energy Calculation 

Electronic band calculations have been done using the full-potential linear-
muffin-tin-orbital (FP-LMTO) program LMTART [18,19], where the local den
sity approximation (LDA) has been used. Our result of occupying of off-center 
position by Li ions satisfies with the result of neutron diffraction experiment 
[8]. 

5 Discussions and Conclusion 

Hole burning spectroscopy is known as one of the optical method to study the 
conduction mechanism in superionic conductors. Hattori presented the studies 
on elementary migration of Li ions in Lao.5Lio.5Ti03 doped with P r 3 + ions 
in the Asian Conference on Solid State Ionics [17]. It was reported that Li 
ion is located at an off-center position, and the resonance frequency is lower 
as about 17.9cm_1 for Li6 and 16.3cm - 1 for Li7. He pointed out that this 
low resonance frequency corresponds to the low potential energy of Li+ motion 
between off-center positions. 

Electronic band calculations have been done using the full-potential linear-
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Figure 5: Trajectories of Li ions in some A2-site for x = 0.29. Small tracks on 
the cross points show the lattice vibration of La ions. 

muffin-tin-orbital (FP-LMTO) program LMTART [18, 19], where the local den
sity approximation (LDA) has been used. Recently Kashida et al. [20, 21] have 
conducted the LMTO band structure calculation for a mixed perovskite type 
Li ion conductor LaLiTi03. They have calculated the total electron energy as 
a function of Li ion pathway parallel to the [110] direction. They have got that 
the starting point of off-center position has a minimum energy. 

In this paper, we have done the MD simulation for the Li ion conductor 
La4/3_ILi3a;n2//3_2a:Ti206. We have calculated the partial distribution func
tions gij(r) for all pairs of ions. From 0Li_Ti(r) *^e n e a r e s t neighbor distance 
of Li-Ti has been 2.7A, which suggests that Li ions stay at off-site positions, 
not at the bcc lattice points. It has been also shown that Li ions change their 
motion from two-dimensional conduction to three-dimensional conduction with 
increasing of concentration for Li ions. The concentration dependence of the 
ionic conductivity a has been in approximate agreement with experiments. Our 
result of occupying of off-center position by Li ions satisfies with both results of 
the neutron diffraction experiment [8] and also the electronic band calculations 
by Kashida et al. [20, 21], 

Taking into consideration on the configuration of vacancies, it might be 
possible to study these materials from the viewpoint of the percolation method. 

Acknowledgements 

M.K. would like to express his sincere thanks to Professor N. Inoue for his 
useful discussions. Authors wish to express their thanks to Associated Professor 
F. Shimojo for his useful instruction regarding the MD simulation. M.K. is 
supported in part by the Uchida Energy Science Promotion Foundation. 



169 

References 

[1] T. Kudo, 0 . Yamamoto and H. Iwahara, "Fuel Cells" (Uchida Rohkakuho, 
2005)(in Japanese). 
V. Thangadurai and W. Weppner, Ionics 6 (2000) 70. 
Y. Zou and N. Inoue, "The First International Discussion Meeting on 
Superionic Conductor Physics" (Kyoto, Sep., 2003). 
Y. Zou, N. Inoue, K. Ohara, V. Thangaduri and W. Weppner, Ionics 10 

(2004) 463. 

N. Inoue and Y. Zou, Solid State Ionics 176 (2005) 2341. 
Y. Inaguma, L. Chen, M. Itoh, T. Nakamura, T. Uchida, M. Ikuta and M. 
Wakihara, Solid State Commun. 86 (1993) 689. 

T. Katsumata, Y. Inaguma, M. Itoh and K. Kawamura, J. of Ceramic 
Society of Japan 107 (1999) 615. 
M. Yashima, M. Itoh, Y. Inaguma, Y. Morii, J. of the American Chemical 
Society 127 (2005) 3491. 
A.I. Ruiz, M.L. Lopez, M.L. Veiga and C.Pico, Solid State Ionics 112 
(1980) 291. 

Y. Maruyama, H. Ogawa, M. Kamimura and M. Kobayashi, submitted. 
S. Ono, S. Kashida, and M. Kobayashi, Meeting Abstracts of the Phys. 
Soc. Jpn. Vol.60,No.2,Part4 (2005) p.568. 
O. Bohnke, H. Duroy, J.L. Fourquet, S. Ronchetti and D. Mazza, Solid 
State Ionics 149 (2002) 217. 

D. Mazza, S. Ronchetti, O. Bohnke, H. Duroy and J.L. Fourquet, Solid 
State Ionics 149 (2002) 81. 
H. Tanaka, H. Tabata, K. Ota and T. Kawai, Phys. Rev. B 53 (1996) 21. 
D. Beeman, J. Comp. Phys. 20 (1976) 130. 

Y. Inaguma, L. Chen, M. Itoh and T. Nakamura, Solid State Ionics 70 /71 
(1994) 196. 
T. Hattori, "Solid State Ionics: Trends in the New Millennium, pp.751-
761" edited by B.V.R. Chowdari (World Scientific, 2002). 
S. Y. Savrasov, Phys. Rev. B 54 (1996) 16470. 
W. Shimosaka, S. Kashida and M. Kobayashi, Solid State Ionics 176 
(2005) 349. 

S. Kashida, S. Ono and M. Kobayashi, Extended Abstracts of the 31th 
Symposium on Solid State Ionics in Jpn. (2005) p.34. 
S. Ono, Y. Seki, S. Kashida, and M. Kobayashi, to be submitted. 



Cuprous Ion Conducting Montmorillonite- Polypyrrole Nanocomposites 
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Solid state polymer-Silicate nanocomposite based on Polypyrrole-Cu+-
montmorilonite were prepared and electrical properties were investigated. In this 
preparation, Na-montmorillonite (Na+-MMT) was purified by repeated washing 
with distilled water and the intergallery cations were exchanged for Cu(II). The 
cupric ions exchanged-MMT(Cu(II)"- MMT) was again exposed to pyrrole in 
aqueous acidic solution to yield polypyrrole-Cu+-MMT nanocomposite. DC 
polarization test and AC impedance measurement reveal that the materials are 
mixed conductors. The ionic conductivity is due to the motion of cuprous ions 
which is facilitated by microstructure of polypyrrrole present in the 
intergalleries. An electrochemical cell was fabricated using the materials which 
can be represented by Cu(s)/ Cu+-PPY-MMT/Cu2S04 (s)/Na2S04(S)-Na2S208(s)/ 
and gave a 1.00 V. The cell is rechargeable. 

Key words: Montmorillonite, Polypyrrole, Mixed conductors, Single ion conductor 

1. Introduction 
Electroactive polymers continue to receive considerable attention not only due to 
their interesting electronic and optical properties but also because of their 
intriguing solid state characteristics [1, 2]. Research on electroactive polymers 
has recently been focused on developing materials with well defined 
microstructure controllable at the nanometer scale. Layered materials such as 
smectite clays (e.g., montmorillonite, MMT) evoked a great amount of attention 
for the preparation of such materials with microstructure [3]. The lamellar 
structure, high in-plane strength and stiffness as well as high aspect ratio [4] are 
favorable factors to choose MMT as host materials. 

Generally, polymer-clay nanocomposite (PCN) are prepared by exchanging 
the intergallary cations for monomer cations followed by polymerization with the 
aid of the external oxidant such as ammonium peroxydisulphate or ferric 
chloride. This would lead to the formation of the polymer both in situ and ex situ 

of the MMT clay [5, 6, 7]. Although these PCN materials have been extensively 
studied over past decades, interest in alternative approaches to synthesize 
microstructure materials in which the polymer is present only within the 
intergallary of MMT is still growing. As such we have developed a method called 
spontaneous polymerization technique for synthesized such PCN materials. [8]. 
In order to effect this we use Cu(II) ions present within the intergalleries of MMT 
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to spontaneously polymerize pyrrole inserted into the same intergalleries. The 
Cupric ions are then converted into cuprous ions and are stabilized within the 
control environment by coordination through O" groups in the tetrahedral layers 
of MMT and N-functionality of polypyrrole. 

In this publication, we prove that the materials are mixed conductors. The 
ionic conductors are due to the migration of Cu+ ions facilitated by microstructure 
within the intergalleries. 

2. Methods and materials 

A dry mass of 2 g purified MMT was treated with 100 cm3 of 0.5 mol dm"3 

CuS04 (aq) solution for 24 h to exchange cations present in the clay for Cu(II). 
The amount of Cu(II) ions present in the sample is well above that required for 
cation exchanged capacity of the clay portion. The resultant colloidal solution 
was centrifuged, and the supernatant discarded. The slurry obtained was then 
stirred with distilled water for 24 h, the suspension is subsequently centrifuged 
and the supernatant discarded. This procedure was repeated until the supernatant 
was free of S04

2" ions [tested using BaCl2 (aq)]. 
The slurry thus obtained is the MMT containing hydrated cupric ions present 

within interlayer spaces of MMT [Cu(II)-MMT]. 0.5 g of dry Cu(II)-MMT was 
stirred with 100 cm3 of 0.05 mol dm"3 pyrrole in 0.1 mol dm"3 HCl(aq) solution 
for 24 hours. This has resulted in a black suspension, which was purified by the 
repeated washing procedure and described above and characterized by XRD and 
conductivity measurements. The supernatant of pyrrole treated Cu(II)-MMT was 
tested for Cu(II) using aqueous ammonia and for pyrrolium ions with acidified 
ferric chloride solution. 

AC impedance technique was employed to obtain electrical resistance of the 
materials. The acquisition of the AC electrical data in the frequency range 5 Hz to 
13 MHz was accomplished by 4192A LF- impedance analyzer. The temperature 
dependence of the electrical conductivity was studied in the temperature range 25 
°C and 120 °C in dry air. XRD experiments were done on a Seimens D-5000 
diffractometer with Cu Ka (A. = 0.1540562) radiation. For these analysis a thin 
layer of Cu(I)-PPY-MMT was deposited on a clean glass plate by allowing a few 
drops of respective colloidal solution to dry it. 

3. Results and Discussion 
In previous publications [3, 9, 10], we made use the intercalation of monomer 
cation in clay through ion exchange followed by polymerization using an external 
oxidant such as S2Og

2"(aq) or Fe3+
(aq). We then developed a spontaneous 
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poimerization by monomers within the intergalleries of MMT [8]. Ironically, the 
oxidant use Cu (II) in capable of oxidative polymerization of pyrrole only when it 

is present within the confined environment where it is coordinated by O' groups 
in the tetrahedral layers and N-functionalities. When Cu2+

(aq) is stirred with 
pyrrole in acidic medium no signs of polymerization is observed. This is because 
the potential required for the one electron oxidation of pyrrole to pyrrolium 
cation(Py+) is higher than that of is achieved through the reduction of Cu2+

(aq) .As 
we know Cu2+

(aqyCu+
(aq) and Cu 2+

(aq/Cu have standard potentials 0. 5 V and 0. 
337 V respectively. Though Cu(I) is highly unstable as it is in aqueous medium. 
Thus in the aqueous medium formation of Cu+

(aq) is not possible and it can be 

exist as a complex ion or insoluble salt. This explains the inability of Cu (aq)) to 
oxidatively polymerize pyrrrole in aqueous medium. When Cu2+ is co-ordinated 
by ligands there will be a overpotential its reduction. The Cu+ ion which is 
formed by one electron reduction is also co-ordinated by ligands. Therefore it can 
exist undergoing disproportionation. 

O. 
. 0 

Cu 
+ e - > Cu (1) 

o o 

Cu Cu 0.5 V (2) 
uns tab le 

The standard potential for the reaction (1) is expected 
to be somewhat higher than that of reaction (2). The potential of the reaction (1) 
is sufficient to enough the one electron oxidation of pyrrole leading to the 
formation of Py+ which will subsequently undergo polymerization to the resulting 
the formation of polypyrrole. 

i 
H 

cx 
^^ 4K — cv N+ 

I 
H 

Figure 1. Resonance structure of pyrrolium ion 
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The product pyrrolium ion is stabilized through resonance (Fig 1). 

It is very interesting to note the mechanism of spontaneous polymerization of 
pyrrole when Cu(II)-MMT is exposed to an aqueous solution of pyrrrole in the 
acidic medium. When the pyrrole is inserted into the intergalleries, for each two 
pyrrole units intercalated one Cu2+ ion is expelled from Cu(II)-MMT. This is 
found by analyzing the supernatant solution which is found to have Cu2+

(aq) leach 
from Cu(II)-MMT due to uptake of pyrrole. It is therefore possible that pyrrole 
is inserted to cation exchanged to pyrolium ions. The acidic medium employed 
would ensure the presence of Py+ ions in the solution for the respective ion-
exchange. 

The pyrrolium ions then oxidatively polymerize by co-ordinated Cu(II) 
present in Cu(II)-MMT. This explained he formation of shiny dark black slurry 
when Cu(II)-MMT treated with pyrrole in aqueous acidic solution. Since the 
polymerization can be effected only within the confined environment, the 
polymer form should reside only in the interlayer spaces. Thus, this route of 
spontaneous polymerization produces only in situ polymer and there are no 
segments attached to the external surfaces of the clay (ex situ) 
The d-spacings measured by XRD at a few selected temperatures of Cu(I)-MMT-
PPY are shown in table 1. Also shown in table 1 is the d spacing of Cu(I)-MMT-
PPY heat treated at 200 "C when exposed to H20. 

Table l.The d-spacing measured by X-ray diffraction studies montmorillonite containing Cu(l) 
and polypyrrole (PPY) [Cu(l)-PPY-MMT] at different temperatures. 

It is interesting that there is no significant changes in d spacing when Cu(I)-
MMT-PPY sample is heat treated at temperature well above 100 °C to remove 
water if present. Apart from a very slight enhancement due to expansion, there is 
no detectable reduction of d spacing due to the removal of hydrated water layers 
upon heat treatment. It is therefore likely that 16.10 A is the inherent d spacing of 
bare Cu(I)- PPY- MMT which does not contain any hydrated water layers. This 
fact further supported by reluctance of Cu(I)- PPY- MMT to uptake water when 
wetted with water. As opposed to this simple inorganic cation exchange MMT 
readily taken up water by expanding d spacing by 3 A units per each water layer 
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[11]. Thus, it can be concluded that PPY in Cu(I)- PPY- MMT made the clay 
hydrophobic. 

The presence of polypyrrole coordinated to O" groups in the tetrahedral 
layers is evidenced from the FTIR analysis. This study has already been reported 
[8]. 
3. 1 AC Impedance studies ofCu(I)-PPY-MMT 
The four probe technique used to measure DC conductivity of Cu(I)-PPY-MMT 
given a value of 0.42 S cm"1 at 25 °C. Since the DC conductivity is due to 
electronic motion these values may be assigned to be due to electronic 
conductivity. 

AC impedance analysis of Cu(I)-PPY-MMT give added evidence to mix 
electrical conductivity. When these studies carried out using stainless steel 
blocking electrodes, semicircle and the low-frequency straight line with 60° 
inclination (Fig 2.) are observed. The diameter of the semicircle given the 
electronic resistance and the warberg impedance region of straight line is due to 
ionic diffusion. 
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Figure 2. The AC Impedance spectra of montmorillonite containing Cu(I) and 
polypyrrole [Cu(I)-PPY-MMT] blocking stainless steel electrodes. 

The temperature dependence of the conductivity follows the Arrhenius 
behaviour with two different activation regions(Fig . 3). The activation energy at 
the lower temperature region is 0.09 eV while that at the higher temperature 
region is 0.23 eV . These values are lower than those of Cu(II)"MMT [8]. A 
significant enhancement of ionic conductivity due to the introduction of 

1 — i — i — i i i i i — i — i • i 
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polypyrrole within the intergalleries suggests that the polypyrrole matrix is 
facilitating the motion of cuprous ions in the solid nanocomposite. The ionic 
conductivities of the composite range from 0.66 x 10"3 S cm"' to 1.50 x 10"3 S cm 
1 in the temperature range from 25 °C to 120 °C clearly show that this composite 

material has ionic conductivity comparable to that of fast ion conductor 
glasses of cuprous salts [12]. 
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Figure 3. Arrhenius plot for the temperature dependence of electrical conductivity for 
montmorillonitecontaining Cu(I) and polypyrrole [Cu(I)-PPY-MMT]. 

3. 2 Fabrication of electrochemical cell 
Just like their wide spreading applications in electric/optic/magnetic fields, 
polymers due to their flexibility and easiness in fabrication, have attracted 
extensive attention for their inherent advantages and potential applications in ion-
conducting batteries. Ion-conducting polymer, an alternative name for polymer 
electrolyte, is an electrically conducting polymer in which chare transport by 
ions. The classical example is poly(ethylene oxide) (PEO) containing salts. PEO 
was the first polymer reported to exhibit high ionic conductivity at elevated 
temperature when complex with alkali metal salts [13]. However, electronically 
conducting polymers such as polyaniline, polypyrrole etc have low ionic 
conductivities at those conditions [14]. When hybrid materials were prepared 
with the electronically conducting polymer and MMT, we have found that rather 
than pristine polymer, it posses high ionic conductivity (Cu(I)-PPY-MMT). It is 
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therefore we thought that the fabrication of a cell with this hybrid material should 
have several advantages. They are (1) easy to prepare (2) this material (Cu(I)-
PPY-MMT) is hydrophobic, it is easy to use in ALC (3) and it can be used in 
wide range of temperature ( 25 °C to 100 °C). 

(NH4)2S208(s) + 
Na2S04(S) + graphite 

Cu anode Cu(I)-PPY-MMT 

Figure 4. Diagram of the designed electrochemical dell 

In order to verify the moving ions in Cu(I)- PPY-MMT nanocomposite an 
electrochemical ceil was prepared in which the nanocomposite used as solid 
electrolytes. The cell has the following composition. 

Cu/MMT-Cu+-polypyiTole/(NH4)2S2Og(s) + Na2S04(S)-graphite 
The electrode reaction expected are at the anode Cuw oxidized forming 

Cu(I). 
Cu(S) &«• Cu+ + e 

Cu(I) ion thus formed is moved along the solid electrolyte Cu(I)-MMT~PPY 
which is fast ion conductor for Cu(I) ions. 

At the cathode 
SaOg (s) + 2e~ SCVXs) 

And the Cu(I) ions migrated towards the cathode reacts with sulphate ions 
forming Cu2S04(S). The Cu2S04 layer form between the cathode and the anode 
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prevent the short-circuiting of the two electrodes due to the electronic 
conductivity of PPY present in the nanocomposite. The cell has a voltage of 1 V 
at 25 °C and is stable for several days. It gradually decreases upon discharging. 
Cell reaction can be reverse by applying appropriate voltage showing that the 
above cell is rechargeable. 

The formation of Cu2S04 is proved by XRD studies of the cathodic graphite 
pellet. The surface of the graphite pellet in contact with the solid electrolyte was 
observed to gradually because white when the cell is discharging. The XRD 
analysis of the surface gives characteristic peaks to identical to Cu2S04 (Fig. 5). It 
is therefore a direct evidence to prove that the moving ions in Cu(I)-MMT-PPY is 
indeed Cu(I) and that it is single ion (Cu(I)) conductor as a giant anions of clay 
sheets are fixed in position. 
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Figure 5. XRD pattern of the deposited sample on cathodic plate 

4. Conclusion 
The spontaneous polymerization technique can be used to prepare single ion 
conducting polypyrrole-MMT nanocomposites. The Cu(II)-exchanged MMT is 
found to spontaneously polymerize PPY giving Cu(I)-PPY-MMT which is found 
to have ionic conductivities. XRD analysis of the cathodic Cu plate showed the 
presence of cuprous sulphate on its surface. It confirms that these materials 
posses ionic conductivity due to mortion of the cuprous ions. The intercalated 
polymer layer of such materials facilitate for ionic conduction. So, these cupros 
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ion conducting polypyrrole /montmorillonite nanocomposites are found to be 
useful solid electrolytes/electrode for several other all-solid-state batteries 
including a solid-state lead accumulator. All these batteries are found to be 
rechargeable. 
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ABSTRACT 
The ionic conductivity as a function of frequency has been studied on a newly synthesized fast Ag* ion 
conducting mixed system/solid solution; [0.75Agl:0.25AgCl]. In the present paper dc conductivity as a 
function of frequency and temperature has been studied, activation energy (Ea) values were calculated 
from Arrhenius plots and compared with the ac conductivity. Ionic transport parameters of the present 
superionic system have already been reported earlier. Log a vs. log f variation shows dispersion at 
higher frequency region and obeys Jonscher's power law. 
Key words: superionic solid, conductivity, activation energy etc. 

(1). INTRODUCTION: 

There is a large class of materials which conduct predominately by motion of ions, 
the extreme examples being the so-called fast ion conductor or superionic 
conductors. Ordinary ionic conduction relies on the formation of lattice defects 
under the action of thermal excitation, thus creating vacancies through which ion 
motion may proceed under the action of external electric field [1-2]. This leads to 
Arrhenius temperature dependence with an activation energy given by the energy 
of formation of a defect. Silver ion conducting superionic solids are well known 
due to their high ionic conductivity at ambient temperature. In majority of these 
Ag+ ion conducting superionic solids, a large number of systems have been 
developed and reported in glassy/amorphous and composite phases, in which Agl 
has been used as a host or salt [1-8]. The Ag+ ion conducting superionic systems in 
these phase, have attracted wide spread attention in recent year due to their 
possible technological application in solid state batteries, fuel cell, sensor etc. [2-
3]. Hence amongst the various solid-state ionic conducting materials a silver ion 
conducting superionic solid electrolyte have attracted considerable interest in the 
recent year. Already in 1994, Agrawal and co-workers have developed & reported 
a new alternative host salt [0.75AgI:0.25AgCl] [9]. This new alternative host salt 
was prepared by "twin roller quenching method" and by annealing the material. 
Structural characterizations as well as transport properties have also been 
investigated and reported [9-10]. This new alternative host salt has been used in 
place of conventional host salt Agl. Using this newly synthesized alternative host 
salt in place of conventional host salt Agl, several glassy and composite electrolyte 
systems have been investigated. It has been reported that this new solid solution: 
[0.75Agl:0.25AgCl] yield better composite electrolyte as well as 
glassy/amorphous electrolyte systems [11-18]. 

In the present studies, we report here the preparation, frequency dependence 
of conductivity on the newly synthesized fast silver ion conducting solid solution: 
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[0.75AgI:0.25AgCI]. This system was prepared by melt quenching method 
(quenched in liquid nitrogen). The ionic conductivity has been evaluated using Z'-
Z" (Cole-Cole) complex impedance plots. Ionic conductivity was studied as a 
function of frequency and temperature. The dc conductivity has been evaluated 
from logo vs. log f plots. Activation energy Ea was calculated from temperature 
dependence of ionic conductivity studies. 

(2). EXPERIMENTAL DETAILS: 

2.1 sample preparation: 
Commercially available reagent grade chemical compounds; Agl and AgCI (purity 
>98%) [Supplied by Reidel Pvt. Ltd. India] were used, as supplied. These 
compounds were mixed homogeneously heated at ~ 700°C in electric furnace. The 
heated precursor melt was cooled rapidly (i.e. quenched in liquid nitrogen) to form 
the new host salt [0.75Agl:0. 25AgCI]. Finally the finished product was 
thoroughly ground and pressed at 2-3 ton/cm" to form pellets of dimension of area 
1.3 cm" and thickness 0.1 to 0.25cm. The surfaces of pallets were coated with 
silver paint and pellets were sandwiched between the sample holder for transport 
measurements. 

2.2 Conductivity studies: 
The frequency and temperature dependence conductivity measurements in terms 
of Z and 9 have been made on new superionic system: [0.75AgI:0. 25AgCl] in the 
frequency range of 42Hz to 5MHz and in temperature range of 30-200°C. A 
H10K1 LCR bridge (model 3532-50 Japan) was used for the conductivity 
measurements. The activation energy (Ea) evaluated from Arrhenius type plots and 
the dc electrical conductivity was obtained from log a vs. log f plots at different 
temperatures. 

3. RESULTS AND DISCUSSION: 

3.1 Frequency and temperature dependence of conductivity studies by impedance 
spectroscopy (IS): 
The true bulk ac conductivity has been obtained using true bulk resistance (R^) of 
sample at various fixed temperature. The real and imaginary parts of impedance of 
the system have been measured using Z and 6 data in the frequency range of 42Hz 
to 5MHz. Figure 1 shows the complex impedance Z'-Z" (Cole-Cole) plot for 
quenched host salt at room temperature. The point of intersection of this 
impedance plot at the real axis indicates the bulk resistance of the sample. A 
semicircle or a capacitive arc at high frequencies is observed in this plot, which is 
associated with the kinetics of the charge transport in the bulk of the sample [19]. 
A linear region is observed adjacent to this arc at low frequencies that is attributed 
to the charge transfer at the electrode/sample interface [19]. The arc of the plot 
could be fitted to a semicircle indicating that the electrical bulk response of the 
system can be represented by a parallel circuit of a resistance 'R' and a 
capacitance ' C \ Here 'R' represents the bulk resistance of the sample and ' C the 
geometric capacitance of the parallel-plate capacitor formed by the electrodes and 
the separating sample. The true bulk ac conductivity (oac) has been calculated from 
the impedance plots as usual the bulk resistance Rb is obtained from the intercept 
of the semicircles with the real axis and using the formula: 
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a = l/RbA 
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Fig l. Complex impedance (Z'-Z") Cole-Cole plot at room temperature for host salt: [0.75AgI:0. 
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Fig 2. Log a vs. log f plot for host salt: [0.75AgI:0. 25AgCI] at various temperatures 

where 'I' is the thickness and A is the contact area of the sample. AC conductivity 
(oac ~ 6.0x10"4 S/cm) was achieved at room temperature for the new host salt 
(quenched in liquid nitrogen). The variation of conductivity with frequency at 
various fixed temperature has been studied for the new host salt. Figure 2 shows 
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the frequency dependence of conductivity at various temperatures. It is obvious 
from figure that the conductivity is almost independent with frequency for all 
temperatures in the low frequency region. Hence a frequency-independent plateau 
region observed in all plots for different temperatures, which corresponds to the dc 
conductivity of the system. In the higher frequency region the frequency 
dispersion is also predominant in all plots in this figure. Hence it is noted from this 
figure that the conductivity is depend on frequency at higher frequency region and 
obey Jonscher's power law [20-21]. 

1000/T (K-1) 

Fig 3. Log a vs. 10O0AT plots for host salt: [0.75AgI:0. 25AgCI] (•) for dc conductivity and (A) for ac 
conductivity 

frequency independent plateau region of these plots. The dc conductivity (a^ ~ 
3x10"4 S/cm) at room temperature was obtained for the present system. The 
temperature dependence of conductivity was found to obey the Arrhenius relation 
and can be written as follow: 

a(T) = a0exp(-Ea/kT) (2) 
where a0 is pre- exponential factor and Ea is activation energy. The variation of 
both the ac and dc conductivities of the host salt with temperature were studied 
and plotted in Figure 3. It is clear from the figure 3 that conductivity increases 
with increasing temperature up to about 135°C, an abrupt change occurs after this 
temperature, then conductivity almost independent with temperature. One can 
obviously note from this Figure that, both plots exhibit identical nature of the log 
a versus l/T variation as observed in pure Agl [22]. The present system shows P 
—> a -like phase transition at ~ 135°C for both the ac and dc conductivity 
variations, which is similar to the behavior as observed in Agl conductivity 
variation [9-10, 22]. It can also be clearly noted that the present system have 
Arrhenius type behavior in both the temperature region -I & -II. Region -I and 
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region -II indicated in figure 3 corresponds to P and a -like phase transition 
respectively. The temperature variation of ac & dc conductivity exhibits identical 
behavior in both the temperature regions. The Arrhenius type equations can be 
expressed as follows for both the ac and dc conductivity in both the temperature 
region. 

aac(T) = 2.59x10"' (0.161/kT) (region-I) 
cac (T) = 2.00x10° (0.05/kT) (region -II) 
adc (T) = 4.26x10"2 (0.172/kT) (region -I) 
Ode (T) =• 1.9x10"' (0.061/kT) (region-II) 

The activation energy values were obtained (-0.161 & 0.172 eV) for the 
system for both the ac & dc conductivity variation respectively in region -I (30°-
135°C). Smaller the activation energy value indicates that the Ag+ ion transport 
easy in this system. On comparing both the energies it can be concluded that the 
activation energy values are almost same for both the ac & dc conductivity. Hence 
both the conductivity variations are in close agreement to each other. 

(4). CONCLUSION: 
A new Ag+ ion conducting solid solution [0.75AgI:0.25AgCl] has been 
synthesized by quenching method (quenched in liquid nitrogen). This new host 
salt yield better two-phase composite electrolyte system as well as glassy systems 
to those of convential host salt Agl. The temperature and frequency dependence 
conductivity has been studied. The conductivity is dependant on frequency at 
higher frequency region and obeys Jonscher's power law. The frequency-
independent plateau region observed in the log cr vs. log f variation in the system, 
which corresponds to dc conductivity. The dc conductivity has been evaluated 
from log a vs. log f variations for the system and compare with ac conductivity, 
which are in the good agreement with each other in temperature dependence 
studies. 
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Diffuse X-ray and neutron scattering from powder PbS were measured at 15 and 294 K. 

Oscillatory diffuse scattering was clearly obtained at 294 K. The values of correlation effects 

decrease with the increase of inter-atomic distance. As the scattering amplitude (/~Pb) in X-ray 

scattering and scattering length (bn) in neutron scattering of Pb are much greater than those of S 

(/"s, As), the contributions to the oscillatory diffuse scattering from the thermal correlation 

between second nearest neighboring atoms (Pb-Pb) were observed by X-ray and neutron 

scattering. The clear contribution to the diffuse scattering from second nearest neighboring 

atoms was first obtained. 

1. Introduction 

Diffuse scatterings contain information about a short-range-order in a disordered 

arrangement (static disorder) and thermal vibration of atoms (thermal disorder) in 

crystals.1'2 Anomalously strong and oscillatory diffuse scattering from cc-Agl type 

solid electrolyte has been studied in X-ray and neutron scattering experiments. For 

the superionic conductors that have disordered structure, the diffuse scattering has 

been reported on oc-Agl and a-CuAgSe.3'4 The first peak of the oscillatory diffuse 

scattering was due to static and thermal disorder. The oscillatory forms were also 

observed even from ordered crystals at room temperature due to the correlation 

effects between thermal displacements of atoms.5"8 The intensities of the diffuse 

scattering showed clear temperature dependence. The correlation effects between 
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first nearest neighboring atoms were taken in and the profile of the diffuse scattering 

had been analyzed.9 Recently, the relation between inter-atomic distance and the 

values of thermal correlation has been investigated by the computer simulation.10 

In this paper, the diffuse scatterings from X-ray and neutron diffraction 

measurements have been carried out for powder PbS at 15 and 294 K. The fine form 

of diffuse scattering was discussed with the correlation effects between thermal 

displacements of second nearest neighboring atoms (Pb-Pb). 

2. Experimental 

X-ray diffraction measurements were carried out for a powder PbS by using 

CuKa radiation at 15 and 294 K. X-ray diffraction data were collected for 4 sec per 

step at 0.05° intervals over the 26 range from 10° to 90° by a step-scan mode. The 

reflection from the (002) plane of a pyrolytic graphite crystal monochrometer was 

used. 

Neutron scattering measurements at temperature 15 and 294 K have been 

performed on powder PbS by HRPD (High Resolution Powder Diffractometer) 

installed at JRR-3 in Japan Atomic Energy Agency (JAEA) for 1 day. Powder 

samples were set in a vanadium container of 10 mm in diameter. Incident neutron 

wavelength of 1.823 A which is monochromatized by Ge (331) was used and the 

data were collected in the 2#range from 2.5° to 162.45° with step angle 0.05°. 

1200 

800 

2500 

400 

40 , 60 
20 (deg) 

Figure 1. Diffuse X-ray scattering intensities of 
PbS at 15 K (plus mark) and 294 K (circle mark). 

60 100 
20 (deg) 

Figure 2. Diffuse neutron scattering intensities of 
PbS at 15 K (plus mark) and 294 K (circle mark). 
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3. Results and Analysis 

The observed diffuse X-ray and neutron scattering intensities of PbS were 

shown in Figs. 1 and 2, respectively. Some peaks of diffuse scattering that performs 

an oscillating profile could be observed at 2#around 30, 50 and 70° for X-ray and 30, 

60, 90 and 140° for neutron data. The intensity of diffuse scattering at 15 K is 

smaller than that of 294 K. 

In the analysis of diffuse X-ray scattering, the intensity of diffuse scattering 

including the correlation effects between thermal displacements of atoms is 

expressed as follows; 

JB = A ^ o X " ' ^ ) / * ' / ) ! ? -exp(-2MK<))] 
S 

-exp{-(Mv(() + MsV))}]zs(,)sV)^^ + I0KN0YJ'ymc +C, (1) 

where f^ is atomic scattering factor for atom in site s(i), K a function depending on 

the polarization factor, N0 the number of the unit cell in unit volume, and Z the 

number of sites belonging to the s' thj-type neighbor around an s th ('-type site. «, 

corresponds to the number of / atoms per unit cell. Two sites s(i) and .$'(/') are apart 

by the distance r. exp(-M/) (=exp{-£,(sin0//l)2}) is Debye-Waller factor of the (' 

atom. oinc is incoherent scattering cross-section of atoms. The constant C is added 

for the corrections of background noise. The oscillatory form is expressed as 

sm(Qr)IQr, where Q is equal to 4ns'md/A. The correlation effects among the thermal 

displacements of atoms //are written as follows; 

2(Ar,(/)-Ars.0)/ 

A </ ) ) + (A^y) 
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Figure 3. Rietveld refinements patterns for PbS: (a) X-ray, 15 K; (b) X-ray, 294 K; (c) neutron, 15 K; 
(d) neutron, 294 K. The solid lines are calculated intensities, the crosses (x) are observed intesities. 
The solid lines at the bottom part of each curve (indicated by Ay) show the difference between 
calculated and observed intensities. 

The values of the correlation among the thermal displacements of s(i) and s'(j) 

atoms is 0 in the case of no correlation among atomic displacements, and in the case 

of perfect correlation // is 2JB~^B^~\ /{Bs^ +/?J.(/)). In the case of diffuse 

neutron scattering analysis, we replace the atomic scattering factor/with neutron 

scattering length b of atom and K=\ in the eq. (1). 

Rietveld analysis has been performed on the X-ray and neutron scattering 

intensities of PbS using RIETAN-2000." The crystals of PbS are assumed to 

belong to NaCl type structure with the space group Fm3m where Pb and S atoms 

occupy 4(a) and 4(b) sites, respectively. The Debye-Waller temperature parameters 

were obtained from the analysis of Bragg lines intensities of PbS. The obtained final 

results of the structural parameters (a: lattice constant, B: Debye-Waller temperature 

parameter) and the reliability factors R at 15 K and 294 K by Rietveld refinement 
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Table 1. Structure parameters (a: lattice constant, B: 
Debye-Waller temperature parameter) and R factors obtained by 
Rietveld refinement analysis. 

a (A) 
fipb(A2) 
Bs (A2) 

«wp(%) 
«l(%) 
« F ( % ) 

S 

X-
15K 

5.919(6) 
0.041 
0.097 
15.520 
6.340 
4.320 
2.144 

•ray 

294 K 
5.931(2) 

0.223 
0.720 
10.10 
4.510 
3.00 

2.009 

Neutron 
15K 

5.914(2) 
0.038 
0.092 
6.590 
0.980 
0.590 
3.014 

294 K 
5.930(5) 

0.621 
0.769 
5.090 
1.810 
1.030 
2.708 

analysis are shown in Table 1. The Rietveld refinements patterns for PbS at 15 and 

294 K by X-ray and neutron measurements are shown in Fig. 3. The number of 

neighboring atoms Z and interatomic distances used in the calculation are shown in 

Table 2. 

In Fig. 1 a large diffuse scattering peak was observed at 2 0 around 50° at 15 K. 

The similar diffuse scattering peak existed also at 294 K in Fig. 1. This peak would 

be related to a static disorder that would be occurred because of the grinding process 

in the X-ray sample preparation. In the case of neutron measurement where no 

grinding in the sample preparation was performed, such a peak did not occur at 15 

and 294 K in Fig. 2. In order to analyze the temperature influence of the diffuse 

scattering intensities, the differences between the intensities at 294 and 15 K have 

been investigated. Figures 4 and 5 show the difference between intensity at 294 and 

15 K for X-ray and neutron scattering, respectively. 

The diffuse scattering intensities of PbS consist of three components: 

^ = P̂b-S + ̂ Pb-Pb + 4-S > (3) 

where 7Pb-s, /pb-Pb and /s_s are contribution from first nearest Pb-S, second nearest 

Pb-Pb and S-S pairs, respectively. The values of correlation effects between the first 

Table 2. Number of neighboring atoms Z and inter-atomic distances r in 
the crystal PbS. 

Pb-S 
-Pb 
-S 
-Pb 

S-Pb 
-S 
-Pb 

Z 

6 
12 
8 
6 
6 
12 
8 

X-
fl5 K (A) 
2.959(5) 
4.185(2) 
5.126(4) 
5.919(6) 
2.959(5) 
4.185(2) 
5.126(4) 

•ray 
' '294K(A) 

2.965(6) 
4.193(4) 
5 136(4) 
5.931(2) 
2.965(6) 
4.193(4) 
5.136(4) 

Neutron 
ri5K(A) 
2.957(1) 
4.181(3) 
5.121(7) 
5.914(2) 
2.957(1) 
4.181(3) 
5.121(7) 

r294K(A) 
2.965(3) 
4.192(9) 
5.135(8) 
5.930(5) 
2.965(3) 
4.192(9) 
5.135(8) 

-S 6 5.919(6) 5.931(2) 5.914(2) 5.930(5) 



190 

2 400 
m 
2 300 

- 200 
05 
CM 

^ 100 

* 

..4m 

II I 
j j i j :: 

'mm 

i i j j jj ?j 

i ; i: • ; [; 

l / ^ j i y j w 

:' :|; :| ;i 

1500 

2 
£1000 

T 

S 5°° 
CM 

II l l t i W 

20 40 60 
20 (deg) 

80 20 60 100 
20 (deg) 

140 

Figure 4. The difference between intensities at 
294 K and 15 K for X-ray scattering. The dotted 
and solid line show the observed and calculated 
intensities, respectively. 

Figure 5. The difference between intensities at 
294 K and 15 K for neutron scattering. The dotted 
and solid line show the observed and calculated 
intensities, respectively. 

and the second nearest neighboring atoms are 0.6 and 0.45, respectively. The other 

values of correlation effects are assumed to be 0. The values of correlation effect 

decrease with the inter-atomic distances. The contribution from each component at 

294 K is shown in Figs. 6 and 7 for X-ray and neutron case, respectively. It is 

obtained from the calculation that the oscillating scheme in the diffuse scattering 

profile of PbS is mainly from the contribution of Pb-Pb pair as shown in Figs. 6 and 

7. The peak positions coincide with those of sin(£>pb-Pb)/(2,"Pb-Pb, where rPb_Pb is the 

atomic distance between second nearest Pb-Pb atoms. The nearest atomic distance 

between Pb-Pb pair in the crystal of PbS is about 4.19 A. The strong contribution 

from Pb-Pb pair (second nearest neighboring atoms in the crystal of PbS) was caused 

by the large atomic scattering factor or neutron scattering length of Pb. Atomic 

scattering factor /and neutron scattering length b of atom Pb are greater than those 

of S. The contributions of S-S pair are relatively small in the whole scattering angle 

in Figs. 6 and 7. 

In the former reports,4'12 there are two peaks of diffuse scattering in the 26? 

region from 20 to 90° by CuKoc radiation. The positions of peaks correspond to those 

of sm(Qr)/Qr, where r is the atomic distance between first nearest neighboring 

atoms. The three peaks of diffuse scattering of PbS were observed in the same 29 

range by CuKoc radiation as shown in Fig. 1. The contribution to the diffuse 

scattering from second nearest neighboring atoms was first confirmed. 
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Figure 6. The difference between calculated 
X-ray diffuse scattering intensity at 294 and 15 
K: total intensity / (solid line); contribution from 
Pb-Pb pair /Pb.pb (plus mark), Pb-S pair /Pb.s 
(cross mark) and S-S pair /S-s (broken line) in 
crystal PbS. 
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Figure 7. The difference between calculated 
neutron diffuse scattering intensity at 294 and 15 
K: total intensity / (solid line); contribution from 
Pb-Pb pair /Pb.pb (plus mark), Pb-S pair /Pb.s 

(cross mark) and S-S pair /s.s (broken line) in 
crystal PbS. 

4. Conclusions 

The correlation effects between thermal displacements of first and second 

nearest neighboring atoms were used to explain the profile of the oscillatory diffuse 

X-ray and neutron scattering of PbS. The main contribution to oscillatory diffuse 

scattering of PbS is from the contribution from second nearest neighboring atoms 

(Pb-Pb pair). The clear contribution from second nearest neighboring atoms was first 

obtained. 
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Undoped M11O2 thin films have been prepared by a modified spray pyrolysis technique onto 
glass substrate in the thickness range 85-380 nm at a deposition rate of 6.7 nm/min and the 
effects of different variables on electrical and optical properties has been studied in detail. X-
ray diffraction and Transmission Electron Microscopy studies show that MnC>2 films are 
homogenous and polycrystalline in structure. The Hall effect and thermoelectric studies 
indicate that the deposited samples are n-type semiconductor. Optical study in the entire 
wavelength range 0.3-2.5 um range exhibits a high transmittance in the visible as well as in 
the infrared. The position of Fermi-level (EF) is obtained from thermoelectric measurement 
and optical data exhibits a value of band gap. The calculation of electron affinity and work 
function are done in the polycrystalline Mn02 samples. Their values are 2.94 to 297 eV and 
2.83 to 287 eV, respectively. The calculation reveals that the bond between manganese and 
oxygen are considered as the principal bond and within the limits of1 native and foreign 
impurity contents, MnC>2 is more co-valent than ionic which supports the results of earlier 
works. 

1. Introduction 

Oxides of Manganese are of considerable interest because of their phase 
transformations as well as their uses in energy related device applications1"4. 
Manganese dioxide thin films are technology very important because of their 
potential use in electrochemical1,5, electrochromic1 and fuel cell6'7 devices. In spite 
of much work on this material1"7, conclusive evidence that would resolve differences 
of opinion concerning some of the properties of these oxides is lacking. This is 
attributable mainly variations in the film deposition techniques and also to some 
basic differences in the apparatus used by the different workers. 

Very recently the authors designed an apparatus for the deposition of Mn02 thin 
films by Spray Pyrolysis process. Undoped Mn02 thin film prepared by this 
apparatus are of highly transparent (>90%) in the visible as well as in the entire 
infrared regions8' 9' 10. Before using this films as an electrode in cell fabrications, 
extensive studies of their different properties like the electron affinity and work 
function, with which we are concerned in this presentation, are important. To obtain 
the highest output from a n-oxide semiconductor/ p-base semiconductor cells, the 
conduction band discontinuity (AEC= Xc- Xoc) should be zero , Xc and %oc are the 
electron affinity of the base semiconductor and the oxide semiconductor, 
respectively. An analysis shows that to get optimum performance, the work function 
of the oxide semiconductor should be less than or equal to the electron affinity of 
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the p-type base semiconductor. Thus, information about the work function and the 
electron affinity is required. From this point of view, the results of present 
investigation may be useful in making the electrodes in fuel cells operation 
considering Mn02 thin films as one of the components. 

2. Experimental 

Undoped MnC>2 thin films prepared from a solution of Mn (C2H302)2.4H20 onto 
glass substrate by a suitable spray pyrolysis technique. It is a very simple, 
indigenous, low cost technique, which has not been used before for the deposition of 
Mn02 films. The basic reaction involved in this process is 

Mn(C2H302)2.4H20 + H20 Mn02 +2CH3COOH+3H20+H2 (1) 

The detailed Mn02 film preparation technique and its optimised parameters 
were described already in author's other work8. 

2.1. Measurement Technique 

Electrical conductivity a was measured as a function of temperature in the 303-
413K ranges. The glass substrates were heated by a specially designed heater and 
the temperature was measured by a chromel-alumel thermo-couple placed on the 
middle of the substrate. The conductivity was obtained by applying a d.c. 1.5 V bias 
across the film with lead contact and recording the current and voltage 
simultaneously by using a four-probe Van-der-Pauw technique10. The thickness was 
measured by the Tolansky11 interference method with an accuracy ± 5 nm. Optical 
studies were carried out with Perkin-Elmer Lamda-19 double beam 
spectrophotometer. 

3. Results and Discussion 

3.1. Structural Study 

X-ray diffraction of Mn02 films were done using a diffractrogram, Model MAC 
Science Ml8 X HF-SRA, Japan, using monochromatic Cu-K„ radiation. Peak 
intensities were recorded corresponding to 29 values. Figure 1. shows an X-ray 
diffractogram of Mn02 film of thickness 200nm deposited at a substrate temperature 
of 593K. The spectrum has remarkable peaks and indicates the films are 
polycrystalline in structure. Transmission Electron Microscopy was used to 
characterize microstructure of Mn02 thin films. From the analysis of electron 
diffraction pattern the studied sample shows a homogeneous and polycrystalline in 
structure. 
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Figure 1. XRD pattern of Mn02 film of thickness 200 nm deposited at substrate temperature 593 K. 
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Figure 2. Variation of Hal! voltage with temperature of annealed Mn02 films. 

3.2. Hall Effect Measurements 

Hall effect studies were carried out by Van-der Pauws10 technique in the 
temperature 300-41 OK ranges. The variation of Hall voltage with temperature of the 
annealed films of thickness 220, 250, 280 and 320 nm, respectively are shown in 
Figure 2. From this study, the negative sign of Hall voltage indicates that the Mn02 

samples are n-type semiconductor. In as-deposited films, however, it was very 
difficult to observe any appreciable Hall voltage. 
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3.3. Thermoelectric Power 

The thermoelectric power measurement of MnC>2 films are carried out by the 
integral method12 in the temperature range 300-410 K by taking pure metallic lead 
as reference metal. Figure 3. shows the value of thermo e.m.f. at different 
temperature for four samples of thickness 160, 200, 220 and 250 nm, respectively. It 
is observed that the thermo e.m.f. is negative with respect to lead (Pb). The negative 
sign of the thermo e.m.f indicates that the current carriers of the Mn02 films are 
electron. Therefore, Mn02 films are n-type semiconductor, which is well agreed 
with the Hall effect measurement. 
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Figure 3. Variation of thermo e.m.f. with temperature of different thicknesses MnC>2 thin films. 

3.4. Optical Measurement 

The spectral normal transmittance T(X) and near normal reflectance R(X) were 
measured in the 0.3<X.<2.5um wavelength range by a computerized double beam 
Perkin-Elmer Lambda-19 spectrophotometer. Figure 4. shows the spectral 
transmittance /reflectance vs. wavelength spectra for a 200, 280 and 380 nm 
annealed Mn02 films, respectively. It is seen that the transmittance R(X) exhibits a 
significant transmittance in the visible as well as in the infrared region. 

From the transmittance data, the optical band gap Eg has graphically been 
determined from the (khv)n vs. hv plots where (khv)n indicates optical absorption, n 
represents the nature of transition. The plot indicates the transition an allowed 
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indirect type with a band gap at Eg = 0.26 eV which is shown for a thick film of 200 
nm in Figure 5. 
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Figure 4. Optical spectra of different thickness of Mn02 thin films deposited at 593 K. 

3.5. Electron Affinity and Work Function Calculation 

0.4 0.8 
h (eV) 

1.2 1.6 

Figure 5. (khv) vs. (hv) plot for a Mn02 film of thickness 200 nm deposited at 593K. 

To obtain the highest performance from an electrode in electrochromic and 
photoelectrochromic cells, the conduction band discontinuity (AEc=Xs - Xos) should 
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be zero where, Xsand Xos are the electron affinities of the base semiconductor and the 
oxide semiconductor, respectively. 

According to Sanderson electronegativity principle13, when two or more atoms 
initially different in electronegativity combine chemically, they adjust to have the 
same intermediate electronegativity within the compound. This intermediate 
electronegativity is given by the geometric mean of the individual electronegavity of 
the component atoms. The electronegativity of Mn02can be written as 

En(Mn02 )= [EMn x (E0)2 ]1/3 = [2.20*(3.65)2 ]1/3 =3.08 eV (2) 

where EMn = 2.20 and Eo = 3.65 eV are the electronegativities on Mn and 02 atoms, 
respectively and E„ is the electronegativity of Mn02. 

Semiconductors are generally co-valent in nature, but it is an established fact 
that no bond is purely co-valent or purely ionic in character but always a mixture. 
Using Sanderson's concept, percentage of ionic character, (y), of the bond between 
manganese and oxygen can be determined by using Pauling's electronagitivity 
values13 in an empirical relation14 

% ionic character(y) = [1 - exp( -0.25{EMn - E0}
2)]x 100% (3) 

or, % ionic character(y) = 40.88% 

It may be explained from the calculation that the bonds between manganese and 
oxygen are considered as the principal bond and within the limits of nature and 
foreign impurity content, Mn02 is more co-valent than ionic. 

Electron affinity and work function are defined, respectively as the energy 
required to remove an electron from the bottom of the conduction band Ec, and from 
the Fermi level, EF, to a position just outside the surface of the material (vacuum 
level). Here, in the absence of any straightforward method of determining the 
electron affinity of the bulk semiconductor, an indirect and empirical method15 

based on the electronegativities of the atoms has been used. In the case of 
semiconductors, the bulk electronegativity En correspond to the intrinsic Fermi-level 
EF with respect to vacuum level is 

EF En = X + Eg/2 (4) 

where % is the electron affinity and Eg is the optical band gap between the 
conduction and valence bands. The position of EF in a bulk semiconductor is 
determined by the regular crystallographic structure of the intrinsic material. The 
electronegativity can therefore be assumed here to be a constant parameter and the 
effect of change in impurity contents possible in the bulk material can be accounted 
for by a net change in the electron affinity of the sample. 

From the optical data of Mn02 thin films, the band gap Eg is obtained from the 
plot of (khv)1/2 vs. hi). The position of the Fermi-level EF obtained from the 
thermoelectric data for Mn02 film and the carrier concentration n is determined 



199 

from the Hall effect experiment. Figure 6. shows the variation of Eg and EF, 
respectively, with carrier concentration n. From the curve (a) and taking E„ = 3.08 
eV, the value of electron affinity % of different Mn02 samples is determined using 
Eq. (4). 

4.05 4.1 4.15 4.2 4.25 

Figure 6. Variation of (a) band gap Eg and (b) Fermi energy EF vs. carrier concentration n. 

Using the values of x and taking the values of EF from curve (b), different 
values of work function (W) are obtained using the following equation16 

W = X - E F (5) 

The calculated values of electron affinity and work function of Mn02 films are 
tabulated in the Table 1. It is found that the work function (W) of the samples varies 
from 2.83 to 2.87 eV. The values of % are found to vary from 2.94 to 2.97 eV in the 
carrier concentration range 4.2xl025 to 3.9xl025 m"3, respectively. The author's 
calculated value of electron affinity is well agreed with the reported value of 
electron affinity by other workers17'18'19. 

Table 1. Calculated values x (eV) and W (eV) for Mn02 films. 

n(xl0"m-3) 

3.952 
4.023 
4.085 
4.160 
4.229 

EF (eV) 

0.101 
0.102 
0.104 
0.107 
0.112 

E8(eV) 

0.225 
0.250 
0.265 
0.272 
0.275 

X (eV) 
2.968 
2.955 
2.948 
2.944 
2.943 

W(eV) 

2.867 
2.853 
2.844 
2.837 
2.830 
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4. Conclusions 

Mn02 thin film has been prepared by spray pyrolysis technique. The deposition rate 
was of 6.7 nm/min. X-ray diffraction and Transmission Electron Microscopy studies 
show that the films are homogenous and polycrystalline in structure. 

The calculation electron affinity and work function, are done in the 
polycrystalline Mn02 samples. Their values are 2.94 to 297 eV and 2.83 to 287 eV, 
respectively. The calculation reveals that the bond between manganese and oxygen 
are considered as the principal bond and within the limits of native and foreign 
impurity contents, Mn02 is more co-valent than ionic which supports the results of 
earlier works. 
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CRYSTAL STRUCTURE AND HEAT CAPACITY OF BajCai.jgNbjgjO, 

TOMOTAKA SHIMOYA]VlA,A JUN SAGIYA,A TAKEO TOJO,A 

HITOSHIKAWAJI,A TOORU ATAKE,A NAOKI IGAWA,BYOSHINOBU ISHIIB 

AMaterials and Structures Laboratory, Tokyo Institute of Technology, Yokohama 226-8503 
BJapan Atomic Energy Agency, Tokai, I baraki 319-1195 

The proton conductor Ba3Cau8Nb1.82Os.73 (BCN18) was synthesized by a method of solid slate reaction. 

The structural and thermodynamic properties were studied for dry BCN18, water-solved sample 

(BCN18-H) and deuterated water-solved sample (BCN18-D), by dielectric permittivity and heat capacity 

measurements, and by powder X-ray and neutron diffiaction experiments carried out at SPring-8 and at 

JAEA, respectively. The existence of OH(OD) group in the water-solved samples was confirmed, and the 

motion of the group above 230 K was discussed. 

1. Introduction 

Since the discovery of proton conductors of perovskite-type oxide by lwahara and 

Takahashi in 1978 [1], a variety of proton conductors have been found. The proton conductivity 

of 10"2~10"3 Scm"1 has been attained in some perovskite-type oxide compounds at about 600 

°C in the atmosphere including hydrogen source such as die hydrogen gas and steam, etc. It is 

well known that the tetravalent cations at B-site of perovskite oxides, A*B4+03, can be 

substituted with lower valence cations (such as Gd3* or Y34, etc.), and the substituted 

compounds exhibit high proton conductivity in hydrogen atmospheres [2]. These materials are 

of particular interest because of flieir potential applications as electrolytes in solid state fuel cells, 

steam electrolyzers and hydrogen sensors, etc. Recently, a new series of complex perovskite 

oxide, A s ^ ^ ^ X D * has been found; the non-stoichiometric compounds (shifted slightly 

from the ratio of B^/B54 = 1 : 2 ) show very high proton conductivity [3]. The nonstoichiometiy 

leads to formation of some defects, such as oxygen vacancies in the crystal, and the defects 

should cause high proton conductivity. Among them, Ba3C&i+JNb2..,QMj/2 is an excellent 

candidate as a high temperature proton-conducting electrolyte, since a large amount of 

water/hydrogen can be solved in the crystal, and the electrical conductivity would be 

comparable to that of the best oxygen-ion conductors like Y-stabilized zirconia [3-5]. Especially, 

Ba3CangNb1.82O8.73 (BCN18) has been known as the highest proton conductor, and the 

mechanism of the proton solubility and the conductivity has been studied extensively. However, 

the structural and thermodynamic properties have not been clarified yet In the present study, 

the effects of the water/hydrogen dissolution on the lattice vibrations and crystal structure have 

been studied by heat capacity, electrical rxmrittivity, X-ray powder diffiaction and neutron 

diffraction measurements. 
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2. Experimental 

Potycrystalline sample of B%CaUg>foi.8208.73(BCN18) was synthesized by a method of 

solid state reaction [6,7]. BaCOjCRARE METALLIC Co., Ltd., 99.99 %), NbsQ, (MTTSUI 

MINING & SMELTING Co, Ltd., 99.99 %) and CaCG, (RARE METALLIC Co, Ltd, 

99.99 %) were weighed and mixed in an alumina motor with small amount of ethanol. The 

mixture was dried in the air, and the powder was calcined in an alumina crucible at 1000 °C for 

20 h. The product was ground, pressed into pellets, and then sintered at 1500 °C for 24 h in the 

air. The dry sample (no water/hydrogen; denoted as dry BCN18) was prepared by heating the 

specimen at 900 °C for 20 h in vacuum. The water-solved sample (BCN18-H) was prepared by 

holding the dry sample in water vapor of about 3 kPa (saturated vapor pressure of water at room 

temperature) at 350 °C for 60 h. The deuterated water-solved sample (BCN18-D) was also 

prepared in D2O vapor by the same procedure. 

The dielectric permittivity was measured in the frequency region from 1 kHz to 1 MHz 

using a LCR meter (Model 4284A, Yokogawa Hewlett Packard, Ltd.) from 20 K to 300 K in 

helium gas atmosphere. An impedance analyzer (Model 4192A LF Impedance Analyzer, 

Yokogawa Hewlett Packard, Ltd.) was used for higher temperature measurements up to 420 K 

from 80 K in the air. For further high temperature region from 300 K to 520 K, the 

measurement was made in vacuum for the dry BCN18 sample, and in helium gas atmosphere 

for BCN18-H andBCN18-D samples. 

The powder X-ray diffraction measurements with synchrotron radiation were carried out 

at the BL02B2 beam line of SPring-8 of Japan Synchrotron Radiation Research Institute 

(JASRI) with a wavelength of 0.41509 A. The powder neutron diffraction measurements were 

carried out using the high resolution powder diffractometer (HRPD) installed at the Japan 

Research Reactor 3 at the Japan Atomic Energy Agency (JAEA) with a wavelength of 1.8233 

A. The neutron diffractiorm data were collected with constant monitor counts and a step angle of 

0.05° over the 20 range of 2.5°-160°. The diffraction patterns were analyzed by the Rietveld 

method using RJETAN-2000 [8]. 

The heat capacity was measured from 2 K to 300 K by using a relaxation calorimeter 

(PPMS, Quantum Design Inc.). For the use of the calorimetry, the sintered sample was shaped 

into a disk of about 3 mm diameter and 1 mm thickness. The sample mass was about 10 mg. 

3. Results and Discussion 

From the dielectric measurements of the samples of Ba3Ca1 i8Nb1.82O8.73 (dry BCN18 and 

BCN18-H), the dielectric toss angle, tanS, was obtained; die results are shown in Figs.l and 2. 

No dielectric dispersion nor relaxation phenomenon is observed in dry BCN18, while a 

dielectric dispersion is seen in the water-solved samples (BCN18-H (10.4,6.7 and 15.0 mol%)) 

above 230 K. In the dispersion region, the value of tan<? increases with increasing the water 

http://i8Nb1.82O8.73
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• 1 kHz 
• 3kHz 
n 10 kHz 
• 30 kHz 
• 100 kHz 
- 300 kHz 
• 1MHz 

BCN18-H(10.4mol%) 

BCN18-H(6.7moI%) 

340 360 380 400 420 440 460 

Fig. 1. Dielectric loss, tan<!>, of dryBCN18 and 

BCN18-H for various frequencies 

from 1 kHz to 1 MHz. 

Fig. 2. Dielectric loss, tan£, of dry BCN18 and 

BCN18-H for various frequencies 

from 300 Hz to 300 kHz. 

content The activation energy calculated from Arrhenius plot of the frequency and the peak 

temperature of tan<5 is 0.55 eV, which is reasonable for electric dipole of OH group in the 

crystal. The proton conduction should be greater than that of oxide ion in this temperature 

region, where the number of corresponding oxide ion vacancies is negligibly small [9]. Thus, 

the dipole relaxation should be caused not by hopping of oxide ions, but by orientation of OH 

group. The present value of the activation energy is close to the value of 0.53 eV obtained from 

the proton mobility [10]. 

The powder X-ray diffraction patterns of dry BCN18 and BCN18-H (15.0 mol%) 

measured with synchrotron radiation at room temperature are shown in Fig. 3. Both patterns are 

very similar, but Ihe peaks of BCN18-H shift to lower angles compared to dry BCN18. This 

shows that the crystal lattice expands due to solving of water. A Rietveld refinement has been 

carried out to clarify the crystal structure of dry BCN18 and BCN18-H. The lattice constant and 

the atomic displacement factors B of BCN18-H are larger than those of dry BCN18. Especially, 

the large B value of oxide ions at 24e-site indicates that the position of the oxide ion is affected 

by the proton which exists around the oxide ion. 

The neutron diffraction experiments were done at room temperature for dry BCN18 and 

deuterated water-solved sample (BCN18-D (26.0 mol%)). The results of diflraction patterns are 

shown in Fig 4. The peaks of BCN18-D are shifted to lower angles compared to those of dry 

BCN18 as well as the powder X-*ay diffraction. The difference in the relative intensity is clearly 

observed between dry BCN18 and BCN18-D, which should be caused by the introduction of 

oxide ions at the oxygen vacancy sites and the deuterons at in the interstitial sites of BCN18-D. 
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The lattice constant and the large B value of oxide ions at 24e-site agree with the results of 

powder Xnray diffraction experiments. The values of S and R factors are improved by arranging 

deuterium on 96/-site. 

The heat capacity of dry BCN18, BCN18-H and BCN18-D has been measured between 

2 K and 300 K. The results show no anomaly in the heat capacity curves, which indicates no 

phase transition in the samples in the covered temperature regioa The heat capacity of dry 

BCN18 was smaller than those of water-solved samples, and the heat capacity increased with 

increasing the water content 
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4. Summary 

The samples of proton conducting compound Ba3CaU8Nbi.8208.73 (BCN18) w e r e 

synthesized by a method of solid state reactioa The structure and the properties of dry BCNl 8, 

water-solved sample (BCN18-H) and deuterated water-solved sample (BCN18-D) were 

studied by dielectric permittivity and heat capacity measurements, and X-ray diffraction and 

neutron diffiactioa The effects of solving of water were clearly detected in the results. The 

results of dielectric loss, tan<^ shows relaxation phenomena in the water-solved samples due 

to the motion of OH group above 230 K. The peak height of tan<5 increases with increasing of 

water content in the crystal. From Arrhenius plot of the frequency and the peak temperature, the 

activation energy was estimated as 0.55 eV, which was comparable to the value of 0.53 eV 

obtained from the proton mobility [10]. The results of the powder X-ray diffraction and the 

powder neutron diffraction gave detailed structural information about OH(OD) in the crystal. 

Further detailed analysis is under way. 
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The vanadium oxide thin films have been prepared by thermal evaporation method. The films 
coated on glass and silicon substrate are subjected to vacuum annealing at 573K. The X-ray 
diffraction analysis shows both as deposited and annealed films are amorphous in nature. 
Scanning Electron Microscope (SEM) analysis shows vacuum annealed films has smooth 
surface topography, which is suitable for device applications. X-ray photoelectron spectroscopy 
(XPS) study shows that the as-deposited vanadium oxide films and vacuum annealed films are 
sub-stoichiometric nature. Further, the presence of vanadium in lower oxidation states i.e.V* 
suggests that the chemical composition of the film is partially vanadium pentoxide (i.e, VYxOs y)-
Electrical characterization shows that the resistance of the vanadium oxide film is ~106 Ohms. 
Frequency dependent conduction and impedance studies shows the high resistive electronic 
conduction process. 

1. Introduction 

In recent years, the development of thin film rechargeable batteries has attracted a 
great deal of interest due to their reduced resistance with respect to bulk materials, 
and due to the technological perspectives of integration with other thin film devices. 
Especially the miniaturized devices, such as implantable medical devices, CMOS-
based integrated circuits, as well as smart IC packages or chips needs rechargeable 
power supplies [1]. The thin film lithium batteries considered to be best suited for 
such technological applications, and various researches are in progress towards this 
goal. The extensive characterizations of electrode materials are essential for 
construction of better thin film lithium batteries. The transition metal oxides, 
especially vanadium pentoxide (V205) are excellent candidate for the electrode 
materials [2]. V205 was first suggested as a cathode material for intercalation 
batteries by Day in the 1970s [3] because of their layered structure and the 
rechargeable high energy densities and capacities [4]. The properties of the V205 

films strongly depend on the synthesis procedure. The different deposition methods 
and film characteristics have been reviewed recently [5]. Despite the various studies, 
however, further improvements in the functional behavior of the films are required 
and a clear correlation of the structural changes and the electrical properties is 
necessary. The main purpose of the present work is to study the structure, 
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composition and electrical properties of V205 thin films prepared by physical vapor 
deposition (PVD) and especially the vacuum annealed samples. 

2. Experimental 
V205 powder (99.999%, Alfa Aeasar, UK) was used for deposition. 

Vanadium oxide thin films were deposited on highly cleaned glass and (111) 
oriented silicon substrates under a vacuum of 10"5 mbar by using thermal 
evaporation technique (HINDHIVAC 12A4). The films were deposited at ambient 
substrate temperatures followed by vaccum (>105 mbar) annealing at 573K. The 
thickness of the films was measured by using multiple beam interferometry method 
and found to be 180-210 nm. The X-ray diffraction (XRD) patterns of the deposited 
films were recorded with the help of Rigaku) using Cu Ka radiation (40 kV; 
150 mA) in the range from 10° to 70° (26) with the scanning speed of 0.02°(26)/sec. 
The SEM and EDAX measurements are carried out on vanadium oxide thin films 
coated on silicon substrate using JEOL SEM/EDAX system. The dielectric, 
impedance and ac conduction measurements were carried by using HIOKI 3532 
LCR meter in the frequency range 50 Hz to 4 MHz in the temperature range of 300 
to 420 K. 

3. Results and Discussion 
3.1 XRD analysis 

The X-ray diffraction (XRD) studies are carried over both as deposited and 
vacuum annealed samples and shown in Figure 1. The absence of any specific x-ray 
diffraction lines clearly shows the amorphous nature of thin films. These results i.e, 
amorphous nature of as deposited and vacuum annealed (at 573K) are in good 
agreement with recent report by R.T.Rajendrakumar [6]. From featureless XRD 
spectrum it is quite classical to conclude that both films are amorphous in nature. 

" N ' M *NNWW 
•"ti*»Mya^j,.sw »*>'». W W * 

Fig.l XRD pattern of as deposited (left) and vacuum annealed (right) vanadium 
oxide thin films. (The peak around 70° in vacuum annealed films is due to silicon 
substrate) 
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3.2 Surface morphology 

Figure 2 show the micrograph of vanadium oxide film deposited on silicon 
substrates and vacuum annealed at 573 K. From the figure it is evident that the 
films are having slight rough surface topography. The as deposited V205 films 
(before annealing) show no specific feature (not shown here). But in the case of the 
films annealed at higher temperature rectangular like grains and also good grain to 
grain connectivity was observed which ensures the influence of the annealing on the 
surface morphology of the films. 

Fig 2. SEM of vacuum annealed vanadium oxide thin films on silicon substrate 

It is worth to be mention that rod/plate like surface morphology was reported by 
Umadevi et al [7] for the screen printed V205 films. Moshfegh and Ignatiev [8] have 
observed nearly rectangular shape like microstructure for the V2O5 films annealed at 
oxidizing atmosphere. The role of vacuum annealing at 573 K on the film 
microstructure can be understood by comparing these results with the previous XRD 
results. The absence of any XRD lines, of these films shows that the small grains, 
seen in SEM are completely amorphous in nature. 

3.3 X-ray Photoelectron spectroscopy 

The x-ray photoelectron spectroscopy (XPS) gives qualitative information 
about the chemical composition of the materials. Figure 3 shows the XPS spectra of 
vanadium oxide films on silicon substrates in the vanadium to oxygen region (500 -
540 eV). The observed peaks and respective energy position are labeled based on the 
284.5 eV C Is as reference. The peak at -517.5 ev can be labeled as the photo 
emission from V2p3/2 and is in a good agreement with the previously reported values 
[7]. It is well known that t the V2vm peak with binding energies of 517.5-518.2 eV 
represents vanadium oxidation state V+4 and the V+5 oxidation state is known to 
have peak between 516.5 and 517.2 eV [8]. Since the energy splitting between the 
V+5 and V+4 oxidation states is less than 1 eV, it is hard to label the peak by arbitrary 
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method. However it is possible to distinguish between the two peaks by using the 
peak deconvolution of the V 2p3/2 peak. The Gaussian type peak fitting has been 
carried out and two Gaussian components are found with binding energies of 
517.5 eV for V+5 and 516.9 eV for the V+4 species, respectively. The integral area of 
the Gaussian component respective to the V*4 and V+5 peak are found to be 75% and 
25% respectively. The presence of V2p3/2 peaks represents V5+ species, hence by 
confirming the formation of V205 component in the present study. 

Other peaks in the spectra can be labelled as V 2p1/2 (-524 ev) and Ols 
(533 eV). Since the interference of the oxygen satellite peaks resulting from the Mg 
K<x3 and Ka4 radiation (detector material of XPS instrument) with the V 2p1/2 feature 
makes its quantitative analysis difficult. As suggested by Coulston et al.[9], the 
energy difference between the O Is and V 2p3/2 lines can be used as a measure for an 
(effective) "average oxidation state" Vox

eff . For well-defined vanadium oxide 
samples, a linear relation has been reported as [10], 

••13.S2-0.6S[Eh(Oii)~Ei{Vlp3l2)] 0) 

which yield a value of Vox
eff = 4.4. However, it has to be taken into account that the 

above linear relation somewhat dependent on the photoelectron spectrometer. 

500 505 510 515 520 525 530 535 540 

Energy (eV) 

Fig.3. O u V2pl/2 and V2p3/2 photoelectron peaks of a vanadium oxide thin films 

3.4 Conductance spectra analysis 
The AC conductivity a(tt>) of any electrical conductors usually can be 

described using the Jonscher's universal power law [11]. 

o(co) = Gdc + Aco11 (2) 
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Where n is the frequency exponent in the range 0<n<l. Both <7dC and A are 
thermally activated quantities.The ac conductivity spectra of vacuum annealed 
vanadium oxide thin films are shown in Fig. 4. The conductance spectra consist of 
three different regions. At low frequencies (approx. 103Hz), frequency plateau 
region can be associated with the d.c. conductivity of vanadaium oxides. The high 
frequency dispersion is associated with the bulk relaxation phenomena in the 
vanadium oxide. The conductivity spectra curves at various temperatures are fitted 
to Eq.2 and "n" values are found to be 0.54 over the temperature range studied, 
which matches with reported values for other disordered materials. This value 
agrees with amorphous nature of vanadium oxide films. 

Log to (Hz) 

Fig. 4. Conductance spectra of vacuum annealed vanadium oxide thin films 

3.5 Impedance Spectra Analysis 

Figure 5, show the complex impedance plots also known as Cole-Cole plot, 
drawn at two different temperatures. The data fall on an asymmetric arc by 
comparison with a perfect semicircle. It is grossly distorted. These high frequency 
region semicircles are due to parallel combination of bulk resistance (Rb) and bulk 
capacitance (Cb) of the vanadium oxide materials. The depression of the semicircle 
below the real axis shows the non-Debye nature of the material, which is quite 
common property of disordered and amorphous conductors. The bulk resistance of 
the sample at various temperatures has been calculated from the low frequency 
interception of real axis using the programme EQ [12]. The bulk resistance (Rb) 
extracted from Cole-Cole plot is found to be in the order of 106 ohm. The bulk 
resistance found to be decreasing with increase in temperature, which causes 
decrease in radius of the semicircle. The associated capacitance was calculated from 
the relation coRC = 1 at the arc maximum (Fig.5) and it corresponds to a value of 2 
pF, that is attributed to a conduction process through the bulk of the material [13]. 
The absence of more than one semicircle certainly signifies the dominance of the 
bulk without the effect of any other capacitive components. It suggests that the 
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response to originate from single parallel RC combination [14] which is shown in 
figure 6. The low frequency spike is due to electrode-material interfacial 
phenomena. The possible charge carrier transformation between electrode and 
vanadium oxide thin films gives this high dispersion result as a spike. The 
contribution of this part of the spectrum increases with an increase in temperature 
due to the increase of conductivity. 
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Fig.5. Impedance plot of vacuum annealed vanadium oxide film at 300K (left) and 
340K (right) 

Wires / Bulk Property (low frequency semicircle) / electrode effect 

Fig. 6 Equivalent circuit analysis of vacuum annealed vanadium oxide film 

4. Conclusion 

Vanadium oxide thin films are deposited by using vacuum thermal 
evaporation method and vacuum annealed at 573 K in a vacuum better than 10s torr. 
The XRD & SEM analysis shows that the as deposited and vacuum annealed (573K) 
vanadium oxide films are amorphous with smooth surface. XPS study shows that the 
as-deposited vanadium oxide films and vacuum annealed films are found to be sub-
stoichiometric with more oxygen vacancies.Electrical conductivity of the V205 films 
found to be 106 ohms and this high resistance may be attributed to the formation of 
the oxygen vacancies, which has been revealed from XPS. 
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SINTERING AND MIXED ELECTRONIC-IONIC CONDUCTING 
PROPERTIES OF LAi.9SRo.iNI04+5 DERIVED FROM A 
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School of Materials Science and Engineering, Wuhan University of Technology, Wuhan 
430070, People's Republic of China 

Lai 9Sr() |Ni04+6 with a pure K.2NJF4 phase was synthesized from a polyaminocarboxylate 
complex precursor with diethylenetriaminepentaacetic acid (H5DTPA) as ligand, and the 
effect of sintering temperature on the microstructure and mixed electronic-ionic 
conducting properties of La1.9Sro.1NiO4.f5 ceramic was investigated in the range of 1400-
1600 "C. Homogeneous and fine powder (100-200 nm) with a pure K.2NiF4 phase was 
produced by calcining the complex precursor at 900 *C for 2 h in air. The increase of 
sintering temperature promoted the microstructural densification. Compared with a 
gradual increase of grain size with sintering temperature in the range of 1400-1500 "C, 
there is an exaggerated grain growth in the specimens sintered at 1550 "C and 1600 "C, 
respectively. Increasing sintering temperature from 1400 *C to 1500 "C resulted in an 
enhancement of electrical and ionic conducting properties. Further increase of the 
sintering temperature above 1500 °C declined the electrical and ionic conducting 
properties. The variation of the mixed conducting properties with sintering temperature 
was interpreted for the viewpoint of microstructural evolution. With respect to the mixed 
conducting properties, the preferred sintering temperature was ascertained to be 1500 °C 
for Lai.i)Sro.|Ni04+6. The specimen sintered at 1500 "C exhibits an electrical conductivity 
of 86 S/cm and an oxygen ionic conductivity of 3.8><10"2 S/cm at 800 'C. 

1. Introduction 

Mixed electronic-ionic conductors have drawn considerable research interest 
because of their potential in various technological applications, such as cathodes 
for intermediate temperature (600-800 °C) solid oxide fuel cells (SOFCs), 
oxygen separation membranes, membrane reactors for syngas production and 
catalysts for oxidation of hydrocarbons [1-4]. It has been well established that 
using the mixed conductors as cathodes for intermediate temperature SOFCs 
results in a decrease of cathode polarization at the triple phase boundary (TPB) 
[5, 6]. In the past decade, much work on the cathode materials for intermediate 

+ Corresponding author. Tel.: +86 27 87863277; fax: +86 27 87864580. 
E-mail address: xuqing@mail.whut.edu.cn (Q. Xu). 
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temperature SOFCs focused on oxygen-deficient perovskite-type oxides such as 
LaLxSrxFei.yCOyOj.g (LSFC). However, the LSFC materials suffer from 
excessively high thermal expansion coefficients, making it difficult in matching 
with other components of intermediate temperature SOFCs. Recently, oxygen 
hyperstoichiometric La2Ni04+5 based compounds with a K2NiF4 structure have 
attracted growing attention as a novel mixed conductor [7-10]. These materials 
exhibit high oxygen diffusion and surface exchange coefficients at intermediate 
temperatures together with moderate thermal expansion coefficients around 
13.Ox 10"6 K"1 [11, 12]. These desired properties make them promising candidate 
materials as cathodes for intermediate temperature SOFCs. 

Microstructure is an important contributing factor to the transport properties 
of mixed conducting materials [13].Thus, the influence of sintering temperature 
on the microstructure and mixed conducting properties of La2Ni04+6 based 
compounds is an intriguing subject of significant important. Up to date, the 
research on this topic is still limited. It has been suggested that partial 
substitution of lanthanum with lower valence cations, such as Sr, improves the 
electrical conductivity of La2Ni04+5 [14]. In this work, La, 9Sro.iNi04+5 was 
synthesized from a polyaminocarboxylate complex precursor with diethylenetri-
aminepentaacetic acid (H5DTPA) as ligand. The microstructure and mixed 
conducting properties of LaI9Sro.iNi04+5 ceramics were investigated in the 
sintering temperature interval 1400-1600 °C. 

2. Experimental 

Reagent grade lanthanum hydroxide (La(OH)3), nickel carbonate 
(NiC03-2Ni(OH)2-4H20), strontium carbonate (SrC03) and diethylenetriamine-
pentaacetic acid (H5DTPA) were used as starting materials. The lanthanum 
hydroxide, strontium carbonate and nickel carbonate were weighed, respectively, 
according to the nominal composition of La^SroiNiC+s and dissolved into 
deionized water in a beaker. A designed amount of H5DTPA was then added. 
The mole ratio of H5DTPA to total metal cation content was 1.7:3.0. The 
mixture was stirred at 90 °C to form a blue and transparent aqueous solution. 
The aqueous solution was heated in an oven at 100 °C to yield a solid 
polyaminocarboxylate complex. The solid complex precursor was pulverized 
and calcined at 800-950 °C for 2 h in air. The calcined powders were uniaxially 
pressed into rectangular bars (30><4x4 mm3) and disks (13 mm in diameter and 2 
mm in thickness), respectively, followed by sintering at 1400-1600 °C for 4 h in 
air. 
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The phase development of the calcined powders was examined by a Rigaku 
D/MAX-RB X-ray diffractometer using Cu Ka radiation. The morphology of the 
calcined powder and the ceramic specimens was investigated by a Jeol JSM-
5610LV scanning electron microscope (SEM). For ceramic specimens, thermally 
etched surface was used for SEM observation. The density of the ceramic 
specimens was measured by the Archimedes method using pure ethanol. The 
rectangular specimens were polished to ensure surface flatness and painted with 
platinum paste for measuring electrical conductivity. The electrical conductivity 
was then measured at 50-900 °C by a dc four-terminal method in air. Adopting 
the two-terminal blocking electrode method described by Chen et al. [15], the 
oxygen ionic conductivity was measured using disk specimen by a TH2818 
automatic component analyzer (0.02-300 kHz) at 400-800 °C in air. 

3. Results and discussion 

Fig. 1 shows the X-ray diffraction (XRD) patterns of La, 9Sr0 iNi04+6 powders 
calcined at different temperatures. Calcining the complex precursor at 850 °C 
produced a K2NiF4+8 phase (JCPDS card No. 80-1346) together with small 
amounts of intermediate phases (LaNi03 and La203). Raising calcining 
temperature promoted the development of La, 9Sr0.iNiO4+s phase. A pure 
La] 9Sr0 |Ni04+6 phase was identified for the powders calcined at 900-950 °C. Fig. 
2 shows the SEM micrograph of Lai.9Sr0.iNiO4+5 powder calcined at 900 °C, 
demonstrating uniform and fine particles of 100-200 nm in size. The powder 
calcined at this temperature was used for investigating the sintering and mixed 
conducting properties of La] 9Sr0.iNiO4+5. 

• K,NiF4 

• LaNiO, 

2 9(° ) 
Fig. 1 XRD patterns ofLai9Sro.iNi04+6 powders 
calcined at different temperatures. 
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Fig. 3 SEM micrographs of Lai oSro.iNiCVs ceramics sintered at different temperature. 
(a) 1400 °C; (b) 1450 "C; (c) 1500 "C; (d) 1550 "C; (e) 1600 "C 

Fig. 3 shows the SEM micrographs of Lai9Sro.iNi04+s ceramics sintered at 
different temperatures. The increase of sintering temperature promoted grain 
growth and microstructural densification. Compared with the gradual increase of 
grain size with sintering temperature in the range of 1400-1500 °C, there is a 
facilitated grain growth in the specimens sintered at higher temperatures, 
implying a considerable increase in the amount of liquid above 1500 °C. 
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Fig. 4 Temperature dependence of electrical conduc- Fig. 5 lnoT versus 1000/T of Lai 9Sr0.iNiO4+i 
tivity (o) forLai dSro iNi04+s ceramics sintered at ceramics sintered at different temperatures 
different temperatures 

Fig. 4 shows the electrical conductivity (denoted as o) of L^ 9Sro.iNi04+s 

ceramics as a function of measuring temperature. Due to the low oxygen ionic 
transport number of La2Ni04+6 based compounds (generally 10"4-10"2), the 
electrical conductivity measured by the dc four-terminal method can be regarded 
as the representative of electronic conductivity [8]. The electrical conductivities 



217 

of the specimens sintered at different temperatures display an identical variation 
with measuring temperature, increasing with measuring temperature through a 
maximum value near 450 °C and then decreasing. In the case of a same 
measuring temperature, the electrical conductivity increases with sintering 
temperature and attains the largest value at 1500 °C, followed by a decrease of 
electrical conductivity with further elevated sintering temperature. Fig. 5 shows 
the plots of lnrjT versus 1000/T for La19Sro.iNi04+5 ceramics sintered at different 
temperatures. The plots are nearly linear at low temperatures, suggesting that 
small polaron hopping is the predominant mechanism for the electrical 
conduction [6]. At higher temperatures, the plots present a negative deviation 
from linearity. It is attributed to an extensive loss of hyperstoichiometric oxygen, 
decreasing the concentration of electronic carrier [6, 12]. 
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Fig. 6 Temperature dependence of oxygen ionic Fig. 7 Activation energy for small polaron hopping 
conductivity (oion) for Lai.9Sro iNi04+a ceramics (Ea) and oxygen ionic conduction (Eion) of 
sintered at different temperature. Lai.oSro,iNiC>4+5 ceramics as a function of 

sintering temperature. 

Fig. 6 shows the temperature dependence of oxygen ionic conductivity 
(denoted as oion) for Lai.gSro.iNiC^+g ceramics sintered at different temperatures. 
The Arrhenius plots over the whole measuring temperature range yielded straight 
lines, as showed in the insert. At an identical measuring temperature, the ionic 
conductivity shows a rather similar variation with sintering temperature to that of 
the electrical conductivity, with the specimen sintered at 1500 °C approaching 
the highest ionic conductivity as well. The specimen gives an oxygen ionic 
conductivity of 3.8xlO"2 S/cm at 800 °C. 

The activation energy for small polaron hopping (Ea) was derived from the 
linear fit of the plots in Fig. 5 over the low temperature range, while the 
activation energy for oxygen ionic conduction (denoted as Eion) was calculated 
from the slopes of the straight lines in Fig. 6. Fig. 7 shows the Ea and Eion of 
Lai9Sro.|Ni04+5 ceramics as a function of sintering temperature. The Ea and Eion 
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show an analogous change with sintering temperature, slightly varying in the 
sintering temperature range of 1400-1600 °C and attaining the lowest values at 
1500 °C. 

It can be noticed that the variation of the mixed conducting properties of 
La! 9Sro.1NiO4.1-5 ceramics with sintering temperatures is closely associated with 
the microstructural evolution. With the increase of sintering temperature from 
1400 to 1500 °C , the grain growth and development of microstructural 
densification enhanced the conduction of electrical carriers. The facilitated grain 
growth above 1500 °C reveals the appearance of excessive liquid. The presence 
of liquid can improve the mass transport and microstructural densification during 
sintering. Nevertheless, the amorphous phase formed by the liquid is a kind of 
heterogeneous component in ceramic bulk, blocking the transport of electrical 
carriers. The results demonstrate the crucial role of sintering temperature on the 
microstructure and mixed conducting properties. In terms of the mixed 
conducting properties, it was ascertained that the preferred sintering temperature 
of Lai9Sro.iNi04+8 ceramic is 1500 °C. The specimen sintered at 1500 °C 
exhibits electrical conductivities of 86-107 S/cm at 600-800 °C, roughly meeting 
the least requirement (>100 S/cm) for a cathode material of intermediate 
temperature SOFCs [5]. 

4. Conclusions 

Homogeneous and fine powder (100-200 nm) with a pure K2NiF4 phase was 
produced by calcining the polyaminocarboxylate complex precursor at 900 °C 
for 2 h in air. The microstructure and mixed conducting properties of 
Lai9Sro.iNi04+5 ceramics have been investigated in the sintering temperature 
range of 1400-1600 °C. The results demonstrate that it is important to adequately 
control the sintering temperature to obtain desired microstructure and mixed 
conducting properties. The preferred sintering temperature of Lai 9Sro.|Ni04+5 

was ascertained to be 1500 °C with regard to the mixed conducting properties. 
La, 9Sr0.iNiO4+5 ceramic sintered at 1500 °C exhibits an electrical conductivity of 
86 S/cm and an oxygen ionic conductivity of 3.8x10"2 S/cm at 800 °C. 
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High energy vibrational ball milling device was used under argon atmosphere to prepare two 
series of nanocomposite of MgH2 with 5%wt. M (M= Fe, FeF3 and VF3) in order to improve 
the hydrogen storage sorption of the magnesium hydride. Morphology, structural and thermal 
characterization of the MgH2 composites was performed by using XRD, SEM and 
simultaneous TG and DSC techniques. Electrochemical study of hydrogen charge-discharge 
process in MgH2 provides distinct information on thermodynamic and kinetics of the Mg-H2-
catalyst system. Electrode potential provides information on the variation of the free Gibbs 
energy carried out by surface energy modification generated by nanometric grain size and 
catalyst. Current density of voltammograms reveals improvements carried out by different 
catalysts on hydrogen sorption-desorption kinetics. 

1. Introduction 

Magnesium hydride is considered to be one of the most attractive materials for 
hydrogen storage, because it is abundant, inexpensive, and easy to handle and 
environmentally friendly. It has attractive property of reversibly absorbs hydrogen 
with a 7.6 wt.% capacity leading to a high thermodynamic stable hydride (AH= -75 
kj mol"'). Unfortunately, this adsorption process occurs at 450°C under pressure.1 

High energy ball milling leads to nanometric particles for which Hydrogen 
desorption occurs at 300°C, addition of transition elements metals or oxides 
decreases too, this desorption temperature and simultaneously improves its kinetics. 
2-4 The role of catalysts is not yet clear that they act on thermodynamic or on kinetics 
of the H2-Mg system. 

Mg is well known to react quickly with water due to its very low oxidation 
potential: Mg is oxidized in Mg2+ at -2.375 V vs. Standard Hydrogen Electrode 
(SHE). Fortunately magnesium hydride is more stable in ambient conditions than 
pure Mg: MgH2 electrode can disinsert reversibly hydrogen providing the active 
material be efficiently protected against corrosion in KOH electrolyte. It is clear that 
Mg/MgH2 is not a realistic electrode material despite its very large electrochemical 
capacity (2400 mAh.g"1): its potential at 25°C is too high for a negative electrode in a 
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Ni-MH battery, its kinetics too slow and its sensitivity to corrosion too large. 
Nevertheless electrochemical methods are useful to study the role of catalysts in the 
hydrogen storage process at ambient conditions: they provide distinct information on 
thermodynamic and kinetics of the Mg-H2-catalyst system and its life time. Electrode 
potential value is related to the Gibbs free energy variation of nanocrystalline 
Mg/MgH2 by relationship in Eq. (1), where the contribution of the nanometric 
dimension is expressed in yAA the surface energy variation, no more negligible. 

AG = AH-TAS + yAA = -nFE (1) 

MgH2 <--> Mg + H2 in gas phase, (2) 

Where, A- surface area, y - surface strain, AH-enthalpy and AS-entropy variations, F-
Faraday constant and n - the number of exchanged electrons in the redox reaction are 
as in Eq. (2). The kinetics informations are separately obtained from the current 
density delivered during potentiostatic charge / discharge process and from the 
recovered capacity during galvanostatic process. 

2. Experimental 

Two types of MgH2 powders, named as MgH2.DF and MgH2.AB were used as the 
starting material for the experiments. Fe, FeF3 and VF3 catalysts were purchased 
from Johnson Matthey and Aldrich with 99.8% purity. 

Processing of MgH2 nanocomposites by high-energy ball milling techniques was 
carried out into two steps: MgH2 grains and catalysts grains are separately milled to 
nanometer scale for 48hrs., afterwards the mixture is milled to give the composite 
using two Fritsch PO pulverisette for MgH2-AB and P7 pulverisette for MgH2-DF, 
under Argon atmosphere for 24, 48 and 72 hrs., with stainless steel balls, the ball- to-
sample-weight ratio being 10:1. All milling experiments, preparation and transfer for 
characterization have been done under Argon atmosphere to exclude any contact 
with ambient air. 

Structural characterization was performed by X-Ray Diffraction (XRD) analysis 
using a Siemens D500 equipped with Cu Ka radiation in a 0-28 configuration. The 
SEM studies were performed on a Gemini Zeiss ULTRA™ 55 scanning electron 
microscope using the secondary and back scattered electron mode. EDX analysis 
was performed on a JEOL JSM 6400 scanning electron microscope equipped with an 
Energy Microanalyser to identify the materials in the samples. Differential Thermo 
Analysis (DTA) was carried isochronally (10 K/min) under a constant flow of 
Helium in a Netzsch Symultaneous Thermal Analyzer STA 409 equipped with a 
TASC 414/2 controller and Differential Scanning Calorimetry (DSC) in a Netzsch 
DSC 404 C calorimeter. 
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Electrochemical experiments were performed on the thin film composite 
electrodes (q)=13mm),obtained by mixing 60%wt. of Magnesium hydride composites 
with 10% carbon black and 30% Teflon. Hydrogen electrochemical charge-discharge 
was driven by a McPile multi channels microprocessor potentiostat-galvanostat 
controller (Biologic-Claix-France) under slow regimes (10mA.g"'under galvanostatic 
control or using a 10mV/2 hours potential scan rate) in -1.0 V to 0.2 V potential 
range (vs. Hg-HgO reference electrode).5 The electrolytic solution was 6M KOH. 

3. Results and Discussion 

3.1. Structural characterization of the MgH2composites 

The X-ray diffraction spectra of the MgH2 mechanically milled for various times 
shows the crystallite size of the pre-milled MgH2 was decreased from 52 nm to 32 
nm after 72 hours of milling time. The diffraction peaks are very board after milling, 
indicating the crystallite size was diminished to the nanometer scale. 

M g H ( I ] 0 ) M g H , [ 1 I) [ 
' M g H , D F 

M gH ", 48h 
M gH j+ 5% F e F , 

~ ' M g H 1+ 5 % F e 
= M g H \+ 5 % V F , 

2 R 3 0 3 2 3 4 If. 25 30 35 40 45 50 55 60 

2 T h e t a 2 Thela 

(a) (b) 
Figure 1. X-Ray spectra of MgH2 and its composites after 48hrs., (a) MgH2DF (b) MgH2 AB. 

Fig. 1 shows the X - ray diffraction patterns of 48 hours milled (3-MgH2 They reveal 
the presence of mainly tetragonal P-MgH2 and VF3, Fe and FeF3 and some peaks of 
meta-stable y-MgH2. With increasing milling time, the peaks intensity of the y-MgH2 

phase increases and the one's of V, Fe and FeF3 decreased. This indicates physical 
and chemical transformations of MgH2 and VF3, Fe and FeF3 during the milling 
process. During further milling the tetragonal |3-MgH2 can not be completely 
transformed to the orthorhombic y-MgH2 under the previous milling conditions.6 

However, Gennari et al.7 showed that during ball milling of the MgH2 + M mixtures, 
a certain amount of the low temperature P-MgH2 phase transforms into a high 
pressure metastable y-MgH2 phase. 

JIMBH,(II(I) 
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The XRD pattern shows the presence of Mg and MgO (?) that could result of the 
impurities from milling debris. Due to the low content of transition element, the 
diffraction peaks from this element are difficult to detect for all pattern, the peaks are 
broad, indicating the nano-crystalline structure of the composites. 

One of the great difficulties in managing nanometric powder is to study of the 
grain size distribution. High energy ball milling generates a large grain size 
distribution. An average value can be obtained from the measurements of X-ray 
diffraction line width in using the Scherrer method, but line broadening in that case 
is not only due to nanometric size but also to stress and defects generated by ball 
milling in the material. Complementary TEM investigations are necessary to 
estimate the average size but the very small quantity of powder does not show really 
account on the width of grain size distribution.8 

3.2. Thermal behaviour of the MgH2 composites 

Fig. 2 shows the magnesium hydride milled with different additions release 
hydrogen in two stages, which occurs in different temperatures, depending on type of 
the catalyst. It was found by DSC and TG that thermal decomposition of the p-MgH2 

occurs at lower temperatures compared to conventional polycrystalline MgH2 (which 
decomposes at temperature above 400°C) as well as planetary milled nanocrystalline 
MgH2 (about 400°C). 

0 100 200 300 400 500 600 0 100 200 100 400 500 fiOO 

Tempera ture C'C) Tempcralurc ("C) 

Figure 2. DSC traces for the MgH2 during milled 48hrs. and it's composites. 

3.3. Morphology and microstructural characterization of the MgH2 composites 

Particulate structure of pre-milled and 48 hours milled, is shown in fig. 3. The 
greater portion of particles is of micron or sub-micron size, through few particles of 
relatively coarse size. ex. 3-4 microns sizes are also present. 
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(c) (d) 

Figure 3. SEM secondary electron image of pre-milled MgH2.DF (a) and MgH2.AB (c), 48hrs. milled 
MgH2 .DF (b) & MgH2 ,AB (d), and I, 2, 3, & 4 indicate similar EDX spectrum of the MgH2 

(a) (b) 

(d) 

Figure 4: SEM backscattered electron image of 48hrs. milled MgH2+5%VF3 composite (a-DF & c-AB). 
The EDX spectrum indicates mixture of V & Fe as the very bright dots (b & d). 

MgH2 when milled with catalyst develop similar structures. The distribution is 
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however more uniform, i.e. coarse particles appear less in fraction. In high energy 
ball milling, a charge of balls and MgH2 powder is vigorously agitated in a vial. The 
trapped powder particles between the colliding balls undergo fracturing and re-
welding processes which define the ultimate microstructure of the powder. In 
Figures 3 and 4 of SEM micrograph of ball milled MgH2, the bright dots in the 
middle was identified as the catalysts. The surrounding conglomerates of dark grey 
particles were identified as MgH2. Therefore, after ball milling the microstructure 
consist of additive particles coated by a film of MgH2.

9 

Fig. 4 shows SEM images of milled MgH2+VF3 composite. The powders are 
porous and made agglomerates of smaller particles. The V powders are broken up to 
the fine particles during the milling process and are well distributed over the MgH2 

matrix. The catalysts particles are coating the MgH2 grains or it may not be 
facilitated H2 sorption thanks to the creation of VH2 or intermediates. Vanadium has 
strong affinity to oxygen; some surface oxidation of vanadium is inevitable during 
process of MgH2+V composites. The VO can not be reduced by hydrogen under 
normal conditions, once the vanadium particles are oxidized; the catalytic effect of 
chemisorption is lost.10 

3.4. Electrochemical study 

The nanometric MgH2 composites shaped into plasticized electrodes allow to study 
of hydrogen charge-discharge process in 6M KOH with electrochemical methods 
under slow regimes (10 mA.g"' under galvanostatic control or using a 10mV/2 hours 
potential scan rate) in -1.0 V to 0.2 V potential ranges (vs. Hg-HgO reference 
electrode). The potential range was selected to avoid hydrogen evolution during 
charging and oxygen evolution during discharge at the counter electrode. 

The potentials of the adsorption and desorption were showed a good 
reversibility at each cycle of charge and discharge (Fig.5). Discharging and 
electrochemical desorption of the first phase starts at -0,30V (vs. Hg/HgO) and -
0,08V for the second one. Respectively charging and formation of the reduction 
products is observed at -0,59V and -0,29V. The shifting of these values of the 
equilibrium potential starts to occur into the last cycle. It proves that adding of the 
catalyst to MgH2 does not change strongly the mechanism of reduction or oxidation 
products and does not lead to formation of different stages at electrochemical 
discharging and charging of MgH2. Similar sorption isotherms were obtained for 
MgH2 (AB)+5%VF3." 

The galvanostatic results in the case of MgH2 milled with FeF3 shows the 
electrochemical absorption and intercalation undergoes transformation into two 
phases at the values about - 0.3 V and -0.6 V for the process of charging and -0.10 V 
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and -0.40 V for the electrochemical discharge. The fast regime of electrochemical 
reaction doesn't influence appearance and exact position of these plateaus in 
galvanostatic curves. They correspond to the same one, which are already measured 
after applying a slow potentiostatic regime above MgH2 milled nanocomposites.12 

- U - I -0,H -0,6 -0,4 -0,2 0 0,2 0,4 

Figure 5. Voltammograme for MgH2 (AB) +VF, between-1.0 V to 0.20 V in 6M K.OH under slow current 
rate ( 10mV/2h), 

4. Conclusions 

If Magnesium is definitively too reactant with water to allow electrochemical 
insertion of hydrogen, the more stable MgH2 shaped into thin film plasticized 
electrodes is suitable to study at ambient temperature and atmospheric pressure the 
Mg-H2-catalyst system in concentrated KOH. Electrochemical response of the pure 
hydride electrodes illustrates the importance of the nanometric grain size on 
discharge potential, kinetics and delivered capacity. Discharge capacity of the 
smaller nanometric grain size powder is much larger than the one's of larger grain 
size. Life time of both electrodes is very short: it is significantly improved by the 
presence of Catalysts, especially fluorinated catalysts in the nanocomposites 
electrodes. 

How the use of additives in milling improves the sorption characteristics of Mg 
can now be explained. Additives such as V, Nb may be a chemical basis for this, 
Yavari et. al.," and Schulz et. al.,10 attribute this is to the catalytic effect of 
Vanadium and Niobium. V/ Nb acts as hydrogen pump by early dissociating the 
hydrogen gas in to its atomic form and feeding the atoms to the hot Mg. But the fact 
that similar or sometimes better improvements and obtained with oxide addition 
implies that the effect may not always have a chemical basis. The role of additives is 
also of physical basis: they modify the surface strain and avoid re-agglomeration of 
the small crystallites during cycling: the free surface easily accessible for hydrogen 
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is then larger and remains open during cycling. Potential values of the different 
nanocomposites electrodes is influenced by the chemical composition of electrode 
because the presence of catalysts modifies significantly their thermodynamics 
properties in decreasing hysteresis of isotherms and improving their stability; the role 
of catalysts is evident on life time and discharge/ charge kinetics. For 
nanocomposites electrodes catalysts modify the surface energy, therefore grain size 
seems to act in the opposite way than for pure MgH2: potential of p7y phases charge 
plateaus increases with smaller grain size and hysteresis of isotherms decreases. 
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Abstract 
Amorphous solid electrolytes in the system xLi2S-(l-x)P205 (with x = 0.5, 0.6, 0.7) 
has been prepared from a mixture of Li2S and P4Oi0 using a mechanical milling 
technique at room temperature and in inert atmosphere. The oxysulfide powder 
mechanically milled for 80h with x=0.6 shows ionic conductivity (a) of 7.89 x 10"6 

S/cm at room temperature which is the highest in this series. The glass transition 
temperature (Tg) increases with the increase of Li2S. X-ray RDF analysis and constant 
volume molecular dynamics was done for all x. Both Phosphorous and Lithium were 
found to coordinate with both oxygen and sulfur in various proportions. Various units 
present around phosphorous and lithium are P03S, P04, P03, P04S, Li03S, Li03, 
Li02S, Li04. Changes in structure with x and their influence on o and Tg are 
discussed. 

Introduction 

Kondo et al. [1] reported that the oxysulfide glass 0.01Li3PO4-0.63SiS2-0.36SiS2 

showed a high conductivity of 1.4 x 10'3 S/cm at ambient temperature and a wide 
electrochemical window and is chemically stable against lithium metal [2]. Minami's 
group has reported that mechanical milling is one of the most effective ways of 
preparing amorphous materials from crystalline powders. The ionic conductivity (o) 
of mechanically milled 60Li2S-40P2S5 glass after milling for 20h was reported to be 
1.5 x 10"4 S/ cm at room temperature [3]. Very few structural reports based on 
mechanically milled oxysulfide glasses exist. 29Si MAS-NMR and XPS studies for 
melt quenched glass system (100-x)(0.6Li2S-0.4SiS2)-xLixMOy (LixMOy = Li4Si04, 
Li3P04, Li4Ge04, Li3B03, Li3A103, Li3Ga03 and Li3ln03) was reported by Minami et 
al.[4]. These studies reveal that in the systems with small amounts of LixMOy, the 
silicon atoms coordinated with both bridging oxygen atoms (BO) and non-bridging 
sulfur atoms (NBS). The presence of large amounts of these unique silicon structural 
units brought about high conductivities and high thermal stability of these glasses. On 
the other hand, presence of non-bridging oxygen (NBO) atoms and S2" units created 
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by large amounts of LixMOy, lowered these excellent properties. Solid state MAS-
NMR measurement revealed that silicon and phosphorus atoms coordinating with 
both sulfur and oxygen atoms present in oxysulfide glasses were not detected after 
crystallization. 

In order to understand the short range order around P and Li atoms and the 
emerging structural changes with increasing Li20 content, X-ray RDF and molecular 
dynamics study of xLi2S-(l-x)P205 with x = 0.5, 0.6 and 0.7 was taken up and 
reported here. To analyze the MD generated configuration of atoms, graph theory 
techniques [5] were used to completely elucidate the connectivities of the various 
units present and their ratios. Statistics of chains and rings present were also 
calculated using this technique. 
Glass preparation and characterization 
The starting materials, Li2S and P4Oi0 were placed in an agate pot of volume 50 ml 
with ten agate balls of 10 mm diameter and two agate balls of 8 mm diameter. The 
mechanical milling was conducted using a high-energy ball mill at room temperature 
in a glove box that was filled with dry nitrogen gas. The diffractogram taken at the 
start of the milling process for the glass with x = 0.5 showed peaks due to Li2S and 
P4O10 (Figure 1). At the end of 80h of milling all the peaks disappeared leaving a halo 
pattern. The density of these powders were measured using Archimedes principle 
taking toluene (density 0.863 gm/c.c.) as the immersing medium (Table 1). Ionic 
conductivity measurement was done at room temperature by Keithley 3330 
impedance analyzer in the frequency range 40 Hz-100 kHz. 
RDF analysis of xLi2S-(l-x)P205 glasses. 
The system xLi2S-(l-x)P205 with x=0.5, 0.6 and 0.7 were taken for RDF analysis. X-
ray data collection was done under a vacuum of 7 xlO"3 m. bar using a Philips 
diffractometer with MoKa radiation. The reduced D(r) contains peaks at 1.8, 2.2, 3.4 
and 4 A and shoulders at 2.7 and 3.1 A. The peak at 1.8 was assigned to P=S 
interaction and the peak close to 2 was a mixture of P-S and Li-O. The shoulders at 
2.7 and 3.1 were taken to represent Li-S and S-S interactions respectively. P-P 
interaction was put at 4 A. Initial intensity values were calculated with these 
interactions and least squares fit between calculated and observed intensities was 
carried out. The parameters in a least squares fit were rj.j, the distance between atoms 
i and j , n ;.j, the average coordination number of j around the central i atom and b;.j 
which equals the mean square variation of r;.j . Least squares refinement of the 
bonding parameters led to intensity fits shown in figure 2 and table 2 contains the 
refined parameters. The standard deviations in ry and n̂  are 0.001 A and 0.01 
respectively. 
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Molecular dynamics 
Constant volume MD was performed on cubic cells calculated with 

measured densities [table 1]. Starting at a temperature of 3000 K, the system was 
cooled by scaling velocities to 2000 K, 1500 K, 1000 K, 750 K, 600 K, 350 K and 
finally to 300 K with time step size of 10"15 s . At each temperature, the system was 
equilibrated for 20 ps and various parameters such as pair correlation function (PCF) 
and running coordination number (RCN) for various atomic pairs were averaged for 
another 80 ps. At 600K, 350 K and 300 K, the equilibration and averaging times were 
increased to 100 ps each. The interatomic potential used was of the form 

Pno K0m-*) 
exp 

(rik+rlk) 

Pa 
where Zj is the atomic number of atom i and 90 is the equilibrium angle subtended by 

rjk and rjk . Ay, pij0, k;j and py are constants of simulation. Z< for Li, P,S and O are 

0.4e, 2e, -0.8e and -0.8e respectively. Initial values for constants of simulation and 
atomic number Z; were obtained from MD studies reported for the binary systems 
xLi2S-(l-x)P2S5 [5]. They were subjected to further adjustments till equilibrium was 
attained at all simulated temperatures with chemically acceptable bond lengths. 
Conductivity of the glasses were calculated as reported [5]. 
Discussion 
As reported in earlier studies, Li and P coordinate with both S and O. The overall 
coordination including O and S around P decreases from 5.4 to 4.3 and around Li 
increases from 4.1 to 4.4 with increase in x. As x increases, O content decreases and 
this is reflected in the lower value of nP.0 and nLi.0. S content also increases with x 
which increases the nLi.s, but nP.s decreases instead. Bridging sulfur (BS) and Non-
bridging sulfur (NBS) denote sulfurs taking part in P-S-P and P-S-Li interactions. 
Since we cannot distinguish between BS and NBS here, the decrease in nP.s is 
assumed to be caused by the decrease in both BS and NBS. Taken together, the above 
results indicate that as the Li2S content increases, more sulfurs in state S2" are found 
near Li+. The P-P interaction occurring above 4 A is caused by the P-S-P bridges. The 
decrease in nP.P is due to Li, which in its role as a modifier breaks up these bridges. 
The observed interatomic distances are as found in similar glasses with the exception 
of the short rP=s for x = 0.5. a shows an initial increase followed by a decrease for x = 
0.7. The glass with minimum o also has the lowest nP.0 and nP.s and the highest nLi.s 

which indicates low bidging oxygens (BO) and high S2". This result agrees with the 
XPS study of (100-x)(0.6Li2S-SiS2)-xLi4SiO4 [12] wherein the high conductivity in 
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this system is attributed to the presence of non-bridging sulfurs and bridging oxygens 
and presence of S2" around Li+ diminishes a. 
PCF and RCN plots are shown in figure 3. Parameters obtained from graph theory 
analysis are given in table 3. P assumes a total coordination of 4 consisting of S and 
O. Li too bonds with S and O and its coordination varies between 3.5 and 4.1. In P-P 
PCF, a sharp peak at r = 3.67'A and a weak and broad peak at r = 4.3 A are present. 
The large peak at short r due to P-O-P interaction indicates its strong presence and in 
comparison, the weak peak shows a much smaller number of P-S-P linkages. 
Comparing short range parameters between RDF and MD, certain differences are 
found. Though the MD configuration has a higher proportion of oxygens around P 
and Li in their coordination spheres for all compositions, the total coordination 
around P and Li assumes higher values in laboratory prepared glasses. Double bonded 
sulfurs to P (P=S) are absent in MD glasses. However, the conductivity change with 
composition remains unchanged between laboratory prepared and MD glasses. 
The BO population remains constant between x = 0.5 and 0.6 and decreases for 0.7. 
Fraction of NBS increases from 0.54 to 0.77 steadily with concomitant decrease in BS 
population. The sulfur atoms interacting only with Li (S2") form a very small fraction 
of the total and it increases with x from 0.04 to 0.08. Since both P and Li coordinate 
with S and O, various units are found around them. Around P, the units found are 
P03S, P04, P02S2 and P03S2 in decreasing numbers. 3IP MAS-NMR results of 
0.95(0.6Li2S-0.4SiS2)-0.5Li3PO4 [4] describes the various units around P as POS3, 
PS4, P02S2) P04 with POS3 having the maximum presence which differs from our 
results due to the very small oxygen content in their glass. Around Li, the units 
Li03S, Li03, Li02S and Li04 are found in decreasing fractions. The angles 0-P-0 
(subtended at P by the coordinating oxygens) and P-O-P (the bridging angle between 
neighbouring P atoms) lie close to 95° and 165°. The bridging angle is close to 
reported values in phosphate glasses. But the angle O-P-0 is far from the tetrahedral 
angle of 109° found in alkali phosphate glasses. This is to be expected as here the 
phosphorus is also coordinated to sulfur. The NBOs interact with Li forming Li-O-P 
linkages which increase with x. So too are the NBS atoms forming Li-S-P contacts 
which increase at a higher rate with x. The neighbour list around Li formed by Li-S-
Li contacts shows a high value for x = 0.7. The average P-O-P chain length remains 
between 11 and 12 for all the three compositions, though the M6 parameter sharply 
decreases for x = 0.7 indicating the rapid decrease of branches in P-O-P chain. 
The increase in experimentally measured Tg between x = 0.5 and x = 0.7 is small and 
the simulated Tg follows the same order. This is perhaps due to a large increase in Li-
S-P linkages from 4.3 to 12.7 caused by the decrease in BS populations, o obtained 
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from MD and measured values at 300 K are shown in table 1. Though the o from MD 
has much higher values, both change with x in the same fashion. Various factors 
contribute to o. The increasing Li+ population as x increases provides more cations. 
However, structural modifications with compositional changes play a decisive role in 
determining o. As Li content increases with x, it also diminishes the BO and BS 
populations. This in turn creates NBS and S2'. If the ratio NBS/S2" is high, then the 
conductivity is enhanced. This 
is observed in an earlier report, where higher o is caused by higher populations of 
NBS and BOs and lower population of S2". In addition o is also enhanced by 
structural features which cause the presence of Li near BO and BS. Larger population 
of Li found near BO and BS creates better path ways for Li movement, since BO and 
BS act as weak traps for Li+, which also contribute to higher a. In this system, BO 
varies little between 0.5 and 0.6 and then decreases for x = 0.7. NBS population 
shows a steady increase and the very small proportion of S2" ions also registers an 
increase between 0.5 and 0.7. The average number of Li+ found near BO (LBO) is 
small and changes little from 0.10(1) for all three glasses and the corresponding 
number for BS(LBS ) takes on values 0.48(6), 0.72(5) and 0.77(7) as x increases. The 
initial large increase in a between 0.5 and 0.6 is caused by the unchanging BO and 
increasing NBS population along with the increase in LBS. The decrease in a 
between 0.6 and 0.7, which is not as large as the initial increase is probably due to the 
decrease in BO and increase in S2" fraction. The increase in NBS in this region seems 
unable to keep up the increase in o due to the decreasing BO populations. 

Conclusions 
Both P and Li coordinate with S as well as O atoms in various proportions. The BS, 
NBS and S2" populations control the conductivity. The increases in experimentally 
measured Tg is due to the increase in Li-S-P linkages created by increase in NBS 
population. 
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Parameter 

Density (gm/c.c) 
a(S/cm)(exp.)xlO"<' 
Tg (K) (exp.) 
a(S/cm)(MD)xlO"4 

Tg (K) (MD) 

x = 0.5 

2.08 
6.68 
382 
15.39 
449 

x = 0.6 

2.12 
7.89 
385 

35.11 
456 

x = 0.7 

2.17 
1.77 
393 

27.72 
465 

Table 1. Physical parameters for system xLi2S-(l-x)P205 system. 

Parameter 
rp-o(A) 

nP-o 
rp=s (A) 
np=s 
rp-s (A) 
np-s 
rLi-o (A) 
nLi-o 
ru-s(A) 

nu-s 
rs-s (A) 
ns-s 
rs-s (A) 
ns-s 
Rw 

x = 0.5 
1.551 
3.4 

1.835 
0.3 

2.060 
1.5 

2.192 
1.0 

2.604 
3.1 

3.111 
1.5 

3.439 
0.9 
5% 

x = 0.6 
1.553 
3.0 

1.895 
0.5 

2.090 
1.3 

2.195 
0.9 

2.658 
3.5 

3.167 
1.8 

3.447 
1.5 

6.7% 

x = 0.7 
1.523 
2.8 

1.944 
0.6 

2.122 
0.9 

2.179 
0.5 

2.637 
3.9 

3.175 
2.1 

3.603 
1.6 

2.8% 

Table 2. Structural parameters obtained from RDF for xLi2S-(l-x)P205 system. 
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Parameter 

rp-o(A) 
rp-s(A) 
rL-o(A) 
ru-s(A) 
np-o 
np.s 
1*1.1-0 

nLi-s 
BO 
NBS 
#(Li-0-P)/#0 
#(Li-S-P)/#S 
Avg.(P-O-P) chain 
length 
M6 (P-O-P) 

x = 0.5 
1.62 
2.12 
1.99 
2.66 
3.20(2) 
0.65(1) 
2.67(4) 
0.83(2) 
0.36(2) 
054(1) 
4.81(8) 
4.3(2) 
11(1) 

32(9) 

x = 0.6 
1.62 
2.13 
1.99 
2.65 
2.93(2) 
0.95(1) 
2.47(2) 
1.22(2) 
0.34(2) 
0.66(1) 
5.6(1) 
7.5(2) 
12(1) 

19(8) 

x = 0.7 
1.62 
2.14 
1.99 
2.63 
2.67(3) 
1.33(3) 
2.31(3) 
1.76(3) 
0.24(2) 
0.77(1) 
6.3(1) 
12.7(3) 
11(4) 

3(1) 

Table 3. Structural parameters obtained from MD for xLi2S-(l-x)P205 system. 

1 0 2 0 3 0 4 0 6 0 

2e° 

Figure l. XRD of 0.5Li2S-0.5P2O5 with different periods of milling. 
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Figure 2. s.i(s) Vs s plot for xLi2S-(l-x)P205 glass with x =0.6 
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Figure 3. PCF and RCN of P-0 in 0.6Li2S-0.4P2O5 glass. 



SYNTHESIS, SINTERING AND OXYGEN IONIC 
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Bi2Vo9Cuo.i05 5-5 powder was synthesized by a sol-gel method using EDTA and citric 
acid as mixed complexing agents. The formation process as well as the phase 
development and morphology of the synthesized powders were characterized by TG-DSC, 
XRD and SEM. The results indicate that fine and homogeneous powder (100-200 nm) 
with a pure AurivilHus phase can be produced by calcining at 450 'C for lh. Compared 
with the conventional solid state method, the synthesizing method used in this work 
demonstrates remarkable advantages in producing Bi2Vo.9Cuo.1O5,5-5 powder, such as 
simplicity and lowing calcining temperature. The oxygen ionic conducting properties of 
the ceramic specimen were investigated using AC impedance spectroscopy. The 
influence of sintering temperature on the microstructure and oxygen ionic conducting 
properties of Bi2Vo.9Cuo 1O55-5 ceramic was investigated in the range of 560-680 'C. The 
ceramic specimen sintered at 640 °C for 2h shows a dense microstructure with an 
average grain size of about 3 urn and a relative density of 93.6 %. The specimen provides 
an oxygen ionic conductivity of 1.4x10"' S-cm"1 at 600 °C. The difference between the 
activation energies for the oxygen ionic conducting in low and high temperature ranges 
is tentatively interpreted in terms of an order-disorder transformation. 

1. Introduction 

In the past years, there is a continuous research interest on new family of oxygen 
ionic conductors based on bismuth vanadate, Bi2V05.5.5. Bi2V055.5 has an 
Aurivillius structure, composed of alternating layers of fluoritelike (Bi202)

2+and 
perovskite-like (VO3.5)2". The oxygen ionic transport of Bi2V05 5.5 originates 
from oxygen-anion hopping between oxygen vacancies located in the perovskite 
layers. Below the melting point of 820 °C, Bi2V055.8 undergoes two phase 
transitions in the sequence of ^ (

 450'<—»/?( "°'c->y. The tetragonal y-phase, 
high temperate phase stable above 570 °C, has the most disordered structure, 
leading to the highest oxygen ionic conductivity (<r > 10"' S-cm"' at 600 °C) 
among the three phases [1,2]. The y-phase can be stabilized down to room 
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temperature by partially substituting vanadium with foreign metals such as Co, 
Cu, Ni, Zn, etc. The resulting family of Bi2MexVi_xC>5 5.5 (abbreviated as 
BIMEVOX) compounds shows remarkable potential of being used in moderate 
temperature electrochemical devices, including oxygen pumps, electrochemical 
sensors, electrodes and oxygen separation membranes [3-5]. 

The BIMEVOX materials are commonly synthesized by the conventional 
solid state method. When using the conventional method, a relatively high 
synthesis temperature and a rather long reaction time are always needed in order 
to yield a product with a pure Aurivillius phase [6-8]. Investigating alternative 
synthesis routes to the conventional method is an intriguing subject of significant 
importance. Research efforts have been directed to the synthesis of the 
BIMEVOX materials using various chemical methods, such as sol-gel method 
[9,10], co-precipitation technique [11] and mechanochemical route [12-14]. It 
has been demonstrated that synthesizing the BIMEVOX materials by a chemical 
method has advantages of simplifying preparing process, producing powders 
with desired morphology and enhancing the ionic conducting properties [9]. 
Therefore, further research on this topic is necessary. 

Bi2Vo.9Cuo.1O5.5_5 is a representative member in the BIMEVOX family. In 
this work, we report the synthesis of Bi2Vo.9Cu0.i05.5.5 by a sol-gel method using 
EDTA and citric acid as mixed complexing agents. The sintering and oxygen 
ionic conducting properties of the resulting B^Vo.gCuojOss.s were examined. 

2. Experiments 

Reagent grade Bi(N03)3-5H20, NH4VO3, Cu(N03)2-3H20, C10H16N2O8 (EDTA) 
and citric acid were used as starting materials. The nitrates and ammonium 
metavanadate were weighed, respectively, according to the nominal composition 
of Bi2V09Cu01055_5. The bismuth nitrate and equimolar amount of EDTA were 
first dissolved into deionized water in a beaker. Then, citric acid, NH4V03 and 
copper nitrate were added. The mole ratio of citric acid to EDTA was 3:1. Small 
amounts of ammonia solution were dripped to adjust the pH value of the 
precursor solution. The precursor solution was heated at 110 °C in an oven to 
form a sol and subsequently a gel. The gel was further heated at 160 °C to 
produce a charred foam-like gel. The charred gel was pulverized and calcined at 
400-450 °C for 1 h. The resultant powders were uniaxially pressed into disks 
(13mm diameter and 2 mm thickness), and sintered at 560-680 °C for 2 h in air. 

Thermogravimetric (TG) analysis and differential scanning calorimetry 
(DSC) analysis of the charred gel were performed using a Netzsch STA449C 
simultaneous thermal analyzer at a heating rate of 10 "C-min"1 in air. The phase 

http://Bi2Vo.9Cuo.1O5.5_5
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development of the calcined powders was examined by a Rigaku D/MAX-RB X-
ray diffractometer using Cu Ka radiation. The morphology of the calcined 
powders and microstructure of the ceramic specimens were investigated by a 
Jeol JSM-5610LV scanning electron microscope (SEM). For ceramic specimens, 
thermally etched surfaces were used for SEM observation. The non-isothermal 
sintering behavior was investigated by a NETZSCH DIL 402C dilatometer using 
uniaxially pressed rectangular bars (5 mmX5 mmX20 mm). The variation in 
disordering degree of oxygen vacancies was investigated by means of DSC 
analysis using the Netzsch STA449C simultaneous thermal analyzer at a heating 
rate of 5 "Cmin"' between 150-650 "C.The disk specimens were polished to 
ensure surface flatness and painted with platinum paste on the both surfaces for 
measuring the oxygen ionic conductivity. 

The AC impedance spectroscopy of the specimens was measured using a 
TH2818 automatic component analyzer (0.02-300 kHz) at 200-600 °C in air. 
Considering the geometric of the disk specimens, the ionic conductivities were 
determined by fitting measured impedance plots. 

3. Results and discussion 

Fig. 1 shows the TG-DSC curves of charred Bi2Vo.9Cuo.i05.5.5 gel. The faint 
endothermic peak at 74.8 °C was caused by the evaporation of residual NH3 and 
adsorbed water, corresponding to a small weight loss of 9.1 %. The two 
successive exothermic peaks at 312.8 °C and 446.4 °C are assigned to the 
thermal decomposition of the charred gel and combustion of remaining organic 
components, respectively, totally generating a weight loss of 44.9 %. No further 
DSC peak or weigh loss can be seen thereafter, indicating the completion of the 
thermal decomposition of the charred gel below 500 "C. 

It was found that calcining temperature has a determinant role on the phase 
purity and morphology of the calcined powders. Fig. 2 shows the X-ray 
diffraction (XRD) patterns of the Bi2Vo.9Cuo.i055.5 powders calcined at different 
temperatures. After calcining at 400 °C, most XRD peaks belonging to an 
Aurivillius phase can be detected. Raising calcining temperature promoted the 
development of the Aurivillius phase. A pure Aurivillius phase was identified for 
the powders calcined at 450-550 °C. Fig. 3 shows the SEM micrographs of the 
powers calcined at different temperatures. The powder calcined at 400 °C 
consists of relatively large particles. This can be attributed to the existence of 
residual organic components. Homogeneous and fine particles in the size range 
of 100-200 nm were observed in the powder calcined at 450 °C . Further 
increasing the calcining temperature resulted in an obvious increase of particle 
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size and a slight sintering of the particles. Hence, it was ascertained that the 
preferred calcining temperature of Bi2Vo.9Cuo.i055.5 powder is 450 "C . 
Compared with the conventional solid state reaction method [6-8], the EDTA-
citrate method used in the present work enables the production of 
Bi2Vo9Cuo.i05 5.5 powder with a desired morphology through a simple synthesis 
process and at a relatively lower calcining temperature. 
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Fig. 1 TG-DSC curves of charred Bi2Vn.9Cuo.1O55.5gel. 
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Fig. 2 XRD patterns of Bi2Vo..)Cuo.i05.5-6 
powders calcined at different temperatures. 

Fig. 3 SEM micrographs of Bi2Vo.9Cuo.1O5.5-5 powders calcined at 
(a) 400 "C, (b) 450 V, (c) 500 CC and (d) 550 "C. 
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The powder calcined at 450 °C was used for investigating the sintering and 
ionic conducting properties. Fig. 4 shows the dilatometric curves of green 
Bi2Vo.9Cuo.1O5 5.5 bar. Three characteristic temperatures can be noticed: Ts 

represents the onset temperature of the shrinkage, Tm corresponds to the 
temperature of maximum shrinkage rate and Tc indicates the critical temperature 
above which a creep may occur. It was found that, for Bi2Vo.9Cuo.105 5_5, the 
shrinkage initiates at approximately 466 °C (Ts) and the maximum shrinkage 
rate appears at 573 °C (Tm). In addition, it can be observed that the sintering 
process tends to end at 700 °C , with the shrinkage rate becoming nearly 
negligible at higher temperatures. 

400 500 600 700 
Temperature/(°C) 

Fig. 4 Dilatometric curves of green 
Bi2Vo.9Cuo.1O5.5j bar. 
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Fig. 5 Radial shrinkage and relative density of 
Bi2Vo.9Cuo.1O5.5-5 ceramics as a function of 
sintering temperature. 
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Fig. 6 SEM micrographs of Bi2Vo.9Cuo.1O5.5j ceramics sintered at 
(a) 600 "C, (b) 640 'C and (c) 680 "C. 

In order to determine the optimum sintering temperature, Bi2Vo.9Cu01O55.5 
specimens were sintered for 2 h at temperatures between Tra and Tc. Fig. 5 shows 
the relatively density and radial shrinkage of Bi2V0.9Cu0.iO5 5_5 ceramics as a 
function of sintering temperature. The values of relative densities were 
calculated with reference to the theoretical density of 7.77 gem"1, derived from 
the unit cell parameters based on XRD refinement [8]. The radial shrinkage and 
relatively density display an identical variation with sintering temperature, 
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increasing with sintering temperature up to a maximum value at 640 °C and then 
declining. Fig. 6 shows the SEM micrographs of E^Vo.gCuo.iOss.a ceramics 
sintered at different temperatures. Rather small grains together with obvious 
pores can be seen in the specimen sintered at 600 °C. A dense microstructure 
with uniform and well grown grains of 3-5 um was observed for the specimen 
sintered at 640 °C. By comparison, the specimen sintered at 680 °C presents an 
abnormal grain growth and distinct pores, which is in agreement with its low 
relatively density of 79.0 %. Thus, sintering at 640 °C was ascertained to be 
preferred for Bi2Vo.9Cu0.i05 5_s ceramic. Compared with the conventional solid 
state method [6-8], sintering temperature can be lowered by about 100 °C by 
using the EDTA-citrate method described in the present work. 
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Fig. 7 Arrhenius plot of electrical conductivity Fig. 8 DSC curve for Bi2Vi1.;Cuo !05 5.6 

for Bi2V09Cuo.iO5.5-5 ceramic sintered at 640 "C. ceramic sintered at 640 *C. 

Fig. 7 shows the Arrhenius plot of oxygen ionic conductivity for 
Bi2Vo.9Cuo.1O5.5_5 ceramic sintered at 640 °C. The plot can be approximately 
divided into two regions, with a slop change occurring between 360-440 °C. This 
is presumably attributed to a y'-y transformation during heating [15]. With a 
tetragonal symmetry, the difference between the y and y' phases lies in the 
disordering degree of oxygen vacancies. The high temperature region of the 
Arrhenius plot, corresponding to the y phase, is characterized by highly 
disordering oxygen vacancies and a low activation energy of 0.23 eV. The low 
temperature region, corresponding to the y' phase, gives a higher activation 
energy of 0.57 eV, which can be explained by a partial ordering of oxygen 
vacancies [16]. Fig. 8 shows the DSC curve of Bi2Vo.9Cuo.|055_5 ceramic 
sintered at 640 "C. The endothermic peak near 450 °C was assumedly caused by 
the y'-y transformation [17,18]. There is, however, a discrepancy between the 
transformation temperatures measured by the two techniques. This is probably 
due to the different timescales of the two techniques, with the heating rate of 
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DSC analysis being comparatively faster than that of ionic conductivity 
measurement. The specimen sintered at 640 °C exhibits a high oxygen ionic 
conductivity of 1.4x 10"1 S-cm"1 at 600 °C. 

4. Conclusions 

Bi2V0.9Cu01O5.5_5 powder was synthesized by a sol-gel method using EDTA and 
citric acid as mixed complexing agents. The EDTA-citrate method has been 
confirmed to be an advantageous process in synthesizing Bi2Vo.9Cu0. .055.5. 
Bi2Vo.9Cuo.1O5 5.5 powder with a pure Aurivillius phase can be produced by 
calcining at 450 °C for lh in air. The resulting powder consists of superfine and 
uniform particles of 100-200 nm. Bi2V09Cuo.i05 5.5 ceramic sintered at 640 °C 
shows a dense microstructure with uniform grains of 3-5 urn and a relative 
density of 93.6 %. The specimen provides an oxygen ionic conductivity of 
1.4x10"' S-cm"1 at 600 °C. Moreover, experimental evidences have been 
achieved for the y'-y transformation in tetragonal ceramic during heating through 
ionic conductivity measurement and DSC analysis. 
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The present work involves the preparation and characterization of a new superionic system 

namely, (Pbl2)x -(AgaO-CrzOjJioo-* where x = 5, 10, 15, 20, and 25 mol% respectively. The 

varieties of samples were synthesized by the rapid melt quenching technique. Complex impedance 

analysis of all these samples was carried out over the frequency range 1 MHz - 20 Hz in the 

temperature window 300 - 463 K. The Fourier transform infrared (FTIR) spectra were recorded 

over the wave number region 4000 - 500 cm"1 by the KBr pellet method at room temperature. 

Furthermore, the ionic transport number ft) values were obtained for all these specimens by 

Wagner's polarization technique. Impedance spectral analyses have indicated their room-

temperature electrical conductivities to be of the order of 10"4 Scm"'.The detailed FTIR results 

obtained for most of the samples in this system have revealed the absorption bands around 

850 cm"' corresponding to Cr04
2" molecular species. The ion transport number values as 

determined by the Wagner's polarization method were found to be greater than 0.95 thus 

indicating the ionic nature of this system for device applications. 

1. Introduction 

The superionic properties of silver ion conducting materials have been extensively 
studied in view of their important applications in gas sensors. Recent literature show 
that researchers are still showing wide interest in studying several aspects of systems 
involving various combinations of glass formers, glass modifiers and dopant salts. [1-5] 
Among these materials, a major part of work carried out recently in our laboratory has 
identified and analyzed several new silver based solid electrolytes. [6-9] Initially, 
Minami studied the effect of chromium oxide as glass former in a silveroxysalt with 
Agl as the dopant salt. [10] The aim of the present investigation involves the 
preparation and characterization of a new series of silver ion conducting systems 
with Pbl2 as the dopant salt viz., Pbl2-Ag20-Cr203 through Fourier transform infrared 
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(FTIR) studies, impedance spectroscopy and ion transport number measurements by the 
Wagner's polarization technique. 

2. Experimental Procedure 

2.1. Material Preparation 

Analar grade chemicals of Pbl2 (Aldrich- Purity 99%), Ag20 (SRL- Purity 99%) and 
Cr203 (Aldrich- Purity 98%) were used as starting materials. The appropriate amounts 
of these starting materials were weighed out according to the stoichiometric composition 
(Pbl2) x - (Ag20 - W03) ,oo.x, (5 < x < 25), where x = 5, 10, 15, 20, and 25 mol% PbI2. 
Subsequently, the mixture was loaded into quartz ampoules and vacuum-sealed. These 
specimens were then annealed to 823 K for nearly an hour and rapidly quenched to 
liquid nitrogen temperature followed by storage in darkened desiccators to prevent 
light-induced reactions. 

2.2. Characterization Studies 

The electrical conductivity measurements were made using the complex impedance 
analysis carried out on powdered samples, that were made into pellets of 8 mm 
diameter and approximately 3 mm thickness under a pelletizing pressure of 5 ton/cm2, 
using an HP 4284A Precision LCR meter in the frequency window 20 Hz - 1 MHz and 
over the temperature range 301 - 463 K. 

FTIR spectra were recorded for all the five different samples of the mixed system 
(Pbl2) x - (Ag20 - Cr203) ,oo-x, (5 < x < 25) in the wave number region 4000 - 500 cm"' 
at room temperature by the KBr pellet method using a Perkin Elmer RX1 
Spectrophotometer with a resolution of 4 cm"'. 

Wagner's polarization technique was employed to determine the total ion transport 
number. In this method, the powdered sample forming the electrolytic phase is pressed 
between silver (non- blocking) and graphite (blocking) electrodes and made into a 
pellet using the method described above. Subsequently, a small dc potential (-200 mV) 
is applied across the cell thus formed and the current and potential difference is noted 
simultaneously as a function of time. [11] The value for output current at time t = 0 sec 
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corresponds to total electrical conductivity due to ions and electrons. After 6-7 h, a 
steady state output corresponding to just the electronic conduction was noted. From the 
above measured values, the total ion transport number was evaluated. 

3. Results and Discussion 

3.1. Electrical Conductivity Studies 

The room temperature electrical conductivity, CT30IK values for the five different 
compositions in the present system are given in Table 1. It can be seen from Table 1 that 

Table 1. Electrical conductivity and ion transport number data for different 

compositions of the system (Pbl2)s- (Ag20-Cr203)i(Ki.N 

Compositions 
(mol%) 

5 

10 

15 

20 

25 

Room temperature 
electrical conductivity 

aRT, (Scm"1) 
1.01 x 10"4 

2.22 xlO"4 

6.50 x 10"4 

1.97 xlO"4 

1.37 x 10"4 

Total ionic 
transport number 

(ti) 
0.951 

0.970 

0.981 

0.966 

0.958 

these samples exhibited electrical conductivities of the order of 10"4 Scm"1. The best 
conducting sample in the present series viz., 15 (Pbl2)- 75 (Ag20 - Cr203) possessed 
conductivity as high as 6.5X10"4 Scm"1. The conductivity values thus obtained are 
comparable to that in the case of the superionic systems Agl - Ag2Cr04 and CuxAg!.xI 
- Ag20 - Cr03. [12] The observed impedance plots for the typical composition 
15(PbI2) - 75(Ag20 - Cr203) obtained at various temperatures (301 - 463 K) 
are shown in Figure 1. It is well evident from Figure 1 that the bulk resistance of the 
sample, as evaluated from the latter half of the semicircle corresponding to the high 
frequency region, decreases as the temperature increases. The bulk and electrode-
electrolyte effect can be studied from the depressed semicircle corresponding to the 
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Figure 1. Complex impedance plots (Zcos8 versus Zsin6) obtained at various temperatures for the mixed 

system (Pbl2) * - (Ag20 - Cr203) wo.,, where x = 15 rnol%. 

Figure 2. Variation of electrical conductivity with temperature for five different compositions in the mixed 

system (Pbl2) „ - (Ag20 - Cr203) ,«,.„ (5 < x < 25) 

lower frequency region. The bulk resistance was evaluated using the standard 
equivalent Boukamp circuit program. [13] It may also be noticed that on increasing 
temperatures the values of the bulk resistance decrease, thus implying an increase in the 
electrical conductivity. The inset in Figure 1 shows that the value of the bulk resistance 
goes down by an order at 423 K and above. This feature clearly signifies a 
corresponding rise in the conductivity by an order indicating the formation of the high 
conducting oc-Agl phase. The variation of electrical conductivity with temperature for 
all the five different compositions in the present system is shown in Figure 2. The plot 
is seen to obey the Arrhenius behavior of the form 

o(0) = (o0/ T)exp(-Ea/kT) (1) 

where the symbols have their usual meaning. The activation energies for ion migration 
(Ea) was calculated from the slope of the plot and it was found to range between 
0.27 and 0.31 eV, the minimum value associated with the best conducting composition 
containing x = 15 mol% Pbl2. This trend of the electrical conduction in the present 
system at different temperatures is found to be in good accordance with the 
characteristic property of superionic solids [14,15]. This clearly confirms the Hard and 
Soft Acids and Bases (HSAB) principle of ion exchange reactions between Ag+ and 
Pb2+ resulting in the formation of Agl. [16,17] 
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3.2. FTIR Spectroscopic Data 

The FTIR patterns recorded for five different compositions of the mixed system 
(Pbl2)x -(Ag20-Cr203),oo-x , (5 < x < 25) corresponding to x = 5, 10, 15, 20 and 
25 mol% Pbl2 in the range 500 - 1200 cm"1 are depicted in Figure 3. No characteristic 
absorption bands were observed beyond 1200 cm"1. The presences of a band around 
565 cm"1 in the case of all five compositions suggests the symmetric stretching (ys) 
mode of Cr207

2". [18] The absorption band at 878 cm"1 for the composition containing 
x = 5 mol% Pbl2 corresponds to the asymmetric stretching (Yas) mode of tetrahedral 
Cr04

2" species. The absorption band noticed around 850 cm"1 for compositions with 

B.000 u 10.000 12.000 14.000 16.0D0 18.000 20.000 22.000 24.000 

Figure 3. FTIR patterns observed for five different samples of the mixed system 

(Pbh)x - (Ag20 - Cr203) ,00-,, (5 < x < 25) 
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x = 10, 15, 20 and 25mol% Pbl2 may be ascribed to the vibrational mode of Cr04
2" ions. 

Researchers working on similar systems also reported similar absorption peaks. [19,20] 
For higher concentrations of the dopant salt, starting from x = 15 mol% Pbl2, new 
bands appearing within 400 - 450 cm"1 may be attributed to the vibrational mode of 
Pb-0 bonds [21]. The absorption peak around 630 cm"1 for all the composition in the 
present system may be assigned to the formation of KI04 due to ion exchange reaction 
between K+ and Ag+ during the recording of FTIR spectra. [22] Thus, the FTIR results 
tend to reveal the presence of anionic species as Cr04

2", Cr2072" in the glassy network. 

3.3. Ion Transport Number Measurements 

The ion transport number data evaluated for all the five different compositions using 
the Wagner's polarization method are tabulated in Table 1. From Table 1, it is seen that 
the mobile ion transport number is found to be in the range 0.95 - 0.98. This confirms 
the fact that the present material under study is mainly a silver ion conductor. It is 
possible that, in addition to the contribution of silver ions for conduction, there is a 
strong possibility of the divalent Pb2+ ion also contributing to the conduction. Other 
workers too reported this trend known as the "mixed cation effect". [15,23] From 
earlier investigations, on the Agl-Ag20-Cr203 system, it was confirmed that the best 
conducting glass was found in the higher concentration side of silver iodide i.e., above 
60mol% Agl. [10] On the other hand, the present system involving the dopant salt Pbl2, 
has revealed that high ionic conductivities are achieved for comparatively lower 
concentrations of Pbl2, i.e., about 15mol% Pbl2. There may be two main reasons behind 
these differences presented above. Firstly, the concentration of the iodine content 
originating from Pbl2 is double than in the case of Agl. Two I" ions are provided by one 
mole of Pbl2 to the silver-chromium-oxide network whereas Agl introduces only one I-
ion into the same network. Hence a rapid increase in the number of I" ions leads to 
structural deformation of the network and expands the network significantly thus 
creating pathways for conduction or increasing the mobility of the conducting ions. The 
above activity of the I" ion is considered as the "open network model" [24] and that 
explains a significant rise in conductivity for lower concentrations of Pbl2 content. 
Secondly, it is highly probable that monovalent Ag+ ion and divalent Pb2+ ion are 
involved together in the conduction process and as a result exchange interactions 
between Pb2+ and Ag+ cations may take place. [25] Hence Pb2+ ions prefer a link with 
the chromium oxide network and Ag+ ions move towards the I" ions to form micro 
clusters of Agl. The presence of such micro clusters has been well reported in several 
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glasses. [15, 26] In addition, the presence of Agl has already been confirmed by the 
impedance results discussed earlier. Therefore, the higher the concentration of Pbl2 

content, the more the Pb2+ ions become available to penetrate into the silver-chromium-
oxide network. 

4. Conclusion 

The ion transport and structural investigations on the mixed system (Pbl2)x - (Ag20-
Cr203)ioo-x! (5 < x < 25) has revealed a glassy network structure involving tetrahedral 
Cr207

2", Cr04
2" ions and confirmed the presence of a-Agl. The ion transport number 

measurements identified the present system as a silver ion conducting superionic 
conductor. The role of Pbl2 as a dopant salt compared to Agl in the same chromium 
network has also been examined and the reason for the observed high conductivity 
values at lower concentrations of Pbl2 carefully probed into. The conduction behavior 
in the present system appears to support the open network model and the cluster 
pathway model. 
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Electronic conductivity of cobalt doped LSGM electrolytes (La0.gSro^Gao.sMgo 2^Cox03.5, 
LSGMC) was directly measured with using a Hebb-Wagner's ion blocking cell. 
Electronic conductivity of LSGMC electrolytes was measured as a function of oxygen 
partial pressures. The electronic conductivity of LSGM8282(LSGMC(.r = 0) electrolyte 
shows a linear dependence on />(02)"

4 in the higher />(02) region, which is attributed to 
the electronic hole conduction. The electronic conductivity of LSGMC was drastically 
changed with the concentration of cobalt. The electronic conductivity of LSGMC(.r = 
0.01) also shows a linear dependence on />(02)"

4 in the higher />(02) region, and the 
conductivity was about the same with that of the LSGM8282. On the other hand, the 
electronic conductivity of LSGMC(jr = 0.05) did not show a linear dependency on 
/>(02)"

4 but on about p(02)"6 in the higher />(02) region. The electronic conductivity of 
both electrolytes in lower p(Oi) region did not show any dependence on p(02). 

1. Introduction 

Doped- lanthanum gallate electrolytes with appropriate double dopant of 
strontium and magnesium (denoted to LSGM) possess higher oxide ion 
conductivity than that of YSZ electrolytes1. Consequently, LSGM electrolytes 
are being studied as potential electrolytes for intermediate temperature (IT) 
SOFCs operated below 800 °C. SOFC Electrolytes should have not only high 
oxide ion conductivity but also low electronic conductivity. High electronic 
conductivity enlarges the oxygen permeation through the electrolyte without 
power generation, which decreases the energy conversion efficiency of the 
SOFC. Hence, electronic conductivity of various SOFC electrolytes was 
intensively investigated in some groups. In order to evaluate the minor 
electronic conductivity in oxide ion conductors, a DC-polarization method with 
a Hebb-Wagner's ion blocking cell is the most suitable technique2'3. In this 
measurement, the minor electronic conduction can be observed by blocking the 
major ionic conduction. For oxide ion conductors, this technique was applied to 
YSZ at first, and some valuable data was obtained4"6. For LSGM electrolytes, 
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electronic conductivity of Lao.9Sro.1Gao8Mgo2O2.s5 (LSGM9182) was measured 
by using a Hebb-Wagner's ion blocking cell in our group7. The electronic 
conductivity due to the electronic holes was observed in the higher p(02) region 
over 10"5 atm. The transference numbers of oxide ion were 0.988 and 0.994 at 
1273 and 873 K, respectively, which indicates that LSGM9182 is an appropriate 
oxygen ionic conductor as SOFC electrolytes, especially at lower temperatures. 
The electronic conductivity of LSGM9182 was recently reconfirmed by some 
researchers with good reproducibility8'9. 

However, the ionic conductivity of LSGM9182 is not sufficient to be 
utilized for IT-SOFCs with electrolyte supported structures. In order to increase 
the ionic conductivity, the amount of Sr dopant increased and some transition 
metals were additionally doped to Ga-site with Mg. As a result, 
Lao.gSro 2Ga0 8Mg0 2-^Cox03^ (LSGMC) was found to be the state of the art in a 
series of doped- lanthanum gallate electrolytes10, and the electrolyte has already 
utilized for a few kW SOFC demo stack". On the other hand, a negligible new 
problems appeared by doping cobalt. Although the ionic conductivity of 
LSGMC increases with the amount of cobalt, the transference number of oxide 
ion, t{02'), of LSGMC decreases with the amount of cobalt in the higher P(02) 
region. This reduction of /(O2") was considered due to the relatively high 
electronic hole conductivity. In our previous report12, the electronic 
conductivity of LaosSro^GaosMgo^CO;^^,^ = 0.05 and 0) was measured with 
a modified Hebb-Wagner's cell. The electrolyte without cobalt dopant showed 
typical electronic hole conductivity which was proportional to p(0-^/A in the 
higher />(02) region. The electronic conductivity was enlarged by doping cobalt 
and the electronic conductivity was almost proportional to p(Oi)116. 

In this paper, electronic conductivity of LSGMC electrolytes was 
investigated as a function of the amount of cobalt dopant with a modified Hebb-
Wagner's ion blocking cell. 

2. Experimental 

2.1. Samples 

LSGMC electrolytes were prepared by a conventional solid-state reaction 
method as shown in a previous report. The electrolytes were sintered at 1723 K 
for 5h in air, and the obtained pellets were fully dense after sintering. In XRD 
measurements, LSGMC showed some small peaks related to a secondary phase 
with main peaks of a cubic LSGMC phase. We also used some LSGMC 
powders which were purchased from Seimi Chemical Co., Ltd.. The powders 

http://Lao.9Sro.1Gao8Mgo2O2.s5
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were also sintered at 1723 K for 5h in air, and the obtained pellets were fully 
dense after sintering. In XRD measurements, LSGMC also shows some small 
peaks related to a secondary phase with main peaks of a cubic LSGMC phase. 

2.2. Measurements 

The electronic conductivity was measured with a modified Hebb-Wagner's 
ion blocking cell. Both surfaces of LSGMC pellets were polished with diamond 
slurry containing 3 um diamond powders. Platinum paste (Tanaka Kikinzoku 
Kogyo K. K., TR-7905) was painted on both surfaces of the pellet as reversible 
and blocking electrodes, respectively, with diameters of 10 mm. Platinum 
meshes having platinum leads were attached on the electrodes as a current 
collector and the sample was fired at T = 1273 K. The blocking electrode was 
closed into a small chamber with an aluminum spacer and a glass sealant, and 
therefore, the oxygen was indirectly blocked at the blocking electrode with the 
closed small chamber during DC-polarization measurement. 

The blocking cell was put between aluminum tubes with some elaborate 
parts to achieve good sealing by fixing the blocking cell and uniformly 
weighting between the alumina tubes. The outer of the fixed blocking cell was 
covered with a second aluminum tube to control the atmosphere around the 
blocking cell. The atmosphere around the reversible electrode was fixed by 
flowing 1%02 gas balanced with Ar. The temperature around the blocking cell 
was kept to be constant. The schematic views of the ion blocking cell and the 
cell setting are shown in Fig. 1. 

DC-polarization measurements were worked out as follows. DC voltage 
was applied with using a potentio/galvano-stat. First, a constant voltage was 
applied between the reversible and the blocking electrode as oxygen was 
transferred from the blocking to the reversible electrodes. This is important to 
avoid a gas leakage from the glass sealant due to an increase of pressure in the 
closed space. When the voltage was applied to the sample, the current changed 
until an ionic current was fully blocked. In the steady state, the measured 
current is electronic current governed by electrons and electronic holes in the 
sample. When the electronic current was observed as a function of applied 
voltage, the electronic conductivity (<re) was determined by the equation as 
follows. 

L{ dl "I 

"<=ibH () 

^V^app J 
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(reversible electrode) 
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Thermocouple 

Lead wires 
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(b) cell setting 

Figure 1. Schematic views of the ion blocking cell and the cell setting. 
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where A and L are the electrode area and the thickness of the sample pellet, 
respectively. The electronic conductivity are relevant to the oxygen partial 
pressure at the blocking electrode, PbiodSP-i), and calculated by using the 
following equation. 

F - R T
] n ^ v ( Q 2 ) 

3 P P " 4 F Pblock(02) 
(2) 

where R, T, F and prev(02) are the gas constant, temperature, the Faraday's 
constant and the oxygen partial pressure around the reversible electrode. The 
electronic conductivity was evaluated as a function of oxygen partial pressure 
using the equations 1 and 2,endent and additive. 

3. Results 

Figure 2 shows the electronic conductivity of LSGMC(.r = 0.01) as a 
function of p(02) at T = 1073, 973 and 873 K. The electronic conductivity at 
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Figure 2. Electronic conductivity of LSGMC(.v = 0.01) at T = 1073, 973, 873 K. The solid lines 

shows a linear dependency of conductivity on piOif1*. 
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higher p(02) region was proportional to 1/4 powers of p(02) between T = 1073 
and 873 K. When the main carrier of the electronic conduction is electronic 
holes produced in the electrolyte related to the equilibrium with oxygen, the 
conduction mechanism is explained with following equations, 

V'o'+^02=00+2h',[h']ccP(02y (3) 

where V0", 00
x , hm in eq. 3 are an oxygen vacancy, normal oxide ion on the 

oxygen site, and electronic hole, respectively. 
On the other hand, the electronic conductivity at the lower p(02) region did 

not show any dependency on p(02), and the conductivity vs. p{02) plot was 
significantly scattered at the p(Q2) region. In our previous reports, credible 
electronic conductivity was not obtained at lower p(02) region, either. The 
difficulty of the electronic conductivity measurement in the lower p(02) region 
should be attributed to some lack of reliability in lower p(02) region. With 
lowering p(02) especially at higher temperatures, Ga ions in LSGM were 
reduced at the surface and subsequently vaporized from the surface as Ga20 
etc13. In addition, the existence of platinum enhances the gallium depletion from 
LSGM electrolyte by forming Pt-Ga alloys. 
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Figure 3. Electronic conductivity of various LSGMQ.t = 0.00. 0.01, 0.05) electrolytes at T = 1073 K. 



258 

In our previous study, the electronic conductivity of LSGMC(.r = 0.00, 
0.05) had already been obtained12. Figure 3 shows the electronic conductivity 
of various LSGMC(x = 0.00, 0.01, 0.05) electrolytes at T = 1073 K. The 
conductivity of LSGMC(x = 0.00 and 0.05) were referred from our previous 
report. The electronic conductivity of LSGM8282 (LSGMC(x = 0)) showed a 
linear dependence on p(02)

VA in the higher p(02) region. The electronic 
conductivity of LSGMC(x = 0.05) showed a linear dependence on p(02)

V6 in the 
higher p(02) region. The electronic conductivity of LSGMC(x = 0.01) shows a 
linear dependency onp(02)

l/4 in the higher p(02) region, and was slightly higher 
than that of LSGM8282 and was significantly lower than that of LSGMC(x = 
0.05). From these results, it is determined that the mechanism of electronic 
holes in LSGMC(.v = 0.01) is the same with that of LSGM8282; the hole 
conduction is due to electronic holes produced in the electrolyte related to the 
equilibrium with oxygen as shown in eq. 3. The electronic holes did not 
increase by doping cobalt for LSGMC(x = 0.01) in a wide p(02) region, which 
means that the valence of cobalt ions in LSGMC(.r = 0.01) was constant in the 
higher p{02) region. And the electronic conductivity of LSGMC was drastically 
changed with increasing the cobalt concentration from x = 0.01 to 0.05. 

In order to clarify the turning point of the electronic conduction of LSGMC, 
the electronic conductivity of LSGMC(x = 0.03) is now investigating. The 
result will be shown in the conference. 

4. Conclusion 

Electronic conductivity of cobalt doped LSGMC electrolytes 
(LaogSro^GaogMgo^Coo^Oj.g, LSGMC(.v = 0.01) were directly measured with 
using a Hebb-Wagner's ion blocking cell. The mechanism of electronic holes in 
LSGMC(x = 0.01) was the same with that of LSGM8282; the hole conduction is 
due to electronic holes produced in the electrolyte related to the equilibrium 
with oxygen. The electronic holes did not increase by doping cobalt for 
LSGMC(.v = 0.01) in a wide p(02) region, which means that the valence of 
cobalt ions in LSGMC(x = 0.01) was constant in the higherp(02) region. 
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Abstract 

Layered Li(Co,.xAlx)02, x=0.05-0.25 phases have been prepared by using 

the one-pot molten salt method at 850 °C in air and characterized by X-ray 

diffraction, Rietveld refinement, SEM-EDAX, chemical analysis, BET surface area 

and density methods. Cathodic properties were studied at ambient temperature in 

cells with Li-metal as the counter electrode by cyclic voltammetry (CV), 

galvanostatic charge-discharge cycling (up to 130 cycles) and Impedance 

spectroscopy. Single-phase compounds with hexagonal layer structure formed for 

all x. Results showed that for x>0.05, the Li-de-intercalation potential during the 

first charge-cycle occurs at a value slightly higher than that shown by pure LiCo02 

and the structural transitions that occur at -4.1 V and ~ 4.2 V are suppressed. 

However, the transition at ~4.5 V is not suppressed. As a consequence, the long-

term cyclability of Li(Co!_xAlx)02is greatly improved, when cycled in the potential 

ranges 2.5-4.3 V and 2.5-4.4 V at the current rate of 30 mA/g. Higher 10th cycle 

capacities were noted for x>0.1-0.2 in the 2.5-4.5 V range but capacity-fading was 

noted, by 5-7 % at the end of 55 cycles. The observed CV and impedance data have 

been analyzed and interpreted. 

Key words: Li(Co].x A1X)02; Molten salt synthesis; cathodes; Li-ion batteries 

1. Introduction 

Layered LiCo02 is commonly used as the cathode material for lithium ion 

batteries (LIB) due to its high volumetric energy density, excellent cyclability and 

high operating cell voltage. However, LiCo02 is usually cycled to an upper cut-off 

voltage of 4.2 V vs. Li, which gives a specific capacity of ~ 135 mAhg" . In order to 

obtain a higher capacity, LiCo02 must be charged to > 4.2 V, but this will cause 

capacity fading during charge-discharge cycling due to crystal structure transitions 

that occur with increasing y in Lii_yCo02. These transitions are reversible: 

Hexagonal (HI) ->monoclinic (M) and M -»H1 occur at 4.06 and 4.18 V vs. Li 

respectively. The HI -> Hexagonal (Hl-3) occurs at -4.55 V and the (Hl-3) -> 
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Hexagonal (Ol) transition takes place at ~4.63 V [1]. The phase transitions, HI <-> 

M<-»H1 in LiCo02 which are order-disorder type and involve minor unit cell 

volume changes, can be suppressed by doping at the Co-site with ions like Ni [2], 

Mg [3], Cr [4], Rh [5] or by incorporating excess Li to form Lii+xCo02, x < 0.15 [6-

8], Al [9-20] or Ga [21]. The Li-recyclability has been studied in these doped 

systems. 

Doping of aluminum (Al) at the Co-site in LiCo02 is of particular interest 

due to the following reasons: 1. Low cost, low toxicity and low density in 

comparison to cobalt. 2. The ionic radius of Al3+ ion (0.535 A) is only slightly 

smaller than that of Co3+ ion (0.545 A in low-spin configuration) in an octahedral 

O-coordination, and hence a wide range of solid solution formation can be expected 

[11,17]. In fact, Takahashi et al. [22] have been able to grow single crystals of 

Li(Co0.29Al0.7i)O2 which is iso-structural to LiCo02. 3. The Al-0 bond is stronger 

than the Co-O bond in Li(Coi.xAlx)02 and as a consequence, the Li-0 bond is 

weaker (more ionic) in comparison to LiCo02. This leads to increased Li-ion 

mobility in Li(Coi_xAlx)02 as has been found by Myung et al. [13] for the 

composition, x=0.1. Myung et al. [13] and Venkatraman and Manthiram [20] also 

found a significant decrease in the Co-dissolution, in the charged-state, of the 

compounds with x=0.1-0.3 in comparison to un-doped LiCo02. On the other hand, 

Al-doping in to LiCo02 leads to higher Li de-intercalation voltage, as predicted and 

verified experimentally by Ceder et al. [9] and also observed by many groups [10-

18]. Also, studies have shown that at least up to 20 charge-discharge cycles, 

capacity degradation occurs in Li(Coj.xAlx)02 for x<0.25 [10,11,12,15,18]. Local 

structural changes at the Co-site during cycling was found to be one of the reasons 

for the observed behavior [12]. However, Mien et al. [16] found that for x=0.05-

0.25 in Li(Co!.xAlx)02, the discharge capacity stabilizes in the range 5-16 cycles, 

even though rapid degradation of capacity occurred during the first 5 cycles with a 

cut-off potential of 4.4 V vs. Li. Thus, there is a need to examine the long-term 

cycling behavior of the system, Li(Coi_xAlx)02 with various upper cut-off 

potentials. 

The compounds Li(Co|.xAlx)02 are usually prepared by the high-temperature 

(>750°C) reaction in air, using raw materials of mixed hydroxides or nitrates, or 

through chemical precursors via sol-gel, freeze-drying or microwave method [9-

21]. Molten-salt synthesis (MSS) is one of the novel preparation methods to obtain 
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highly crystalline cathodes materials like, LiMn204 [23], Li[Ni1/2Mn3/2]04 [24] and 

LiCo02 [8,25]. Han et al. [18] employed this method to prepare Li(Co0.gAl0 2)02 at 

relatively low temperature of 580 °C using the eutectic salt mixture, LiN03-LiOH. 

We used the MSS method to prepare LiCo02 [8], Li(Ni1/2Coi/2)02 [26] and 

Li(Nii/3Co1/3Mni/3)02 [27] and studied their cycling behavior. Presently we report 

on the preparation of Li(Coi.xAlx)02 phases by the MSS using eutectic LiN03:LiCl 

and their cycling behavior up to 130 cycles with various upper cut-off potentials. 

2. Experimental 

The compounds Li(Coi_xAlx)02, x = 0.05-0.25 were prepared by using 

LiCl (Merck) and LiN03 (Alfar Aesar) salts in the mole ratio 0.12:0.88 (eutectic 

composition with melting point, 280°C) as the salt flux. The metal nitrates 

Co(N03)2.6H20 (Aldrich) and A1(N03)3.9H20 (Fluka) were the raw materials. The 

mole ratio of (Co, Al): eutectic was kept at 1: 4. After proper mixing, the mixture 

was put in an re-crystallized alumina crucible and heated in air, in a box furnace at 

a heating rate of 3 °C min"1 to 850CC for 8 h. The contents were slowly cooled to 

room temperature by furnace shut-off. The product was thoroughly washed with 

deionized water several times to remove the excess lithium salts. The residue was 

dried in an air oven at 150 °C for 24 h, ground to powder and stored in a desiccator. 

Powder X-ray diffraction (XRD) patterns were taken using Bruker AXS 

D8 unit, with Cu Ka radiation. Rietveld refinement of the XRD data was carried out 

with TOP AS software. The morphology and elemental analysis of powders was 

determined by scanning electron microscope (SEM) (JEOL JSM-6700F) attached 

with the EDX analyzer. The Li, Co and Al contents were also determined on 

selected compositions using inductively coupled plasma (ICP) spectrometer 

(Thermo Jarrell Ash, IRIS/AP Duo). The Brunauer, Emmett and Teller (BET) 

surface area of the powders was measured by Micromeritics Tristar 3000 (USA) 

and density determination was carried out using AccuPyc 1330 pycnometer, 

Micromeritics (USA). 

The electrodes for electrochemical measurements were fabricated with the 

active material, super P carbon black and binder (Kynar 2801) in the weight ratio 

80:10:10 using N-methyl pyrrolidone (NMP) as solvent by the doctor blade 

technique. Etched Al-foil was the current collector. Lithium metal foil (Kyokuto 

metal Co., Japan) was the negative electrode (anode) and 1M LiPF6 in ethylene 

carbonate (EC) + diethyl carbonate (DEC) (1:1 V/V) (Merck) was used as the 
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electrolyte with Celgard 2502 membrane as the separator. Coin-type test cells were 

fabricated in an Ar-gas filled glove box as described previously [8,26,27]. Cyclic 

voltammetry and charge-discharge cycling at a constant current were carried out at 

ambient temperature (RT=25°C) using the Mac-pile II system (Bio-logic, France) 

and Bitrode multiple battery tester (Model SCN, Bitrode, USA). The cells were 

aged for 24 fa before measurements. Computer controlled Solartron 

Impedance/gain-phase analyzer (model SI 1255) coupled with a battery test unit 

(model 1470) was used for impedance measurements on cells at RT. The frequency 

range was from 0.35 MHz to 3 mHz with an ac signal amplitude of 5 mV. Data 

were analyzed by using Z plot and Z view software (Version 2.2, Scribner 

associates Inc., USA) to obtain the Nyquist plots. 

3. Results and Discussion 

3.1. Structure and morphology. In the MSS method, the metal nitrates 

decompose to form the corresponding oxides above 500-600 °C which then will 

react with the Li-ions from the molten salt-flux to form the desired compounds, 

Li(Co|.xAlx)02. The method also ensures random occupancy of the Al- and Co-ions 

in the transition metal-layer of the layer structure. In the present study we have not 

varied the synthesis conditions of temperature (850 °C), time of soaking (8 h) nor 

the metal-to-salt flux ratio (1:4). The phases with x=0.05, 0.1, 0.15, 0.2 and 0.25 

have been prepared which are well-crystalline black powders. The SEM 

photographs showed sub-micron size platelets characteristic of layer structure 

Fig. 1. SEM photograph of Li(Co0.9Al0,i)O2. Bar scale, 5 u,m. 
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Chemical analysis showed that the nominal compositions agree with the expected 

atomic compositions (±0.005): x=0.1: Lij .o3(Coo.9Alo.o8)02; x=0.15: 

Li103(Coo.85Al0.ii)02; x=0.2: Lio.98(Co0.8Alo.2)C>2. EDAX analysis on the nominal 

x=0.15 agreed well with the expected atomic composition to within +0.01. The 

measured BET surface areas of the powders, shown in Table 1, increase with 

increasing Al-content, x from 5 to 32 m2g"'. Apparently, Al-doping prevents the 

growth of large-size grains of LiCo02 and help in increasing the surface area. The 

measured densities of the powders compare well with those calculated from the X-

ray data (Table 1). We tested the x=0.1 phase for Li-leachability from the lattice by 

suspending 0.5 g of the powder in 100 ml of de-ionized water and monitored the 

pH of the solution for one week. The solution remained neutral indicating that no 

lithium was leached out. 

The XRD patterns of the compounds, Li(Coi.xAlx)02 showed characteristic 

peaks which were indexed on the basis of the LiCo02 structure, space group, 

R 3m. Rietveld refinement of the XRD data was carried out with Li ions at the 3b 

site, Co- and Al- ions randomly distributed at the 3a site and O ions at the 6c site. 

The fitted pattern for x=0.1 is shown in Fig. 2. The hexagonal a and c lattice 

parameters and the cla ratio for various x values, calculated from the Rietveld 

refined data are given in Table 1. For comparison, the data on pure LiCo02, 

synthesized earlier by us employing the MSS method [8] are also given. For all 

values of x (0.05-0.25), the Rietveld refined parameters R-Bragg, Rwp and GOF 

were found to be in the range, 0.3-0.7, 2.5-3.0 % and 1.2-1.5, respectively. The 

oxygen occupancy was 0.253±0.002 for all x, in comparison to the expected ideal 

value of 0.250. The well-resolved splitting of the XRD peaks assigned to the Miller 

indices (006,102) and (108,110) for all values of x in Li(Coi.xAlx)02, an intensity 

ratio of more than unity of the (003) and (104) XRD peaks and a large cla ratio of 

5.00 are good indications of a well-defined layer structure of the compounds. 
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Fig. 2. Rietveld refined X-ray diffraction patterns of Li(Coo9Al01)02. The 
experimental pattern and calculated patterns are represented as symbols and 
continuous line, respectively. The difference pattern is also shown. The vertical 
bars represent the positions of allowed (hkl) reflections (Cu Ka radiation). 

The present values of a and c parameters for various x agree fairly well with 

those from the literature: Myung et al. [13] for x=0.2 by the MSS method (a = 2.81 

A; c = 14.090 A) and Mien et al. [16] for x in the range, 0.05-0.25 by solid state 

method (e.g., x=0.2: a = 2.8104 A; c = 14.085 A). Contrary to expectations, the c 

parameter increases with increasing value of x even though the ionic radius of Al 

-ion is smaller than that of Co3+ ion (Table 1). This has been observed consistently 

by all the groups in the literature [10-17]. Castro-Garcia et al. [17] explained the 

increase in c axis as due to two competing and opposite effects, viz., polarizing 

effect of Al3+-ion which tends to distort the structure and increase the c-axis, and 

the ionic size effect which tends to produce a decrease. Indeed, single crystal 

structure analysis of Li(Co|.xAlx)02 with x =0.32 and 0.71 by Takahashi et al. [22] 

found distortion of Li06 octahedra in the structure as a result of Al-doping. As 

mentioned earlier, the increased c-axis helps in enhancing the Li-ion mobility 

during de-intercalation- intercalation process. 
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Table. 1 

Hexagonal lattice parameters and physical data of Li(Coi_xAlx)02 

Li(Co,.xAlx)02 

x=0.0 (650°C) 
x=0.05 
x=0.10 
x=0.15 
x=0.20 
x=0.25 

a,k 
(±0.003) 

2.819 
2.816 
2.816 
2.815 
2.815 
2.816 

c,k 
(±0.02) 

14.069 
14.081 
14.093 
14.094 
14.096 
14.090 

cla 

4.99 
5.00 
5.00 
5.00 
5.00 
5.00 

Expt. 
density 
(±0.003) 
(g/cc) 
... 
4.979 
4.692 
4.496 
4.270 
4.241 

Calc. 
density 
(g/cc) 

... 
4.961 
4.874 
4.793 
4.710 
4.628 

BET 
surface area 
(±0.1) 
(m2/g) 
1.1 
5.6 
10.3 
12.9 
21.8 
34.0 

3.2. Electrochemical studies 

Galvanostatic Cycling 

Charge-discharge cycling of the cells with Li(Co!.xAlx)02, x=0.1, 0.15, 0.2 

as cathodes (Li-metal as anode) were carried out up to 130 cycles at ambient 

temperature at a current density of 30 mAg"1. Cycling was done in the voltage 

ranges 2.5-4.3 V, 2.5-4.4 V and 2.5-4.5 V. The voltage vs. capacity profiles of the 

Li(Co|.xAlx)02, x= 0.1 and 0.2 are shown in Fig. 3a, b. For clarity, only select 

cycles are shown. During the first-charge process, the voltage suddenly increased to 

~3.9 V from the open circuit voltage (~3.0 V), followed by a plateau till about 40-

50 mAhg"1 are reached and then gradually increased to the upper cut-off voltage. 

The voltage plateau is analogous to that encountered in un-doped LiCo02 which is 

ascribed to the co-existence of two hexagonal phases, LiyCo02, y>0.94 and y<0.75 

as a result of Li-de-intercalation [1-3]. Possibly, a similar mechanism may be 

operating in the present case. In order to more clearly delineate the two-phase co

existence, differential capacity vs. voltage plots were extracted from the 

galvanostatic curves, and are shown in Fig. 4. In these plots, sharp peaks or 

discontinuities represent two-phase co-existence, whereas smoothly varying curve 

indicates single-phase de-intercalation/ intercalation reaction. As can be seen, for 

x=0.1 in Li(Coi.xAlx)02 with 4.5 V-cut-off, a sharp peak occurs at ~3.9-3.95 V 

during charge -discharge reaction both in the first as well as at the 40lh cycle (Fig. 

4a,b). Similarly, for x=0.2 with 4.4 V-cut-off, the corresponding peaks occur 
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Capacity (mAh/g) 

Fig. 3. Voltage vs. capacity profiles of Li(Co,.xAlx)02. (a) x= 0.1 ; 2.5-4.5 V, (b) 
x= 0.2; 2.5-4.4 V, at a current rate 30 mAg"'. The numbers refer to cycle 
numbers. 

at -3.95-4.0 V during first and 50th cycle (Fig. 4c,d). Julien et al. [16] and Myung et 

al. [13] also noticed similar peaks at about the same potentials in their differential 

capacity vs. potential plots for x=0.2. However, Julien et al. [16] mentioned that the 

seemingly broad band in their plot is indicative of a single-phase topotactic Li-

reaction. We note that our differential capacity curves do not show any peaks in the 

voltage range, 4.1 and 4.2 V, indicating that the crystallographic Hl'OM and 

M<->H1 are suppressed in the Al-doped compounds. On the other hand, there is an 

indication of a peak during discharge at -4.4 V for both x=0.1 and 0.2 phases, 

possibly due to the un-suppressed Hl<-»(Hl-3) transition exhibited by pure LiCo02 

[1,8]. As discussed below, the cyclic voltammograms indeed corroborate the above 

arguments. 
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Fig. 4. Differential capacity vs. cell voltage curves extracted from the 
galvanostatic data of Fig. 3. 

Irreversible capacity loss (ICL) between the first-charge and first-

discharge capacity was observed for all values of x in Li(Coi.xAlx)02, (x=0.1, 0.15, 

0.20). The ICL values range from 13-16, 18-20 and 19-25 mAhg"1 with the 4.3, 4.4 

and 4.5 V cut-off potential respectively. The ICL arises because of the 'formation' 

or 'conditioning' of the electrode whereby the crystal structure of the active 

material in the electrode stabilizes with respect Li de-intercalation/ intercalation 

and makes good contact with the electrolyte and the current collector. The capacity 

vs. cycle number plots of Li(Coi.xAlx)02, x= 0.1, 0.15, 0.2 are shown in Fig. 5. For 

comparison, the data on pure LiCo02 from our previous study [8] is included in 

Fig. 5a. The coulombic efficiency (T|), represented by the difference between the 

charge and discharge capacity for a given cycle, was ~93-95 % during 1-8 cycles 

but improved to -98% during subsequent cycles for all x in the potential range 2.5-

4.3 V at a current of 30 mAg"', the 10lh cycle reversible capacities for various x are 

as follows: x=0:157; x=0.1:135; x=0.15:126; x=0.2:103 (±3) mAhg"1. 
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Fig. 5. Capacity vs. cycle number of Li(Coi.xAlx)C>2 in the potential range 
(a) 2.5-4.3 V, (b) 2.5-4.4 V and (c) 2.5-4.5 V at a current rate of 30 mAg"1. Filled 
symbols represent the charge and open symbols, the discharge capacity. 

It is clear that the capacity decreases with an increase in x because Al is an electro-

inactive ion and Al-doping slightly increases the de-intercalation voltage. 

Significantly, no noticeable capacity-fading is observed for x=0.15 and 0.2 up to 60 
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cycles, whereas 98% of the capacity is retained at the end of 70 cycles for the x=0.1 

compound. This may be compared with the 5% capacity-loss shown by pure 

LiCo02 by the 30lh cycle (Fig. 5a). Hence, the stable cycling performance of 

Li(Coi.xAlx)02 for x>0.1 can be ascribed to the suppression of the phase transitions 

occurring in the 4.1-4.3 V region. Our 10lh cycle capacity value for x= 0.2 agrees 

well with the 10th cycle value of 107 mAhg"' reported by Myung et al. [13] in the 

potential range 2.8-4.3 V. However, they noticed continuous capacity-fading in the 

range 2-20 cycles. 

When cycled in the potential range 2.5-4.4 V at a current of 30 mAg"1, we 

found that for x=0.1 in Li(Co,.xAlx)02, the 10th cycle capacity of 160 (+3) mAhg"1 

degraded only to 152 (±3) mAhg"1 at the end of 115 cycles, which corresponds to 

97% capacity-retention (Fig. 5b). To test the rate capability, the current was 

switched to 60 mAg"1 (0.4 C rate, assuming that lC-rate =150 mAg"1) during 40 to 

68 cycles. There was a decrease in the reversible capacity as expected, and the 

original value was recovered when the current was changed to 30 mAg"1. This 

shows that the compound has good rate-capability. Ex-situ XRD of the compound, 

in the discharged state after 65 cycles showed that the crystal structure is stable and 

the lattice parameters remain almost unchanged. The composition with x=0.2 also 

shows good cyclability: A stable capacity of 128(±3) mAhg"1 is shown in the range, 

10-130 cycles. The observed capacities agree well with those reported by Mien et 

al. [16] (10th cycle capacity of 124 and 120 mAhg"1, respectively for x=0.1 and 0.2, 

in the range 3.6-4.4 V) who also found good cyclability up to 16 cycles. As Julien 

et al. [16] pointed out, the suppression of phase transitions in LiCo02 due to Al-

doping results in a stable capacity and good cyclability when cycled in the potential 

range, 3.6-4.4 V. On the other hand, when the upper cut-off potential is increased 

to 4.5 V, noticeable capacity-fading was found for all values of x. The 10' cycle 

capacities of 162, 135 and 122 (±3) mAhg"1 for x=0.1, 0.15 and 0.2, respectively in 

Li(Coi_xAlx)02 decreased by 5-7% at the end of 55 cycles (Fig. 5c). The coulombic 

efficiency (r\) was 95-96%. The observed capacity-fading can possibly be attributed 

to the non-suppression of the reversible phase transition (Hl4-»(Hl-3)) occurring at 

~4.5 V in LiCo02. It is well-known that the unit It is well-known that the unit cell 

volume changes due to the reversible phase transitions, especially the ones at ~4.4 

and -4.6 V will produce an 'electrochemical grinding' effect which will deteriorate 
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the electrical contact between the particles and with the current collector and lead to 

capacity-fading [1,8]. 

Cyclic Voltammetry 

The cyclic voltammograms (CV) of Li(Coi.xAlx)02 were recorded at a scan 

rate 58 uVs-1 up to 25 cycles with Li metal as the counter and reference electrode in 

the potential range 2.5-4.4 V and 2.5-4.7 V at ambient temperature. The CV of 

compounds with the 4.4 V cut-off for x=0.05, 0.1, 0.15 and 0.2 are shown in Fig. 

6a-d, respectively. Fig. 6e is the 26lh cycle CV for x=0.1 composition and is an 

extension of the CV of Fig. 6b except that the upper cut-off potential has been 

increased to 4.7 V. Fig. 6f is the CV of pure LiCo02 reproduced from our earlier 

study [8]. The compound was prepared by the MSS method at 650°C using the salt 

flux, LiN03+LiCl+KOH. The first cycle CV showed an anodic (Li-de-

intercalation) peak at ~4.1-4.2 V for x>0, in comparison to ~4.0 V shown by 

LiCo02 (Fig. 6). However, the first cycle cathodic (Li-intercalation) peak is shown 

at -3.75-3.85 V which is some what broad for x=0.15 and 0.2. In the second cycle, 

the anodic peak shifted to a lower potential, clearly seen in Fig. 6a for x=0.05, but 

the corresponding cathodic peak shifts only slightly, by -0.05 V, to a higher 

potential. The shift in the anodic peak potential is an indication of the 'formation' 

or 'conditioning' of the electrode in the first-cycle and the effect was also seen in 

the galvanostatic charge-discharge curves. The shifts in the anodic potential are 

complete by 7 cycles stabilizing at - 4.05, 4.02, 4.08V and 4.15 V for x=0.05, 0.10, 

0.15 and x=0.2, respectively. The hysteresis (AV= the difference between the 5lh or 

7th anodic and cathodic peak potentials is 0.2 V, 0.18 V, 0.26 V and 0.38 V for 

x=0.05, 0.10, 0.15 and 0.2 respectively. This shows a decreasing trend of 

coulombic efficency with an increase in x. 

The main anodic/cathodic peaks at -4.0/3.85 V, seen in Fig. 6 for LiCo02 and 

Li(Coi.xAlx)02 correspond to the reversible Li de-intercalation/intercalation 

involving the Co3+/4+ couple, in addition to the co-existing phases Li^yCoC^ with 

two different values of y, as mentioned earlier. Clearly defined peaks in the 

differential capacity vs. potential curves also indicate the two-phase co-existence 

(Fig. 4). 
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Fig. 6. Cyclic voltammograms of Li(Coi.xAlx)02. (a) x=0.05, (b) x = 0.1, (c) x = 
0.15 and (d) x =0.20 in the potential range 2.5-4.4 V. The numbers refer to the 
cycle numbers, (e) Same as (b) for the 26th cycle in the potential range 2.5-4.7 V. 
Numbers refer to potentials, (f) LiCo02 (x=0) prepared at 650°C by molten salt 
synthesis. The 261 cycle curves in the potential range 2.5-4.7 V are shown. The 
first 25 cycles were in the range 2.5-4.3 V. Numbers refer to potentials. Data 
reproduced from our previous study [8]. Scan rate is 58 uVs"' vs. Li at ambient 
temperature. 

However, in situ XRD studies are needed to confirm the above. A comparison of 

the CV for x=0 and for x>0 in Figs. 6a-f reveal that the anodic peaks occurring at 

4.09 V and at 4.20 V, and the corresponding cathodic peaks at slightly lower 

potentials in LiCo02, are absent in the Al-doped phases, indicating that the so-
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called Hl-oM and M o H l structural transitions are suppressed. This is also shown 

in the differential capacity vs. potential curves of Fig. 4. However, the 26* cycle 

CV of the x=0.1 composition in the potential range, 2.5-4.7 V shows an un

resolved anodic/cathodic peak at 4.6/4.4 V analogous to the two doublet peaks in 

these potential ranges in the CV of LiCo02 (Fig. 6e and f). This shows that the 

Hl«-»(Hl-3) and (Hl-3)<-»01 structural transitions in LiCo02 are not suppressed by 

Al-doping. We verified it for x=0.2 composition as well (Fig. not shown). Hence, 

the CV data show that cyclability of Li(Co1.xAlx)02, x=0.05-0.2 must be good when 

the upper cut-off potential is restricted to 4.4 V and capacity-fading may occur 

when cycled to >4.5 V, as is indeed shown by the charge-discharge cycling 

behaviour (Figs. 3 and 5). 

Electrochemical impedance Spectroscopy (EIS) 

EIS studies on the compound Li(Coo.9Alo.i)02 were carried out at select 

potentials during the first charge cycle and as a function of cycle number up to 31 

cycles in the charged-state. The cell with Li-anode was cycled in the range of 2.5-

4.5 V. The spectra as the Nyquist plots (Z vs. -Z ) are shown in Fig. 7 a, b. They 

were analyzed by fitting to an equivalent electrical circuit shown in Fig. 7c, 

consisting of resistance (R(), R;||CPEj, Warburg element and intercalation 

capacitance (Cint) where CPE; is the constant phase element [26]. The continuous 

lines in Fig. 7a,b represent the fitted curve whereas the symbols are the 

experimental data. The Re is the combined impedance (resistance) of the electrolyte 

and cell components. The depressed semicircle in the high-frequency range, 0.3 

MHz- 10 kHz is attributed to the surface-film (Rsf) resistance, which arises due to 

the solid electrolyte interphase (SEI) formation on the cathode, whereas that seen 

in the high-to-medium frequency range, 7 - 0 . 1 kHz is assigned to the charge-

transfer (Ra) resistance due to interphase between electrode and electrolyte. The 

semicircle in the low-frequency range, 10 -0.1 Hz is attributed to the bulk (Rb) 

resistance, which comes mainly from electronic conductivity of the active material 

and ionic conductivity in the pores filled by the composite electrode and also due to 

inhomogeneous coating of the active material on to the current collector [26,28,29]. 

The semicircle(s) is usually followed by the appearance of a straight line Warburg-

type region. The respective constant phase elements are CPEsf, CPEd[ (dl= double 

layer, in p.F) and CPEb ( bulk capacitance, in mF). 
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Fig. 7. Nyquist plots (Z' vs. -Z") of the cell with Li(Co0.9Alo.i)02 as the cathode. 
(a) During first-charge cycle at various potentials, (b) In the charged-state (4.5 V) at 
various cycle numbers. Symbols are experimental data whereas continuous lines 
represent fitting the data to the equivalent circuit shown in (c). Select frequencies 
are indicated. 
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The fresh cell (-3.0V) and after charging to 3.8 V show a single semicircle 

in the high frequency region followed by a Warburg region in the low-frequency 

range indicating the existence of only surface film resistance, Rsf. The fitted value 

is 57(+3) CI. The spectrum at 4.0 V clearly shows the development of a second 

semicircle below 10 Hz, but the Warburg region is not shown (Fig. 7a). With an 

increase in potential, the effective diameters of both the semicircles decrease. In 

analogy with the similar spectra observed in other oxide cathodes Li(Nio.5Coo.5)02 

[26] and Mg-doped LiCo02 [29], the first semicircle in the high-frequency region 

can be assigned to the sum of R(sf+ct).The second semicircle corresponds to bulk 

resistance, Rb. With an increase in the potential from 4.0 to 4.4 V, the fitted values 

of both R(sf+Ct) and Rb show a continuous decrease, 42 to 38 (±3) CI and 57 to 32 

(+3) CI, respectively. The corresponding CPEd| values change from 18 to 27 (± 5) 

(aF. The CPEb change from 24 to 22 (±5) mF. However, the R(sf+Ct) and Rb values at 

4.5 V, at the end of first-charge, show a slight increase, to 50 and 31 (+3) CI, 

respectively. The impedance spectra as a function of cycle number shown in Fig. 

7b are qualitatively different from those in Fig. 7a in that the R(Sf+ct) assume low and 

relatively constant (fitted) value of 17 (±3) CI irrespective of the cycle number. On 

the other hand, Rb shows a systematic increase, from 20->31-»48->68-»98 (±3) CI 

as the cycle number increases from 2—>6—>12—>24—>31. This trend is a clear 

indication of the reason for the observed capacity-fading on cycling to an upper 

cut-off potential, 4.5 V (Fig. 5c). The un-suppressed phase transition at -4.5 V in 

the x=0.1 compound, as shown in Figs. 4b and 6e, is most likely responsible for the 

increase in the Rb on cycling. The CPE (sf+di) and CPEb values are in the range 80-

100 (±5) nF and 32-22 (±5) mF, respectively. The extracted Re values are 4 (±2) CI 

in all cases. 

4. Conclusions 

The layered compounds, Li(Coi_xAlx)02, x=0.05, 0.1, 0.15, 0.2 and 

0.25 have been prepared by the molten salt synthesis method at 850 °C in air using 

the low-melting salt flux, 0.88LiNO3 + 0.12LiCl. They were characterized by X-ray 

diffraction, Rietveld refinement, SEM, density and surface area measurements. 

Electrochemical behavior was studied at ambient temperature in cells with Li-metal 
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as the counter electrode by galvanostatic charge-discharge cycling, cyclic 

voltammetry (CV) and Impedance spectroscopy. Single-phase compounds formed 

for all x which showed an increase in c lattice parameter as compared to x=0. 

Results showed that for x>0.05, the Li de-intercalation potential during the first-

charge cycle is slightly higher than that exhibited by pure LiCo02 and the structural 

transitions that occur at ~4.1 and ~4.2 V are suppressed. As a consequence, the 

long-term cyclability of Li(Coi.xAlx)02 is improved in the potential range, 2.5-4.3 

V and 2.5-4.4 V in comparison to x=0. Thus, for x=0.1, 0.15 and 0.20, stable 

capacities of 135, 126 and 103 (±3) mAhg"1, respectively were obtained up to 60 

cycles in the range 2.5-4.3 V at the current rate of 30 mAg"'. For x=0.1 in the 

potential range 2.5-4.4 V at 30 mAg"1, 97% of the 10th cycle capacity of 160 (±3) 

mAhg"1 is retained at the end of 115 cycles, whereas for x=0.2 a stable capacity of 

128 (+3) mAhg"1 is exhibited in the range 10-130 cycles. The coulombic efficiency 

was ~98 %. Higher 10' cycle capacities were observed for x=0.1, 0.15 and 0.2 

when cycled in the potential range 2.5-4.5 V, but capacity-fading occurred by 5-7 

% at the end of 55 cycles. The non-suppression of the reversible phase transition at 

~4.5 V in the compounds for all x might be the reason for capacity-fading and this 

is corroborated by the CV and impedance data. 
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Introduction 
The characteristics of a given electrochemical device are essentially 

determined by the properties of the electrochemical cells defining its functionality. 
Any attempt directed to modify or regulate the characteristics of the device require 
an adequate selection of the materials used as electrodes and/or electrolytes. 

The performance of an electrochemical cell is essentially determined by both, 
the activity of the electroactive species and its diffusion rate between the electrodes 
and, in the case of the electrodes, also by its electrical conductivity. The 
improvement of electrode materials implies therefore to optimize or regulate these 
variables according to the projected cell or device requirements. 

In this work we describe selected features from the intercalation chemistry 
of the molybdenum disulfide analyzing the synthesis, characterization and 
properties of a series of organic-inorganic nanocomposites arising from the co-
intercalation of organic donors and lithium into the sulfide. The conversion of some 
of these nanocomposites into functionalized nanotubes is also commented. 

Layered Materials 
There are a variety of chemical species which present stable laminar structures 

under normal conditions. This layered compounds are solids formed by pilling up 
planar or near planar layers. The stacking of the layers, extended along distances 
farther away than the typical bond distances, leads to characteristic highly 
anisotropic nanostructured arrangements. While the layers in these solids are 
constituted by relatively strong ionic-covalent interatomic interactions (150-300 
kj/mol), showing electronic structures which may be described by typical electronic 
bands schemes, interactions between the layers are much weaker, frequently in the 
range 40-150 kj/mol[l]. Typical examples of these solids are those listed in Table 1. 

Tablet. Typical Layered Solids 

Examples of 

Layered Solids 

Graphite 

MoS2, V203 

Synthetic and Natural Clays 

Layer 

Electronic Structure Nature 

Metallic conductor 

Semiconductors 

Isolators 

Electronic Conductivity 

( Scm') 

KT'-IO1 

to-Mo"6 

< io-12 

One important and rather general feature in the chemistry of layered compounds is 
the insertion of chemical species in their interlamellar spaces leading to host-guest 
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compounds in which the inorganic matrix results functionalized by the inserted 
species[l,2,3]. 

Lithium intercalation compounds 
A typical and widely known example of such functionalization processes is the 

intercalation of electron donors like alkali metals. Layered compounds are in 
general good candidates as materials for electrodes because of its capacity of 
hosting in the interlamellar spaces appreciable amounts of electroactive species with 
relatively large diffusion rates. Cobalt and nickel oxides as well as graphite, used 
respectively as negative and positive electrodes in rechargeable lithium batteries, 
are relevant examples of these materials[4]. The intercalation of lithium into MoS2 

may be performed chemically by reaction with butyl-lithium as well as by 
electrochemical reactions using appropriated cells like, for instance, 
Au/Li/Li+(solv)/MoS2/Au[5]. 

Although intercalation processes are generally considered to be topotactic, in 
the case of the MoS2 important structural changes are apparent. The coordination of 
molybdenum by sulfur atom changes from trigonal prismatic in the pristine MoS2 to 
an octahedral modification when it is intercalated, thus altering its band structure, 
changing its electronic conductivity, and promoting further intercalation processes 
[6,7]. 

Organic-Inorganic Nanocomposites 
Lamellar inorganic matrices may be also intercalated by a variety of organic 

species leading to host-guest nanocomposites. The intercalation reaction is often an 
spontaneous process performed under rather mild conditions which may be seen as 
resulting from the molecular recognition between the organic and the inorganic 
components. Thus, these lamellar nanoheterogeneous species appear to be the 
transition between a composite and a conventional compound. Because of the 
number of possible combinations leading to products with slightly different 
properties, this approach may be useful for the design of tailor-made materials. 

Co-Intercalation of Lithium and Organic Donors into Molybdenum Disulfide 
The intercalation of organic species into MoS2 requires an activation step, 

which frequently consists in the intercalation of lithium (ca. one mole per mol 
MoS2) followed of a rapid hydrolysis of the product. There, factors like a light 
increase in electron charge in the host, the conversion of the trigonal prismatic 2D 
MoS2 into the octahedral IT modification, and the exfoliation of the lamellar solid 
promote the intercalation of donors in this host [8]. 

H20 Organic 
LixMoS2(s) -> Li^OJJVIoSi (susp.) -» LixMoS2(D), 

x«l x«0.1 Donor x«0.01-0.3,y=0.1-2.5 
Ac=6.14A Ac=11.4A Ac=8-50A 
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The intercalation of organic species causes important changes of the 
interlamellar spaces. As illustrated in Fig.l, these changes may be easily followed 
by powder X-ray diffraction analysis of the products. Since in lamellar compounds 
the intensity of the 001 reflections are abnormally enhanced, the purity of the 
products as well as the interlamellar distances may be straightforward determined. 

9.15A (001) 

Li^MoS.fDEA),. 

MoS prittin* 

G.15A 

(002) 

10 12 14 16 18 20 
2e 

Figure 1. X-ray diffraction pattern of the MoS2 and Lio.iMoS2(DEA)o2 

In Table 2 are reported selected examples of MoS2-based nanocomposites 
obtained by chemical methods. All of them corresponds to pure phases with 
characteristic stoichiometnes and interlamellar distances showing well defined 
lamellar microstructures . Using simple molecular models for the guest species, it is 
always possible to corroborate, using geometric criteria, that the structural and 
analytical characteristic of the compounds agree with the volume in the 
interlamellar space and the surface on the host molecular sheets respectively[9]. 

Tables 2. Interlamellar distances of MoS2-based nanocomposites 

Compound* Interlamellar distances A 

Li0.iMoS2(DEA)o.4 9.8 

Li<nMoS2(DBA)o.2 

Lio.iMoS2(PEO)„.5 

Li0,MoS2(PEO)i.o 

Li0.iMoS2(PAN)u 

Li0i32MoS2( 12-Cro wn-4)0. 

10.5 

11.0 

16.0 

11.5 

14.0 

DEA: diethyamine; DBA: dibuthylamine ; PEO: polyethylene oxide; PAN: polyacrylonitrile 

Changes are however not only limited to the interlamellar distances and 
stoichiometries. Electrical and electrochemical properties of the products differ 
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from those of the components. In some cases the structure of the intercalated donor 
from different from that in the free state 

Electrical and ionic conductivity 
The electrical conductivity of the intercalation products results in most cases to 

be considerably higher than that of the pristine MoS2. As observe in Table 3, it 
strongly depends on the nature of the intercalated donor. The dependence of the 
conductivity on the temperature generally shows linear Arrhenius plots in the near 
room temperature range, increasing steady with the temperature. 

Tabla 3 Electrical conductivity of MoS2 and MoS2 - donor nanocomposites 

Compound Electrical conductivity 
a (298 K) (S cm') 

Li01MoS2(PEO)o.5 4.80 x 1CT4 

Li0.iMoS2(PEO)i.0 6.60 x 10"3 

Li0.iMoS2(PEO)1.4 1.04 x 10"2 

Li0.2MoS2(DEA)o.42 2.51 x 10"' 

Lio.iMoS2(DBA)0.i9 1.97x10"' 

Lio.iMoS2(Diciclohexylamine)0.o7 3.80 x 10"2 

Li0.32MoS2(12-Crown-4)o.2 8.50 x 10"2 

Li06MoS2 (PAN)i.2 3.30 x 10"1 

MoS2 2.09 x W6 

In the intercalation of organic electron-pair donors it is always observed that 
the products contain lithium in an amount in the range 0.1-O.6 mol per mol M0S2 
depending on the nature of the organic donor. Thus, for instance, values around 0.1, 
0.2 and 0.6 in the intercalation of linear polyethers, secondary amines and 
polyacrylonitrile are respectively observed. That not withstanding, all the 
compounds behave as mixed ionic-electronic conductors[10]. 

LixMoS^jdonor 
Au Li Li Au 

\ / 
Electrolyte 

0 .5MLiClO 4 in l : l 
propylene carbonate-
ethylene 
carbonate mixture 

Figure 2. Scheme of the galvanostatic polarization cell. 
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Although in these compounds the electron conductivity contribution is 
expected to be many orders of magnitude higher than that of the ionic conductivity, 
the separation of both contributions may be afforded by galvanostatic polarization-
measurements using the cell schematized in Fig 2. Results of a polarization 
experiment for the compound Lio.iMoS2(DBA)o.i9 are shown In Fig.3. As expected 
the ratio between both contributions is about 105 [11]. 

1 2 3 4 5 

Time (s x 1 03) 

Figure 3.Galvanostatic polarization for the compound Lio.iMoS2(DBA)o.i 
Constant current densityj = 8|iA -cm'1. 

Lithium diffusion coefficients 
The ionic conductivity observed in these compounds is associated to the 

lithium located in the interlamellar phase, so they are a measure of the mobility of 
the lithium species in this phase. However, in order to asses the quality of the 
products as eventual electrode materials for electrochemical devices, the lithium 
diffusion coefficients appears to be more realistic than the ionic conductivity for 
analyzing the transport of lithium across a given phase. 

Lithium diffusion coefficients may be obtained by following the rate at which 
lithium, deposited on the tested electrode by a short current pulse left the surface for 
diffusing in the bulk of the material. If the measurements are carried out at different 
lithium contents and different temperatures, a picture of the macroscopic movement 
of lithium across the solid may be obtained. 

In Table 4 are reported the diffusion coefficients determined for a selected 
series of nanocomposites intercalated with different organic donors measured under 
comparable temperature and lithium content conditions. This variable clearly 
depends on the nature of the interlamellar phase, not only on the organic functional 
group of the guest but also on the stoichiometiy of the phase. There is not any clear 
relationship between the interlamellar distances in the nanocomposite, the donor 
ability of the guest or any other characteristic of the products. This property appears 
to be determined by the particular molecular structure of the interlamellar phase 
each intercalate (vide infra) [10,12]. 
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Table 4. Diffusion coeficients of Li in MoS2 and in MoS2-donor nanocomposites at 298 K. 

COMPOUND 

Li* MoS2 Pristine 

Lix MoS2 Restacked 

Li sMoS2(PEO)! 

LixMoS2(PEO)0.5 

Lix MoS2 (PAN)i 

Li«MoS2(NMCHA)0.4 

Li x MoS2(DEA) 0 3 

X = 0.2 
D era's"' 
1.4 10"" 

3.1 10"13 

1.0 10'12 

3.0 10"" 

4.3 10"" 

2.0 10"12 

1.48 10"" 

X = 0.4 
D c m 2 s ' 

4.2 10"14 

4.64 10"14 

4.5 10"13 

1.0 10"12 

5.8 10"12 

1.42 10"12 

1.7 10"12 

X = 0.5 
D c m 2 s ' 
1.4 10 "14 

1.54 10"14 

2.6 10"13 

8.5 10"14 

2.3 10"13 

5.6 1 0 " 

For the pristine MoS2 as well as for all of its intercalation products tested in 
our laboratory, a near linear Arrhenius behavior is observed. In pure MoS2 a 
lithium-ion hopping mechanism is apparent, what, as deduced from the constancy 
of the observed lithium diffusion activation enthalpy, is independent of the amount 
of intercalated lithium. In the case of lithium co-intercalated with organic donors, 
where the lithium species are expected to be surrounded not only by the matrix 
sulfur atoms but by the guest donor atoms (vide infra), the process is more complex. 
The slopes in the Arrhenius plots change with the lithium content. Specially 
interesting is the co-intercalation of lithium and poly(ethylene oxide), PEO, in 
which case two pure phases with different stoichiometry may be chemically 
afforded, Lio.iMoS2(PEO)0.5 and Lio.iMoS2(PEO)i.0. 
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Figure 4. Diffusion activation enthalpy for MoS2 and PEO-nanocomposites. 

As observed in Fig. 4, slightly changes in the diffusion activation enthalpy 
occurs for the nanocomposites intercalated with one mol PEO per mol MoS2 while 
for those containing 0.5 mol a much higher dependence is observed. A plausible 

J I I i 1 I I i I i L 
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explanation of these observations may be found, as discussed below, in the different 
structures of the interlamellar phase existing in these two products. 

Electrochemical Lithium/Intercalated-Lithium Potentials 
Using electrochemical cells similar to those described above, the 

electrochemical potential of the couple Li-metal/intercalated-Li in the products as 
prepared chemically as well as in those with different lithium intercalation degrees 
may be determined. Since electrochemical potentials correspond to the activity of 
the electroactive species, these measurements permit to investigate the effect of the 
different co-intercalated donors on the stabilization of the lithium ion in the 
interlamellar phase as well as on the capacity of the electrode and the variation of 
the potential in charge-discharge processes. 

In Table 5 the average potentials observed for a selected series of intercalated 
products. It may be there observed, that the presence of the donor in the 
interlamellar phase clearly increases the lithium ion activity. The magnitude of this 
effect depends on the nature of the co-intercalated species. That is certainly not an 
unexpected result, since the Lewis-base nature of the organic guests should increase 
the stability of the lithium ion by coordinative interactions[13]. 

Tabla 5. Average quasi-equilibrium potentials for the intercalation of lithium in MoS2 and MoS2 -
donor nanocomposites. Lithium concentration range: 0.2- 0.6 mol per mol compound. 

Compound Average Potential 

V (Li/Li*) 

Pristine MoS 2 L60 

Exfoliated MoS2 1.64 

Lix MoS2 (PEO)i 2.61 

Lix MoS2 (PEO)o.5 2.78 

Lix MoS2 (PAN), 2.84 

LixMoS2(DEA)0 2 2.80 

Lix MoS2 (n-MCHA)o.4 2.60 

More instructive information than the average values in is obtained by 
analyzing the quasi-equilibrium hthium intercalation curves Some examples are 
displayed in Fig. 5. As observed, the variation of the potential with the lithium 
content also depends on the co-intercalated organic guest. Pure MoS2 displays an 
extreme case of dependence. Lithium-ion activity strongly decreases with the 
amount of intercalated lithium. In other words, the metallic character of lithium in 
the intercalated phase increases significantly along the discharge. These results 
agree with some XPS experiments performed with the compound Li0.8MoS2 which, 
as deduced from results observed in Table. 6 show that lithium in these compounds 
displays a behavior more like the metallic lithium than other lithium compounds 
[14].Clearly in these intercalates host-guest charge transfer is rather incomplete 
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affecting the electrode capacity. This partial charge transfer has been also deduced 
from theoretical calculation made for this and other similar compounds[15]. 

3.5 

C 3 0 

5 
£ 2-5 

> 
S 2.0 

?i.s 
S 

1.0 

A 

• • " • - • • • • • • • • « . , U.MoSjlMCHA),, 

k Li MoS2(PEO), 

" ^ * * ^ S 8 S ? f » » Li MOS,Restaked 

• Li_MoS2 

0.0 0.2 0.4 0.6 0.8 1.0 

x (mol Li per mol MoS3) 

Figure 5. Variation of the quasi-equilibrium potential with the lithium content along the intercalation of 
lithium into MoS2 pure and modified by the co-intercalation of donors. 

Tabla 6. Binding energies of Li(ls) 

Compound Eb eV 

LiBF4 59.9 

LiCl 58.1 

LiBr 56.8 

LiNH2 55.8 

Li MoS2 55.6 

Li(metal) 55.5 

Contrasting with the experiments already discussed, the presence of some 
intercalate does not only enhance the lithium-ion activity but also permits the 
incorporation of a higher amount of lithium without major detriment to the cell 
potential, thus increasing its capacity. However, such an effect is different for each 
nanocomposite. The explanation may be not always found in an increment of the 
lithium-host charge transfer since the later has certainly a limit which should be not 
much higher than that observed for the MoS2 alone. Probably, that is also related to the 
state of lithium in the interlamellar phase, which in some cases like in the intercalation 
of amines, are able to form aggregates (vide infra) [16]. 
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Interlamellar Phase Structure 
Lamellar structures like those analyzed in this work are intrinsically 

complicated to be studied by precise crystallographic methods. Due to the high 
anisotropy of the interactions involved in their constitution, they often shows a low 
structural tridimensional coherence. That is specially valid for the organic-inorganic 
nanocomposites in which the organic phase presents a high mobility resembling 
more a liquid than a solid phase. The structure of the interlamellar phase has to be 
studied by indirect methods like wide-line nuclear magnetic resonance spectroscopy 
at variable temperature. In the case of the nanocomposites formed by the co-
intercalation of lithium and donor species discussed here, 7Li-NMR studies provide 
interesting information about the relative position of the lithium atoms in the 
interlamellar phase. The 7Li-7Li and 7Li-'H second magnetic moments, calculated 
from the resonance line half high width in thex H-coupled and decoupled 7Li-spectra 
at low temperatures (rigid state) permit to determinate by comparison with suitable 
molecular models both the relative positions of the lithium atoms and the distances 
between them and the neighboring hydrogen atoms. These studies, limited at the 
moment to the nanocomposites with poly(ethylene oxide) and secondary amines, 
show that in the confined state not only the inorganic matrix undergoes changes but 
also both, lithium and the donors may present conformations different from those in 
the free state [17]. 

As shown schematically in Fig. 6 in the PEO derivatives Li0 iMoS2(PEO)0 5 and 
Li0.iMoS2(PEO)i o with second magnetic moments M2(

7Li-7Li) of 0.014 and 0.050 
G2 respectively, lithium is found coordinated by the polymer oxygen atoms and 
distributed in a form practically homogenous in the phase. There are however 
important differences between these nanocompostes. In Li0iMoS2(PEO)o5 the 
interlamellar phase is formed by one polymer layer where lithium is simultaneously 
coordinated by the polymer and the host sulfur atoms. Meanwhile in 
Li0.iMoS2(PEO)1 o where a polymer bilayer is apparent, the lithium atoms are totally 
surrounded by the polyether oxygen atoms. Moreover, the conformation of the 
polymer in both cases, a zig-zag conformation in the former and TGG arrangement 
in the latter differs from the hehcal conformation, characteristic of the free polymer. 

Li01MoS2(PEO)0S Li01MoS2(PEO)ln 

Figure 6. .Schematic representation of the conformation of POE in the MoS2 interlaminas spaces 
Lio.iMoS2(PEO)o.5 and Li0.iMoS2(PEO)i.o 

These results agree well with the lithium diffusion coefficient studies 
commented above. In the case of Li0iMoS2(PEO)i0 with the lithium in an 
homogeneous oxygen coordination cage, the diffusion activation enthalpies show 
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only an small dependence on the lithium intercalation degree. Contrastingly in the 
compound Li0.iMoS2(PEO)o5 where there is a mixed coordination around lithium, 
the changes produced by lithium intercalation are notoriously more drastic (Fig. 4) 
[18]. 

Since the MoS2/amine intercalates show in general relatively high Li/Li+ 

potentials, electrical conductivities and lithium diffusion coefficients, it was 
specially interesting to analyze the state of lithium in the interlamellar phase of 
these nanocomposites. The 7Li-7Li second magnetic moments obtained from the 
7Li-NMR spectra result to be surprisingly high, in a range 1.3-1.6 G2 [17]. This data 
reveals that in this compounds there is an agglomeration of lithium atoms. Using 
simple molecular models it is possible to deduce that observed Li-Li interactions 
corresponds to the formation of lithium metal clusters. In diethylamine a trinuclear 
species is stabilized, while for the di-butyl and di-pentyl derivatives the formation 
of tetranuclear aggregates is observed. The tendency of lithium to form aggregates 
is well known in lithium, however the three-nuclear as well as the stabilization of Li 
cluster by secondary amines is somewhat surprisingly. The role of the amine in 
these intercalates appears to be the formation of a coordination cage around the 
cluster, showing a pseudo-micellar behavior. Although the latter is common for 
long chain derivatives, it has been not observed before for small amines. Thus, the 
behavior of both lithium and amine in these nanocomposites appears to be induced 
by confinement effects. 

The peculiar arrangement of the components of the interlamellar phase should 
have a marked influence on both the thermodynamics and kinetics of lithium in 
these compounds, thus bearing to special electrical and electrochemical properties. 

Conversion of Lamellar Nancomposites into Tubular Structures 
Finally it is interesting to comment the possibility of obtaining one 

dimensional objects, specifically nanotubes, starting from lamellar organic-
inorganic nanocomposites similar to those commented above. 
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Figure 7. X-ray diffraction pattern of the MoS2 and Lio.,MoS2(octadecylamine)2 
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The intercalation of long chain amines into MoS2 leads to high ordered laminar 
structures (Fig 7). Such a regular arrangements in the perpendicular direction to the 
molecular MoS2 planes is possibly due to cooperative effects caused by the self-
assembling of the amphiphilic organic donors, which indeed, are found forming 
organic bilayers in the host interlamellar spaces. 

The treatment of these products under hydrothermal conditions i.e. 
temperature in the range 100-150 °C and auto-generated pressures, leads to 
multiwall MoS2 nanotubes, which retain in the interlameEar spaces the organic 
donor. Selected images of these products are shown in Fig.8 [19]. 

Figure 8. TEM image of MoS2 nantotubes. 

As observed in the figures, these nanotubes displaying a multilayer 
constitution appear to be generated from the lamellar intercalated precursors by a 
rolling up process. Such a mechanism, rather plausible given the reaction 
conditions much softer than those normally used for generating carbon nanotubes 
and inorganic Mlerenes, appears to be also valid for other nanocomposites. Indeed, 
many V205-based functionalized tubular structures have been prepared using this 
method. Although experiments performed until now are limited to lamellar matrices 
intercalated with long chain amines, we think that other structurally similar organic-
inorganic nanocomposites may be also prepared either directly by rolling up bi-
dimensional precursors or by exchanging the donors from the interlamellar spaces. 
The benefits associated to the high anisotropic electrical and electrochemical 
behavior expected for one dimensional structures encourage further research in this 
field. 

Conclusions 
The lamellar MoS2-based organic-inorganic nanocomposites described in 

this work show electrical and electrochemical properties which, from the point of 
view of its use as electrode in electrochemical devices, are better than the pristine 
inorganic sulfide. The relative easy methods used for the preparation of these 
nanocomposites and, specially, the dependence of their properties on the nature of 
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the organic donor co-intercalated with lithium make these products interesting in 
the design of electrode materials with predetermined electrochemical properties. 
Moreover, the intrinsic anisotropy of the products open the possibility of their 
utilization in intelligent devices. The chance of converting these bidimensional 
laminar products in functionalized one dimensional tubular nanostructures enhances 
the interest in the chemistry of this kind of intercalation compounds. 
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LiNi(i.s(iCoo 20O2 thin-films have been prepared by RF magnetron sputtering on Pt substrate. 
The films before and after annealing were identified by XRD, SEM and electrochemical 
measurements. The as-deposited film was amorphous phase. After annealing at 600—800 °C, 
well-crystallized LiNionoCoo2ii02 films were obtained. The degree of crystallization of the as-
deposited films is strongly affected by the annealing temperature. As a result, the 700"C-
annealed film has relatively complete layered structure, high specific capacity and good 
cycleability. The first discharge capacity of the LiNi11.noCoo.20O2 film annealed at 600, 700 
and 800"C is about 44.5, 55.3 and 46.2 uAh/cnr urn, respectively. The corresponding 50th 

discharge capacities are 40.2. 49.4 and 42.4% of the first discharge capacity. 

1. Introduction 

With the development of the micro-scale processing techniques and materials, 
electronic and communication devices become smaller and more precise. In 
particular, the demands for on-chip power alignment of functional parts and 
peripheral circuits for controlling these parts are increased. The reduction in size and 
power requirement of electronic devices is the major driving force behind the 
development of all-solid-state thin-film microbatteries. Applications focus on the 
improvement of existing consumer and medical products, such as smart cards, 
sensors, implantable defibrillators, and neural stimulators, as well as on the 
integration with electronic chips and microelectromechanical systems [1-7]. 

Recently, RF magnetron sputtered metal oxide thin films, particularly, those 
composed of LiCo02, have emerged as a leading candidate for use as cathode layers 
in all-solid-state thin-film microbatteries, due to the advantage of high specific 
capacity, high operating voltage, ease of preparation and long cycle-life [8-10]. 
However, the limited capacity of the LiCo02, high cost and toxicity of cobalt have 
been regarded as drawbacks. To improve the performance of all-solid-state thin-film 
microbatteries, LiNii.vCo,02 type of compounds (0<;t<l), in the form of a-NaFe02 
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layered structures, have attracted great interest as cathode film materials for 
microbatteries [11-13]. 

In this work, LiNio.soCoo.20O2 has been prepared by RF magnetron sputtered 
method. We report the properties of the LiNi0.8oCo0.2o02 thin films and the 
characteristics and performance of lithium cells with the films, and the effect of 
annealing temperature on the crystalline and capacity of the films has also been 
discussed. 

2. Experimental 

The LiNio8oCoo2oC>2 thin films were deposited on Pt substrate by radio frequency 
(RF) magnetron sputtering from a LiNi0.8oCo0.2o02 target with a 2 in. diameter. The 
LiNi08oCo02oC>2 target was sintered at 750 °C for 2h by cold-pressing the 
LiNio8oCo02o02 powder, which was synthesized from LiOHFLO, 
Ni(CH3COO)2-4H20 and Co(CH3COO)2-4H20 in reagent grade by particulate sol-
gel method [14]. The target was 80~85% of theoretical density, and it was 4 mm in 
thick. After presputtered for 30 min to provide a clean target surface, it was 
sputtered at an rf power of 100W in an Ar+02 mixture typically in a ratio of 3:1 at a 
total flow of about 20 standard cubic centimeter per minute (seem) and a pressure of 
2.7 Pa (20mTorr). The target-to-substrate distance was 5 cm. After the films 
deposition, they were annealed at the temperature of 600—700°C for 30 min in flow 
oxygen. 

The structure characterization of the as-deposited films was performed by X-ray 
diffraction (XRD) and scanning electron microscopy (SEM). The electrochemical 
characteristics of the films by assembled the 2016-type coin cell were carried out 
using galvanostatic charge-discharge experiments to characterize the surface layer 
on as-deposited films, as well as to examine the annealing effect on the films. The 
coin cells consisted of Li-metal sheet as negative electrode, the as-prepared thin-
films as working electrode, and 1 M LiCI04 in EC/DMC (1/1 vol.%) as the 
electrolyte, which were cycled at a current density of 10 uA/cnr and cut-off voltage 
in the range of 3.0~4.2V. 

3. Results and discussion 

Fig. 1 shows the XRD patterns for the LiNi08oCo02o02 films before and after 
annealing at 600, 700 and 800 °C . It is known that LiNio.soCoo.20O2 exhibits 
hexagonal with R3m symmetry, which is usually employed as the cathode material 
in Li-ion batteries due to its good electrochemical properties. The characteristic 
peak of LiNio.goCoo.20O2 was identified by index, and the asterisk indicated the peaks 
originating from Pt substrate. In spite of the fact that the most intensive peak arised 
from Pt, the as-prepared film can be identified as the LiNio.soCoo.20O2 phase. The 

http://LiNio.soCoo.20O2
http://LiNio.soCoo.20O2
http://LiNio.goCoo.20O2
http://LiNio.soCoo.20O2
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XRD pattern for the as-deposited film is shown in Fig.l (a). This pattern exhibited a 
weak and broad (104) reflection, showing that the film was amorphous phase. This 
result suggested that the lithium, nickel, cobalt, and oxygen ions might not orderly 
occupy their idea lattice positions in the layered structure. In other words, it 
appeared that the as-deposited films did not have a well-crystallized structure. It is 
believed that the post-annealing of the as-deposited films provides energy for the 
rearrangement of lithium, cobalt, nickel and oxygen atoms to form layered 
crystalline LiNio.soCoo.20O2 films. Therefore, heat treatment plays an important role 
in obtaining well-crystallized LiNio.goCoo.20O2- In order to increase the degree of 
crystallization of the LiNio.goCoo.20O2 films, the as-deposited films need to undergo a 
post-annealing at 600 —800 °C for 30min. After annealing at 600 °C, the (104) 
reflection of the film was observed, as shown in Fig.l (b). On increasing the 
annealing temperature to 700°C, the (104) reflection was developed, as shown in 
Fig. 1(c). Further increasing the annealing temperature to 800°C, the intensity of 
(104) reflection decreased. It is because high temperature is favor to the 
crystallization of LiNio.80Coo.20O2 layered structure, but if the annealing temperature 
is more than 700°C, lithium evaporation is occurred, resulting in lithium-defected 
crystalline of Lii.vNi08oCoo.2o02 (0<x<l). This can also be indicated by later 
electrochemical measurements. 
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Figure I XRD patterns of (a) as-deposited, (b) 600 °C-annealed, (C) 700 "C-annealed, and (d) 800 °C-
annealed LiNio.soCoo.20O2 films. 

Fig.2 shows the surface SEM images of the LiNio.80Coo.20O2 films before and 
after annealing at 600, 700 and 800°C for 30min. The surface of the as-deposited 
film had a ploy-edged morphology. After annealed at 600 and 700 °C , the 
morphology of the grains became smooth due to the shrinkage of the film. Further 
increasing the temperature to 800 °C , the film was cracked, resulting from a 
combination of intrisinic and thermal stress. 

http://LiNio.soCoo.20O2
http://LiNio.goCoo.20O2-
http://LiNio.goCoo.20O2
http://LiNio.80Coo.20O2
http://LiNio.soCoo.20O2
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Figure 2 SEM morphologies of (a) as-deposited, (b) 600°C-annealed, (c) 700"C-annealed, and (d) 
800 °C-annealed LiNio.80Coo.20O2 films. 

From the XRD results and SEM analysis, heat treatment at various temperatures 
enhanced the crystallization of the as-deposited films. The increasing crystallization 
suggested that lithium, nickel, cobalt and oxygen atoms rearrange to their ideal 
crystal position after annealing. Moreover, shrinkage of the film indicated that all 
the ions were packed into a more close-packing arrangement after annealing. 

Fig.3 shows the specific discharge capacity of the as-deposited and the annealed 
LiNio.80Coo.20O2 films as a function of cycle number, charge-discharge measurements 
were carried out at a current density of 10|iA/cm2 in the voltage range of 3.0~4.2V. 
It is noteworthy that the as-deposited film showed the capacity of about 
5uAh/cnr urn due to its poor layered structure, and for the films annealed at 600, 
700 and 800°C for 30min, the initial discharge capacities were 44.5, 55.3, 46.2 
uAh/cm2.am, respectively. During discharging process, the voltage of the 700°C-
annealed film droped gradually, compared with those of the 600 and 800 °C -
annealed films. These results showed that the annealing process was crucial for 
obtaining eiectrochemically active LiNio.80Coo.20O2 films with a well-crystallized 
layered structure. When the film was annealed at 700°C, the temperature enhanced 
the mobility of ions and resulted in a greater extent of eiectrochemically active 
LiNi08oCo02o02 film. When the film was annealed at 600°C, the temperature was not 

http://LiNio.80Coo.20O2
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enough to form well-crystallized film. But, when the annealing temperature was 800 
°C , the high temperature led to lithium evaporation to form lithium-defected 
crystalline. 
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The discharge capacity with respect to cycle number is shown in Fig.4. Because 
the post-annealing can enhance the extent of crystallization of LiNi08oCoo.2oC>2 films, 
the discharge capacity increased with increase in the annealing temperature from 
600 to 700°C. After cycling, the capacity of 700°C-annealed film decreased slowly. 
Compared with the initial discharge capacity, the capacity retention was 40.2, 49.4 
and 42.4% for the 600, 700 and 800°C-annealed films after 50 cycles, respectively. 
The capacity fading of 600 and 800°C-annealed films became worse, resulting from 
the incomplete crystalline in the layered structure. 
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Based on the results above, the amount of electrochemically active lithium ions 
gradually decreased on cycling, and in a well-crystallized structure of 
LiNiogoCo02oC>2 film, most lithium ions can intercalate/deintercate repeatedly into 
the lithium layer of the rhombohedra lattice. Therefore, capacity retention was better 
on the 700°C-annealed LiNio.goCoo.20O2 film. 

4. Conclusions 

LiNi08oCo02o02 thin-films were deposited by RF magnetron sputtering. The as-
deposited film was amorphous phase, and the annealed films exhibit (104) preferred 
orientation. The degree of crystallization and electrochemical properties of the as-
deposited films were enhanced by increasing the annealing temperature from 600 to 
700°C. Further increasing the annealing temperature to 800°C, the layered structure 
of the film was incomplete due to lithium evaporation at high temperature. 
Meanwhile, the surface morphology of 800°C-annealed film became cracked. The 
initial discharge capacities were about 44.5, 55.3 and 46.2 for 600, 700 800°C-
annealed films, respectively, and the corresponding 50lh discharge capacities were 
40.2, 49.4 and 42.4% of the first discharge capacity. 
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Electrostatic spray deposition (ESD) technique was applied to deposit composite electrodes, which 
consisted of a mixture of a solid electrolyte (YSZ) and an electrocatalytic material (LSM) with a 
controlled microstructure on YSZ dense substrates. The influence on film morphology of the process 
parameters such as nature of precursor solution, deposition temperature, nozzle to substrate distance 
and precursor solution flow rate was investigated. The results demonstrated a significant role of the 
salt nature in the precursor solutions in the film morphology. In this work, powder X-ray diffraction 
analysis showed that no traces of any secondary phases were detected in between LSM hexagonal 
and cubic YSZ phases after thermal treatment at 800°C, this latter preserving the microstructural 
properties. 

1. Introduction 

Main issues in solid oxide fuel cells (SOFCs) development are recently focused on cost 
reduction and improvement of durability in long-term operation. In this context, SOFCs 
will be operated at reduced temperature from the traditional 1000°C to 800°C. 
Consequently, detrimental chemical reactions between the electrode materials and 
electrolyte will be avoided. A decrease in the operating temperature can be achieved by 
improving the electrode performance, i.e. reducing the electrode overpotentials especially at 
the cathode. In general, two research directions are suggested in literature: (i) optimizing 
the microstructure of the electrochemically active layers1, (ii) a replacement of pure 
electronic conductor cathode by mixed ionic electronic conductor (MIEC)2'3. 
Electrostatic spray deposition (ESD) is a processing technique to prepare dense or porous 
ceramic films. In ESD, a precursor solution is atomized by electric field to an aerosol, 
which is then directed to a heated substrate where a thin film is deposited. This thin film 
deposition method is rather simple, cost-effective, and a wide choice of precursors can be 
used. The composition of the film can be easily controlled by the precursor solution. 
The ESD technique is a powerful tool for deposition of porous electrodes4'5,6 and dense 
electrolytes7,8,9. In order to advance this technology further, a better understanding of the 
deposition parameters is desirable. 

Fuel cells with YSZ electrolyte films prepared by ESD attained a power density of 450 
mW/cm2 and an open circuit voltage (OCV) of about 0.9 V at 770°C9. The difference to the 
theoretical value of 1. IV was attributed to gas leakage through the YSZ film and unsealed 
experimental setup. 
The present study is focused on the preparation of LSM/YSZ composites with different 
morphologies using ESD technique. The control of the film morphology requires a good 
understanding of the ESD process, starting with precursor solution atomization and ending 
with droplet spreading on a substrate. Little work has been previously reported on the 
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influence of the nature of precursor solution and process parameters (substrate temperature, 
nozzle to substrate distance and flow rate) on the LSM/YSZ film porosity. One approach to 
enhance the cathodic performances of an intermediate temperature solid oxide fuel cell (IT-
SOFC) is to elaborate a two phase composite electrode, consisted in a mixture of a solid 
electrolyte (YSZ) and an electronic conducting electrocatalytic material (LSM) which 
composition and porosity gradually vary. The optimisation of a composite cathode requires 
improvements of ionic and electronic conductivities to support ion and electron flows as 
well as porosity for gas supply. Electrostatic spray deposition (ESD) is a powerful tool for 
deposition of porous electrodes. The present work reports the influence of the nature of 
precursors solution and the parameters of ESD process on the microstructure of the films 
based on LSM and YSZ. 

2. Experimental Section 

The LSM/YSZ films were prepared using a vertical ESD setup similar to that described in 
the literature101!(Figure 1). 

Heating 
element 

Thermocouple _ ) - W s ' 

Substrate / 

Spray 

Nozzle 

YSZ precursor solution 

Syringe pump 

LSM precursor solution 

Figure 1. Experimental ESD set-up. 

The ESD technique involves atomization of a precursor solution to an aerosol, which 
is then directed to a heated substrate using an electrical field, where a film is formed. In 
order to feed two separate precursor solutions simultaneously, the configuration with two 
separated feed-pipes and syringes was used. The two feed-pipes were connected at the 
nozzle. 
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LSM/YSZ composite films were deposited on a hot-pressed polycrystalline YSZ substrate. 
Disks of homemade YSZ were 20 mm in diameter and 1mm in thickness. 
The precursor solution for LSM consisted of lanthanum nitrate, La(N03)3-6H20, 99% 
(Fluka), strontium chloride, SrCl2-6H20, 99% (Aldrich) and manganese nitrate, 
Mn(N03)2-4H20, 98% (Aldrich) dissolved in the 33 vol. % of ethanol, C2H5OH, 99.9% 
(Prolabo) and 67 vol. % of diethylene glycol monoburyl ether (butyl carbitol), 
CH3(CH2)3OCH2CH2OCH2CH2OH, 99+% (Acros Organics). The precursor solution was 
prepared according to the stoichiometry of the required film Lao8o75Sr0 i425Mn03.5. The total 
concentration of the salts in the solution was 0.024 mol/L. 
The YSZ precursor solutions were prepared according to the stoichiometry of the required 
film (Zr02)o92(Y203)oo8. Yttrium chloride YC13-6H20 (Alfa Aesar) and either Zr 
acetylacetonate Zr(C5H702)4 (Fluka Chemie) or zirconyl nitrate hydrate ZrO(N03)2-aq 
(Fluka Chemie) were dissolved in two different solvent mixtures. A solvent mixture 
contained 67 vol. % of butyl carbitol and 33 vol. % of either ethanol or water. The total 
concentration of the salts in this solution was 0.016 mol/L. 
Two different precursor solutions were prepared. One was based on Zr acetylacetonate 
dissolved in ethanol, denoted as YSZacac. A second one was zirconyl nitrate dissolved in 
water, denoted as YSZnitr. Each solution was containing yttrium chloride and 67 vol. % of 
butyl carbitol. 
Deposition time was 1 h. Flow rate of precursor solution was varied from 0.50 to 1.17 mL/h 
using a Sage™ M361 syringe pump. The precursor solution was atomized using a positive 
high voltage from 6 to 10 kV. The deposition temperature was ranging from 260°C to 
324°C. The nozzle-to-substrate distance varied from 27 to 47 mm. 
Surface morphologies were analyzed using Scanning Electron Microscopy (SEM) (LEO 
400). 
Samples were post-annealed at a heating rate of 2°C/min in air for 1 h at 800°C in order to 
investigate the influence of thermal treatment on the morphology and on the reactivity 
products. 
X-ray powder diffraction was carried out using a Siemens D500 9/29 diffractometer in the 
Bragg Brentano geometry from 25° to 95° in 29 (0.04° in 29 step, 8s as a counting time) 
with Fe Ka radiation (A, = 0.1936 nm). Phases were identified using DIFFRAC-AT software 
systems (Socabim, Paris). 

3. Results and discussion 

Influence of the salt in the precursor solution. 

YSZ coatings were deposited by ESD process starting from two different precursor 
solutions as described previously in the experimental section such as YSZacac and YSZnitr. 
Figure 2 shows the effect of the precursor salt nature on the morphology of YSZ and LSM 
films. Dense and cracked YSZ films are obtained when Zracac was used (Figure 2a) while 
porous and crack-free YSZ films are resulted from the using of zirconyl nitrate as precursor 
(Figure 2b). LSM films (Figure 2c) are found porous and present a different reticulated 
porosity compared to YSZ (Figure 2b) in the same ESD conditions but starting from 
different salts. This behavior can be explained by the size of droplets which results from the 

12 
dependence on electrical conductivity of the precursor solution . 
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Figure 2. Influence of the salt nature cm the morphology of a) YSZ coating: Zracac, b) YSZ 
coating: zirconyl nitrate c) LSM coating. Solvent: 33 vol. % etfaanol + 67 vol. % butyl carbitol. 

Precursor solution flow rate: 0.5 mL/h. Deposition temperature: 260°C. Deposition time: 1 h. Nozzle 
to substrate distance: 27 mm. 

Indeed, from the droplet size, d is reciprocally proportional to electric conductivity of liquid 
a (S/m) with an exponent of 1/6 for the cone-jet mode as the following: 

J o e — 
\.a) 

We have measured the conductivity of our different precursors solutions (Table 1). 

conductivity (mS/m) 

Solution precursor 
LSM 
0.064 

YSZacac 
0.020 

Table 1: Conductivity of precursor solution 

YSZnitr 
0.86 

Consequently, the largest droplets were found by spraying YSZacac precursor solutions. 
These largest droplets spread and formed a humid film when impacted the substrate. In this 
case, during the drying step, the volume change is very large due to the presence of a larger 
amount of solution on the substrate surface. A lot of stresses appear and are at the origin of 
the formation of cracks in YSZ coatings (Figure 2a). The YSZ and LSM coatings obtained 
by pulverisation of YSZ and LSM nitrate precursors solutions are formed by aerosol 
containing smaller droplets, especially for YSZnitr. Therefore, these smaller droplets dried 
faster and did not contain enough solvent for the formation of liquid film when they arrived 
on the substrate. The droplets did not spread and were just deposited as dried particles onto 
the substrate surface (Figure 2b). In the case of LSM coating, the droplets size is quite large 
in order to spread but a simultaneous boiling and drying was occurred at the substrate 
surfece leading to a reticular porous rmcrostructure. Indeed, the boiling point of the LSM 
solution was found equal to 240°C by thermal analyses and is closed to the deposition 
temperature (260°C), this latter being certainly slightly cooled when the aerosol is 
impacting the substrate. 
We have demonstrated that the nature of salts is a primordial parameter on the film 
morphology. We have selected the precursors based on nitrates in the foEowing because of 
their ability to form porous microstructures. Furthermore, the process parameters such as 
the deposition temperature, the nozzle to substrate distance and the flow rate of precursor 
solution can influence the film morphology. These different parameters can influence the 
porosity of a film, because they control the amount of solution deposited on the substrate. 



309 

Influence of deposition temperature 

Figure 3 shows different surface morphologies of composite 50 vol. % LSM/ 50 vol. % 
YSZ films deposited starting from nitrate precursors at two different temperatures 260°C 
and 324°C for a solution flow rate of 0.50 mL/h. All films were found porous in this 
temperature domain. The microstructure obtained at 260°C (Figure 3a) can be the 
consequence of simultaneous boiling and drying of precursor solution. At 324°C ( Figure 
3b) a different type of porous microstructure was obtained. The agglomeration of 
interconnected particles was formed instead of the net-like microstructure. At 324°C the 
arriving droplets do not contain enough solvent for the formation of a liquid film. The 
droplets do not spread rapidly, they just stick to the previously arrived particles or to the 
substrate surface. 

a) b) 

Figure 3. Influence of deposition temperature on the morphology of 
LSM/YSZ coatings: a) 260°C, b) 324°C. Precursor solutions: LSM and 
YSZnitr. Solution flow rate: 0.50 mL/h. Deposition time: 1 h. Nozzle to 
substrate distance: 27 mm. 

Influence of nozzle to substrate distance 

The influence of the nozzle to substrate distance from 37 mm to 47 mm on surface 
morphology of composite 50 vol. % LSM/ 50 vol. % YSZ films is shown in Figure 4. 
When the nozzle to substrate distance is increased from 37 mm to 47 mm, we observe a 
progressive formation of a granular net (Figure 4c). When the distance is increased, the 
quantity of liquid is decreased in the droplet along the transport due to partial evaporation. 
These smaller droplets when impacting the substrate bridge together (Figure 4c). 

a) b) c) 
Figure 4. Influence of nozzle to substrate distance on the morphology of LSM/YSZ coatings: a) 37 

mm b) 42 mm c) 47 mm. Precursor solutions: LSM and YSZnitr. Deposition temperature: 260°C. 
Solution flow rate: 0.5 mL/h. Deposition time: 1 h. 
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Influence of precursor solution flow rate 

Figure 5 shows the surface morphologies of composite 50 vol. % LSM/ 50 vol. % YSZ 
films deposited at two different precursor solution flow rates, 0.67 mL/h and 1.17 mL/h. 
Both deposited films were found porous. At the lowest flow rate (Figure 5a) the surface 
morphology seems to be slightly denser compared to that of films deposited at higher flow 
rates. The most "three dimensional" network (Figure 5b) was obtained at the highest flow 
rate with the appearance of some cracks. The increase of the solution flow rate generates an 
accumulation of liquid on the substrate surface which undergoes a too fast drying process. 

a) b) 

Figure 5. Influence of precursor solution flow rate on the morphology of LSM/YSZ coatings: a) 
0.67 mL/h, andb) 1.17 mL/h. Precursor solutions: LSM and YSZnitr. Deposition temperature: 

260°C. Deposition time: 1 h. Nozzle to substrate distance: 37 mm. 

To conclude, the main ESD parameters, such as substrate temperature, nozzle to substrate 
distance and solution flow rate, control the equilibrium between the flux of incoming 

13 
solution and the solvent evaporation at the substrate surface as shown by Neagu for YSZ 
coatings. 

Influence of thermal treatment on composite coatings. 

It is important to control the effect of a thermal treatment on the morphology of LSM/YSZ 
coatings in order to apply this material as a possible candidate to be used as an electrode for 
SOFC. Figure 6 shows a quite similar porous and reticulated morphology of the films 
before and after thermal treatment at 800°C for lh. 

Figure 6. SEM images of LSM/YSZ films deposited on YSZ (a) 
as-prepared, (b) after thermal treatment at 800°C for 1 h. 
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Figure 7 shows XRD patterns of LSM/YSZ films thermally treated for 1 h in air at 800°C. 
The XRD patterns of the films consisted only of YSZ and LSM phases. The presence of 
any other phases was not detected. It is necessary to obtain a crystalline mixture of LSM 
and YSZ phases without any secondary phases in order to be applied as reduced 
temperature SOFC cathode. 

25 35 45 55 65 75 85 95 

2Theta 

Figure 7. XRD patterns of LSM/YSZ films heat treated for 1 h in air at 800°C 

4. Conclusion 

In this study, we have investigated the influence of the nature of the precursor solution and 
of ESD deposition parameters such as the deposition temperature, the flow rate of a 
precursor solution and the nozzle to substrate distance on the morphology of LSM/YSZ 
films. This work has allowed to extract the main ESD parameters which have an impact on 
the porosity control of LSM/YSZ composite. The preparation of these composite cathodes 
using ESD with simultaneous graded porosity and graded composition is in progress. 
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Abstract 

We studied the effect of nanoporous carbon black (non-graphitized carbon) on the electronic 
conductivity of recently identified Li2Co2(Mo04) polyanion material, for which the lattice level 
conductivity is low similar to the other polyanion materials reported so far irrespective of their 
structure. Li2Co2(Mo04)j was found to possess improved conductivity due to the addition of a highly 
conducting nanoporous carbon black (NCB) as conductive additive besides acetylene black. Inclusion 
of non-graphitized carbon black facilitated the effective grain-grain contact leading to increased surface 
particle conductivity between the active grains and thus resulted in enhanced overall conductivity of the 
electrode in a composite manner. The nano-composite test electrode fabricated with NCB rendered 
improved charge/discharge properties in the voltage window 4.9 - 2.0 V, when compared to the 
conventional composite electrode. Accordingly, the nanocomposite electrode delivered the first 
discharge capacity of 55 mAh/g, about 2.5 times higher than the capacity offered by the conventional 
composite electrode (23 mAh/g). It was also demonstrated that the presence of NCB enhanced the 
extended cycling performance in terms of Li+ insertion and retention of the host structure of the 
electrode material. 

Key words: NASICON-type polyanion materials; Lithium cobalt molybdate, Nanoporous carbon 
black 

Introduction 
The search for new cathode materials continues ever since Sony introduced 

the commercial Li-Ion rechargeable batteries in 1991 based on LiCo02 as positive 
electrode material. Amongst Li+ storage materials, the positive electrode materials 
having polyanion framework have gained greater attention due to their interesting 
structural characteristics. Both NASICON-type [1-6] and Olivine-type [7-10] 
materials occupy a subject of extensive research for many years due to their 
beneficial electrochemical characteristics. However, polyanion materials generally 
possess very low lattice electronic conductivity due to their inherent structural 
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limitations [10-13]. This drawback affects the rate performance of the polyanion 
materials and poses constraints in using such materials in batteries. 

To circumvent the electronic conductivity problem associated with the 
polyanion materials, quite a few techniques have been proposed over the years. 
Recently, all these techniques were focused on increasing the electronic 
conductivity of the composite electrodes through carbon coating on the active 
material particles or by adding dispersed metal powders. These attempts provided 
noticeable improvement in the electronic conductivity of the polyanion materials. 

Zaghib et al. [14] reported that the presence of carbon as a conductive additive 
in 01ivine-LiFeP04 increases the discharge capacity and utilization of the active 
material. Sol-gel synthesized LiFeP04 coated with carbon confirmed a highly 
conducting phase alleviating limitation due to slow electronic transport and small 
particle size ensured short diffusion length, both contributing to enhanced rate 
capability. At C/5 discharge rate an initial capacity of 150 mAh/g, and 140 mAh/g 
after 100 cycles was obtained by Yang and Xu [15]. 

Scrosati et al. [16] introduced electronically conducting carbon matrix during 
template prepared nanofibers of LiFeP04 electrode, which could deliver almost 
100% of theoretical capacity at a high discharge rate of 3C and 36% of the initial 
capacity at the enormous discharge rate of 65C providing an excellent rate 
capability. Recently, our group succeeded in enhancing the electrochemical 
performance of soft-combustion derived NASICON- Li2Ni2(Mo04)3 polyanion 
material by incorporating small amounts of mesoporous carbon black [17]. 
Formation of nano-composites using high surface area carbon is one of the 
promising techniques by way of increasing the intactness between active grains, 
offering enhanced electrochemical characteristics. A four fold increase in 
discharge capacity of nano-composite Li2Ni2(Mo04)3 has been found when 
compared to conventional composite electrode (Li2Ni2(Mo04)3 + AB+ PTFE) 
[17]. 

Ball milling technique was employed to prepare LiFeP04/C composite using 
sucrose as a conductive additive precursor and a high capacity of 137 mAh/g was 
achieved at 1C rate without any obvious capacity fade after 60 cycles [18]. Wang 
et al. [8] synthesized a series of LiMxFe|.xP04 (M = Mg, Zr, Ti) phosphates with a 
layer of amorphous carbon on the surface of LiMxFe,.xP04 particles. Amorphous 
carbon substantially increased the electronic conductivity of the nano-sized 
LiMxFe|.xP04 crystals. Eftekhari [19] used Au to form a mixed LiFeP04/Au film 
and obtained better battery performance such as higher specific capacity, less 
capacity fading and faster diffusion process by modifying the low conductivity of 
LiFeP04. 

Following our previous work on Li2Ni2(Mo04)3 nano-composite electrode, in 
the present work, we describe the improved electrochemical properties of an 
analogous polyanion material, Li2Co2(Mo04)3 upon adding a nanoporous matrix 
(NCB) having the mesoporosity [3, 13], thus proving the effectiveness of this 
method as a simple but an effective way to improve the electrode conductivity. 
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Experimental 
A simple solution based soft-combustion synthesis protocol was adapted to 

synthesize fine powders of lithium-rich phase of cobalt molybdate, Li2Co2(Mo04)3 
at low temperature. A detailed synthesis procedure was described in our earlier 
work [3, 13]. The material thus synthesized was characterized by various physical 
characterization techniques as explained earlier [13]. For electrochemical tests, an 
Arbin battery tester (BT 2000 series - 8 channel unit) was used. Test cells were 
composed of a composite cathode (working electrode) and thin lithium foil as both 
reference and counter electrode. 

The conductivity of Li2Co2(Mo04)3 was enhanced by using a highly 
conducting mesoporous nano-sized carbon black (NCB) [Monarch 1400, Cabot 
Inc, USA, BET surface area: 469 m2 g"1; Grain size: 13 nm; ae; 19.7 S cm"'] 
besides using acetylene black (AB), [BET surface area: 394 m2/g; Grain size: 0.1 
urn -10 (im; oe: 10.2 S cm"1]. Nano-composite positive electrode (cathode) 
consisted of 65% active material, 5% binder (PTFE) and 30% conductive additive. 
The conductive additive was composed of equal proportion of AB and NCB 
(nano-sized particles exhibiting mesoporosity of 3-10 nm). The contents for the 
electrode were thoroughly mixed using Agate pestle and mortar. Nano-composite 
positive electrodes were fabricated following the procedure given previously [2, 
11]. 

Results and Discussion 
The results for the phase formation temperature (DSC-TG), phase purity and 

structure of the synthesized powders (XRD), calculation of unit cell parameters 
(ICSD using POWD 12++), electronic state of different elements present (XPS) 
and metal content of the synthesized product (ICP) were already presented in our 
earlier study [13]. Slow scan cyclic voltammetry (SSCV) and constant current 
galvanostatic charge/discharge test was employed to demonstrate the redox 
properties (Li+ extraction/insertion) of Li2Co2(Mo04)3. The facile reversible 
electrochemical characteristics of Li2Co2(Mo04)3 were confirmed through SSCV. 
The first 20 galvanostatic charge/discharge cycles, discharge capacity of the 
material and a preliminary note on nano-composites was also published in our 
earlier papers [3, 13]. 

To examine the role of nanoporous carbon black on the electrochemical 
properties of Li2Co2(Mo04)3, Li2Co2(Mo04)3 [nano-composite cathode]/Li half-
cells were tested under galvanostatic conditions between 4.9 and 2.0 V at low 
current densities: 2.5 mA/g(charge) and 1.25 mA/g (discharge). Our earlier report 
on the conventional electrode is also taken for comparison. 

The first charge/discharge curves obtained using the nano-composite positive 
electrode (with NCB) are compared to the first charge/discharge curves of the 
conventional electrode (without NCB) as shown in Fig. 1. Figure 1 shows the 
clear evidence for the difference between the two cases in terms of IR drop, the 
amount of lithium removal/insertion and shape of the discharge profiles. The 
reduced IR (ohmic) drop (4.9 - 4.6 V) at the beginning of the discharge process 
after charge in the case of the nano-composite electrode is well seen in Fig 1 
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(inset). But, in the conventional case, a large IR (ohmic) drop was observed (4.9 -
4.3 V). As for the quantitative amount of Li+ extraction, 1.25 per formula unit 
was extracted when charged to 4.9 V (charge cut off) vs. Li+/Li during the first 
charge, which was 0.8 in the conventional case. Additionally, there is a 
significant improvement in the discharge process (lithium insertion reaction). In 
the former case (nano-composite), 1.25 Li+ was inserted when discharged down 
to 2.0 V (discharge cut off) corresponding to a discharge capacity of 55 mAh/g 
which is 2.5 times higher when compared to our earlier studies on conventional 
type Li2Co2(Mo04)3 (23 mAh/g for 0.53 Li+ down to 2.0 V). 
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1. Comparison of first charge/discharge curves of nano-composite Li2Co2(Mo04)3 and 

conventional Li2Co2(Mo04)3 vs. Li+/Li between 4.9 and 2.0 V. 

Electrolyte: 1 M LiPFf)(EC/DMC) 

Interestingly, the nano-composite electrode exhibited a smooth discharge 
profile from the beginning down to 2.0 V unlike the conventional one, in which a 
distinct appearance of two-slope features is clearly visible. The role of nanoporous 
carbon on the electrochemical properties of the host cathode is well understood 
through these remarkable changes observed in the discharge profile. 

The multiple charge/discharge curves of Li2Co2(Mo04)3 [conventional 
cathode]/Li cell are shown in Fig. 2 cycled under the same experimental 
conditions. It is visualized that after the first cycle, there was a change in the shape 



317 

of the charge and discharge profiles. The distinct potential profile disappeared 
after the first cycle, and the curves were identical in shape throughout the rest of 
the cycles studied. It seems that the material had undergone a structural phase 
transition after the first cycle, which needs further confirmation. Such a shape 
change in the discharge profile of the nano-composite electrode was not noticed as 
explained later with reference to Fig. 3. 

x in Li2.j:C02(MoO4)3 

0.2 0.4 0.6 0.8 

5th, 10th, 15th, 20th, 1st charge 

1st, 5th, 10th, 15th, 20th discharge 

0.2 0.4 0.6 0.8 

Fig. 2. 

y in U(2.x)iyCo2(Mo04)3 

Electrochemical characteristics of conventional Li2Co2(Mo04)j//Li cell 
under galvanostatic conditions: Experimental conditions are same as in Fig. 1 

Figure 3 presents the multiple charge/discharge curves (first 20 cycles) 
corresponding to the nano-composite cathode material. It is readily seen that there 
was a difference between the curves in Figs. 3 and 2. As far as the nano-composite 
electrode is concerned, no difference in shape was found between the first 
discharge curve and the rest of the discharge curves, whereas the distinct shape of 
the curves was evident in the conventional one (fig.2). The amount of Li+ inserted 
in the nano-composite cathode during discharge was larger than that in the 
conventional cathode. All such improved electrochemical properties of the nano-
composite electrode originated from the highly conducting nano-sized carbon 
which ensured better connectivity between the grains. The active participation of 
nano-sized carbon black is noteworthy in effectively improvising the particle-
particle contact leading to overall increase in the conductivity of the cathode 
material. It is likely that the high porosity of the material helped to retain more 
electrolytes between the electronic pathways and thus improved the conductivity. 
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Figure 4 shows the variation of discharge capacity with cycle number 
corresponding to the conventional and nano-composite Li2Co2(Mo04)3 electrodes 
for the first 20 cycles. The discharge capacity delivered by the conventional 
composite Li2Co2(Mo04)3 cathode decreases from 23 mAh/g (1st discharge) down 
to 17.8 mAh/g at the end of 20th cycle. Whereas, for the NCB added 
Li2Co2(Mo04)3 cathode, although there is a fall in discharge capacity during the 
first 4 cycles, the material still delivered 28 mAh/g at the end of 20th cycle. Table 
1 provides the electrochemical properties to summarize the improvements made 
on the NCB added cathode over the conventional electrode. It is clearly seen that 
the presence of NCB is remarkable in improving the extended cycling 
characteristics of Li2Co2(Mo04)3. The structural integrity of the nano-composite 
electrode material upon repeated cycling might also contribute to the enhanced 
electrochemical behaviour. 

Table 1. Improved electrochemical properties (Li+ insertion and discharge capacity) of 
nano-composite Li2Co2(Mo04)3 compared to conventional composite Li2Co2(Mo04)3 
electrode 

Electrochemical properties of Li2Co2(Mo04)3 positive electrode 

Conventional composite electrode 

Cycle 
number 

1 

5 

10 

15 

20 

Amount of Li+ 

inserted 
down to 2.0 V 

0.53 

0.522 

0.52 

0.45 

0.4 

Discharge 
capacity 
(mAh/g) 

23 

22.9 

22.8 

19.7 

17.8 

Nano-composite electrode** 

Amount of Li+ 

inserted 
down to 2.0 V 

1.25 

0.8 

0.79 

0.69 

0.64 

Discharge 
capacity 
(mAh/g) 

55 

36 

35 

30 

28 

* AB added Li2Co2(Mo04)3 (conventional) 
** AB and NCB added Li2Co2(Mo04)3 (nano-composite) 

Conclusion 
The effect of adding the nanoporous carbon black as a conductive additive in 

enhancing the conductivity of Li2Co2(Mo04)3 was demonstrated in this work. The 
role of nanoporous carbon as additional conductive additive was determined by 
comparing the electrochemical properties of both the conventional composite 
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cathode and nano-composite cathode. The test electrode fabricated with NCB as 
conductive additive has a significant effect on the discharge properties by 
establishing effective grain-grain contacts, leading to increasing the overall 
electronic conductivity of the composite electrode. As a beneficial consequence of 
NCB addition, the discharge was found to enhance a 2.5 times which indeed is a 
significant measure. 
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TiP2C>7 was synthesized by reacting TiOz and 85 % HjPCU and characterized by XRD, TEM 
and SEM. The electrical conductivity of the sample was examined at 500-1000 "C under 
various p{Oi), p(HaO), and pCOiO) conditions. The conductivity of the material in wet 
atmospheres was higher than that under D20-containing and dry atmospheres, indicating that 
protonic conduction was dominant in this material in wet atmospheres. The conductivity was 
mainly independent of p(Oi) at 500-900 °C under oxidizing conditions, confirming 
predominant ionic (protonic) conduction. 

1. Introduction 

Although high proton conductivity has been reported for a large number of solid 
compounds and materials' and many of them have been suggested for applications 
as electrolytes in electrochemical cells, their use in technological devices is still 
quite limited. Apart from the fact that proton conductivity in the solid state remains 
significantly below the upper limit for proton conductivity in liquids, major 
problems arise from the numerous additional material requirements . In the past 
few decades several perovskite-type oxides have been reported to show protonic-
conduction at high temperatures3"5. Nevertheless, due to modest proton 
conductivity, their applications have been limited, except for hydrogen sensors. 
Rare earth orthophosphates have been demonstrated as high-temperature proton 
conductors with high chemical stability, but again the conductivities are modest.6 

Research goes on world-wide to identify new suitable proton conducting 
materials. Up to date only a limited number of compounds have been identified, 
and numerous classes of materials are unexplored. We are investigating proton 
conduction in a variety of materials. Recently, proton conductivity was reported at 
intermediate temperature ranges in tetravalent metal pyrophosphate mixed 
electrolytes7"8. Moreover Kwon et al. discovered proton conductivity in SnP207 at 
low temperature9. These reports have motivated us to investigate the proton 
conductivity in TiP207. 

In this article we describe the synthesis and characterization of T1P2O7. In order 
to understand the nature of the conduction we have studied the electrical 
conductivity in H20- and D20-containing as well as dry atmospheres. 
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2. Experimental 

2.1. Synthesis 

TiP207 was prepared as described in the literature10. Ti02 and H3P04 (85%) were 
mixed in stoichiometric amounts at room temperature until a homogeneous slurry 
was formed. This was heated at 200 °C for 3 h. The obtained powder was ground 
and dried at 100 °C for 24 h, followed by calcination at 700 °C for 3 h. The 
formation of single phase crystalline TiP207 was verified by XRD (Siemens D5000 
diffractometer, CuKa radiation). The calcined powder was uniaxially pressed into 
pellets (10 mm diameter and 2 mm thickness). 

Bamberger et aln reported that titanium pyrophosphate decomposed at about 
1150 °C into titanyl phosphate, and the latter further into Ti02 (rutile): 

2TiP207-> (TiO)2P207+P205 
(TiO)2P207 -» 2Ti02+ P2Os 

To avoid this thermal decomposition, we sintered our sample at 1050 °C for 3h. 
The relative density of the sample was obtained from the unit cell dimensions and 
the mass and dimensions of the sintered pellet. 

2.2. Characterization 

The sintered sample was crushed for investigation by powder XRD, and unit cell 
parameters were obtained from least-squares fitting of all peak positions. The 
structure was furthermore studied by selected area diffraction (SAD) in a TEM 
(transmission electron microscope; JOEL 2000FX). The crystal morphology at 
high temperature was also studied using a high temperature stage in the TEM. The 
microstructure of the sample was analyzed by SEM (scanning electron microscope; 
FEI Quanta 200F). 

Electrical characterization was performed in a ProboStat™ (NorECs AS12) 
measurement cell with two-point electrode setup, using a Hewlett Packard 4192A 
impedance analyzer at a frequency of 10 kHz and an oscillation voltage of 1.1 
V(rms). The electrodes were painted, porous Pt electrodes with diameters around 1 
cm. The electrical conductivity was measured at 500-1000 °C under various 
oxygen and water vapor partial pressures. Oxygen partial pressure, p(02), was 
varied from 1 to 10"5 atm by using pure 0 2 or Ar/02 gas mixtures. Water vapor 
partial pressure, p(H20), was varied from 0.027 to 0.00003 atm by mixing dry gas 
with gas bubbled through a saturated solution of KBr(aq) at room temperature. The 
conductivity of the material in a similarly obtained D20-containing atmosphere 
was also measured. The conductivities reported here are not corrected for sample 
porosity. 

3. Result and discussion 

3.1. Structural characterization 

The material may be suspected to thermally decompose at 1100 °C, and continued 
heating at 1100 °C for 24 h did in fact change the colour of the samples to yellow 
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and led to the presence of small amounts of rutile Ti02 as seen by XRD. The 
samples for conductivity studies were thus sintered at only 1050 °C, for 3h. The 
XRD pattern obtained for TiP207 after sintering is given in figure 1 and matches 
well those of Norberg et a/.13. This confirms that pure single phase material was 
obtained after sintering at 1050 °C. The compound exhibited a cubic superstructure 
(space group: Pa 3; space group no. 205). The lattice parameter was calculated by 
the least-squares method to be a = 23.5336 A, in good agreement with the literature 
value a = 23.5340°. Malshikov and Bondar14 found two polymorphic forms; a 
high temperature form (above 458 °C) with cubic symmetry (space group: Pa3), 
and a low temperature form with hexagonal symmetry. On the other hand, 
Chernorukov et a/.15 reported that below 730 °C TiP207 exist in a cubic a 
modification (a = 23.52 A) while above 730 °C it transforms into another cubic (P) 
modification (a = 7.80 A). (We observed the phase transition at about 695 °C by 
conductivity measurements as will be shown below). 
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Figure 1. (a) Observed XRD pattern of TiP207 after sintering at 1050 °C for 3 h. (b) XRD pattern of 
TiP207from Ref. 13. 

Selected area diffraction (SAD) patterns seen along the [010] and [140] zone 
axes are shown in figure 2. They are indexed according to the crystal structure with 

space group Pa 3 (no. 205). Although the crystal structure is primitive cubic, all 
the reflections are not present in the SAD pattern. The reflection conditions for this 
space group are given by: General: Okl: k = 2n and hOO: h = 2n, Special: h+k, h+1, 
k+1 =2n for atom positions 4a and 4b. Closely spaced reflections and the presence 
of the First Order Laue Zone (FOLZ) seen in the middle image in figure 2 confirm 
the large unit cell dimension of the cubic superstructure. A bright field image is 
also shown in figure 2. It does not show any difference in contrast due to the 
presence of domains or precipitations. (The fringe like appearance is due to the 
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variation in crystal thickness. The thickness decreases from the dark region at the 
bottom right hand side corner towards brighter top left hand side corner). A study 
of the phase transition and possible changes in crystal morphology was attempted 
by in situ heating of the specimen inside the TEM. However, the specimen 
disintegrated into nanosized particles, probably as a result of the vacuum 
conditions and possibly accelerated by the electron beam. 

Figure 2. Left and middle: Selected area diffraction (SAD) patterns of TiP207 after sintering seen along 

the [010] (left) and [ 140] zone axes. Right: Bright field image of the area analysed in the leftmost SAD 
pattern. 

Figure 3 shows the SEM image of the material after sintering. No secondary 
phase was observed. The relative density was approximately 75%. It should be 
noted that in order to reduce the thermal decomposition of LaP:jQ916 the spark 
plasma sintering technique was successfully used to reach densities of 92 %, and 
this may be one way to prepare denser samples also of our phosphate materials in 
the future. 

Figure 3. SEM image of TiPaOi after sintering. 

3,2. Electrical characterization 

Figure 4 shows the temperature dependence of the conductivity for the material 
under wet, D20-containing, and dry atmospheres. Each curve is obtained after 
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equilibration at 1000 °C, and was recorded during ramps of decreasing temperature 
of 20 °C/h. The conductivity of the material under wet atmosphere was 
considerably higher than those under dry atmosphere and D20-containing 
atmosphere. The above results confirm that the material dominantly conducts 
protons in wet atmosphere. 
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Figure 4. Temperature dependence of the conductivity for TiP207 in a) wet O2 (p(H20) = 0.027 atm), 
b) D20-containing 02 (p(D20) = 0.027 atm), and c) dry 02 (p(02) = l atm in all cases). 

The conductivity of TiP207 under wet oxidizing conditions was 8xl0"6 - 2xl0"4 

Scm"' at the measured temperature range, which is higher than that of undoped rare 
earth phosphates16"'8. The Arrhenius plots show sharp bends at about 695°C. The 
activation energy for pro tonic conduction in the TiP207 was evaluated as 0.70 eV 
at 500-674 °C and 0.47 eV at 692-1000 °C. The activation energy for deuteron 
conduction in the TiP207 was somewhat higher; 0.74 eV at 500-674 °C. This result 
suggests semi-classical behavior in the proton hopping process in the material, as 
observed in proton conducting oxides and phosphates'8"19. The H/D isotope effect 
had ratios of 1.3 - 1.7 at 500-1000 °C. All in all these results imply that mainly 
protons contribute to the conduction, by the Grotthuss hopping mechanism. 

The conductivity vs 1/T is shown at two different p(02) at constant p(H20) in 
figure 5. The conductivities were near to independent of p{02) at 500-900 °C, 
indicating that the contribution of electronic conduction to the total conductivity in 
the material was negligible (and protonic conduction predominant) at these 
temperature ranges. On the other hand, at 1000 °C the conductivities in wet argon 
were higher than in wet oxygen, suggesting that the material begins to conduct 
electrons. 
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Figure 5. Total conductivity of TiP207 as a function of 1/T in wet argon and in wet O2 at p(HiO) •• 
0.027atm. 

The p(H20) dependencies at constant p(02) at selected temperatures are shown 
in figure 6. The conductivity of the material increased by increasing p(H20), which 
suggests protonic conduction. The conductivities were approximately proportional 
to p(H20)"4 at 500-900 °C. The defect structure (including protonic defects) that 
leads to these dependencies is a matter of interest in our ongoing work. 
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4. Conclusion 

The electrical conduction in TiP207 was investigated. The material exists in two 
different phases at low and high temperature. The conductivity of the material is 
shown, by the dependence on humidity and the effect of H/D isotopic exchange, to 
be mainly protonic. The /KO2) dependencies of the conductivities indicated that 
below 900 °C the material is mainly a proton conductor, while n-type conductivity 
contributes significantly to the total conductivity at 1000 °C. The finding of proton 
conductivity in this material, although at moderate levels, encourages further 
studies of proton conductivity in tetravalent pyrophosphates at elevated 
temperatures. 
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Thin film electrode of spinel LiMnid for rechargeable lithium micro-batteries was prepared by a 

solution deposition route. The Li-Mn-0 solution was deposited on electronically conductive Au 

substrate by a spin coater. By controlling the fabrication condition, the excellent rechargeability was 

observed in a test cell which contained the LiMn204 film. XRD and SEM were used to characterize 

the structures, phase composition, morphology of the thin films. The thermal decomposition 

behavior of the precursor powder was examined by TG/DSC to determine the temperature of 

heat-treatment. The electrochemical properties of the thin films were also investigated using cyclic 

voltammeter (CV) and charge/discharge cycling. The thin films obtained from the optimal 

processing condition (Li/Mn=l.05:2. dried at 280°C. annealed at 800°C for 30min) were 

homogeneous, crack-free, and showed good cycling behavior. The capacity loss is about 1.54% 

after 100 cycles at current density of 50uA/cnr. 

1. Introduction 

Rechargeable lithium micro-batteries and their various applications have attracted 

much attention recently. All-solid-state lithium rechargeable micro-batteries can 

overcome many problems of secondary batteries while keeping most of the favorable 

features[l]. Thin film electrodes have simple geometric form without addictives such as 

polymer binder and conductive materials and therefore make analysis of their 

electrochemical performances more convenient. During these years, new materials and 

fabrication techniques of cathode thin films for lithium micro-batteries have been 

explored[2, 3]. Among these materials, LiMn204 thin film is particularly interesting 

because of its relatively higher energy density, environmentally benign and 
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inexpensive[4]. Fabrication of LiMn204 thin films have been reported using various 

techniques, such as RF magnetron sputtering[5], pulsed laser deposition[6,7], 

electrostatic spray deposition[8,9], electron beam evaporation[10]. However, these 

techniques unfortunately require high energy consumption as well as sophisticated 

instruments. Evidently, the solution deposition method supplies a promising alternative 

to solve these problems, since it has many advantages due to its excellent control of the 

stoichimetry of the thin films, lower cost and easy doping[ll]. LiMn204 thin films 

prepared by this method have exhibited good properties[l2-l6]. 

In the present work, we have synthesized LiMn204 thin films by an effective 

chemical solution deposition technique, using a spin coater. By controlling the 

deposition parameters and heat treatment schedules, we obtained homogeneous, 

crack-free LiMn204 thin films. The effects of annealing temperature on the structure, 

morphology and electrochemical properties were studied in detail. 

2. Experimental Detail 

As for the solution deposition method, the preparation of the precursor solution with 

good wetting properties and proper viscosity is of great importance. In order to prepare 

the precursor solution for thin film deposition, lithium acetylacetonate and manganese 

acetylacetonate (in the molar ratio of 1.05:2) were co-dissolved in l-butonol and acetic 

acid through continuous stirring. Precursors of various Li/Mn ratios (1:2; 1.05:2; 1.1:2) 

employed and it was found that addition of excess lithium was necessary to obtain pure 

LiMn204 thin films considering the over-evaporation during the annealing schedule. The 

molar concentration of the precursor solution was maintained 0.4ML"1. The resulting 

solution was deposited on electron conductive and polished Au substrate, using a 

spin-coater (CHEMAT Spin-Coater KW-4A), with a rotation speed of 3000rpm for 30s. 

The films were then pre-heated on a hot plate (MODELK.W-4AH) at 280°C for 10 min 

to remove the associated organics. The thermal decomposition behavior of the precursor 

powder which was made from heating the precursor solution at 120°C for 2h was 

estimated by TG/DSC (NETZSCH STA 499C)at a heating rate of 5°C /min. The 

pre-heating temperature was decided on the basis of the TG/DSC analysis. The above 

coating and heating procedures were repeated to get a 0.5um thick film. Finally, the 

as-deposited films were converted to a horizontal tube furnace and annealed at different 

temperature from 700°C ~850°C for 30min in a flow of 02 . 

The crystal structure of the fabricated films were measured by a Philips vertical 
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X-ray diffractometer(PN 3050/60, MPSS) using Ka (X=\.54056 A) radiation operated at 

40KV, 40mA, and analyzed with X'Pert High Score Plus diffraction software. A 

scanning electron microscope (SEM, Akashi, Seisakusho, JSM-5610V) was used for 

examining the surface morphology. The electrochemical properties of the prepared 

LiMn204 thin films were investigated in test cells assembled in a argon filled glove box 

(MBRAUN), using lithium metal foil as anode and IM LiPF6/EC/DMC/EMC(l:l:l) 

solution as electrolyte. The cyclic voltammogram of the films was recorded in the 

voltage range of 3.5-4.5V. Charge -discharge cycling tests were carried out at a current 

density of 50uA/cm2 with a cycle tester (LAND CT2001A). 

3. Results and discussion 

TG/% DSC/(mW/mg) 

30 I—.—l—.—i—.—i—.—i—i—i—i—i—i—i—i—i—i—i - l -2 
0 100 200 300 400 500 600 700 800 900 

TemperturefC) 

Fig. 1. TG/DSC traces of the LiMn,04 precursor powder obtained by heating the precursor solution at 120°C 

for 2h. 

The TG-DSC curves of the precursor powder are displayed in Fig. I. It can be seen 

from the TG trace that there is a 1.24% weight loss below 120°C which is most likely to 

be the evaporation of the absorbed water. Over the temperature range from 150°C to 

400°C, two weigh-loss steps can be detected, which stands for 52.45% and 7.12%, 

respectively. Two exothermic peaks (at 302.7°C and 360.8°C) were observed in 

accordance with the two weight-loss steps. According to J.Y. Park' s work ['2', the two 

exothermic peaks are caused by the decomposition and combustion of the organic 

constituents in the powder. The weight loss terminated at 400°C. Here, we could 

conclude that the decomposition of the precursor powder occurs at 150~400CC. In this 
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paper, 280°C was chosen as the pre-heating temperature since too much residual organic 

materials would be left in the as-deposited films for too low pre-heating temperature. By 

the same token, a relative high pre-heating temperature does not suit to form a dense, 

homogeneous, and creek-free film. 

Fig.2. The XRD patterns of (a) as-deposited film; and LiMnj04 films annealed at (b) 700°C; (c) 750°C; (d) 

800°C; (e) 850°C for 30min. 

Fig.2 shows the XRD patterns of the as-deposited LiMn204 films and the LiMn204 

thin films annealed at different temperatures. In our experiments, parallel beam optics is 

employed for thin film analysis. Incident angles are very low (glancing), so radiation 

does not penetrate far into the substrate. As a result, the interference from the substrate is 

minimized and the layer peaks exhibit higher intensity. The as-deposited film shows no 

spinel LiMn204 structure but broadened tetragonal(ICDD code:00-001-l 127) Mn304 

peaks. The films crystallized when annealed at 700~850°C. The (111), (311), (400) and 

(331) peaks of spinel structure (space group Fd3m) were observed. The reflection peak 

of (111) became stronger and narrower with the increase of annealing temperature, 

which indicates the improvement of the crystallinity of the films. However, when the 

temperature was increased to 850°C, the impurity was detected obviously. The peak 

(28=32.9095° ) can be attributed to lithium deficient phase Mn20:, which may come 

from the over-evaporation of lithium at higher temperature. The X-ray diagram of the 

LiMn204 powder obtained by calcinning the precursor powder at 800°C for 2h is 

presented as a reference (inserted in Fig.2). 
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Fig.3. SEM images of the surface of the LiMn204 thin films annealed at (a) 700 °C; (b) 750°C; (c) 800 "C; (d) 

850 °C for 30min. 

The SEM images of the LiMn204 thin films annealed at different temperatures are 

given in Fig.3. On increasing the annealing temperature from 700°C to 850°C, the grain 

size increases. The grain size at 700°C is less than 0.1 urn and about 0.1~0.3um at 750°C. 

The growth of LiMn204 particles at 700°C and 750 °C seems to be insufficient. When 

annealing temperature was 800°C, the annealed film was consisted by particles of similar 

size of about 0.3um. Few micro-pores probably due to gas evolution during the 

decomposition and crystallization of the precursor are observed in Fig.2 (b) and Fig.2(c). 

The porous structure has an advantage when using a liquid electrolyte since it has large 

area with electrolyte. On the other hand, the structure may cause short-circuits in 

all-solid state thin-film batteries using solid electrolyte. For the film annealed at 850°C, 

the particles grow abnormally, and some were larger than 1.5um. 

To investigate the electrochemical properties of the LiMn204 thin films, cycling 

tests were performed in Li/IM LiPF6+EC+DMC+EMC/LiMn204 cells at a current 

density of 50uA/cm2 between 3.0-4.3V at room temperature. Fig.4 compares the voltage 

profiles of the first cycle for these films. Two typical plateaux around 4.0V and 4.1V 

were observed under all conditions. Table 1 also listed the discharge capacities of the 1st 

and 50th cycle, as well as the capacity loss per cycle. In general, as the temperature 

increases from 700°C to 800°C, the initial discharge capacity increases and the capacity 
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degradation is improved due to the slight improvement of crystallinity, which has 

already been indicated in the XRD pattern analysis. The improvement of discharge 

capacity due to improvement of crystallinity, is generally accepted by many researchers 

[12,16], Nevertheless, the discharge capacity decreases significantly when the annealing 

temperature is increased to 850°C. This may be due to presence of lithium deficient 

phase Mn203 and the abnormal-grown particles shown in the XRD pattern and SEM 

microgram. It is reported that when the particle size is too large, lithium ions do not 

intercalate into the particles completely, so the discharge capacity will be reduced 
|l7'.Therefore, it is found that the film annealed at 800°C possessed best cycle 

performance and relatively higher discharge capacity. This could be explained by its 

well crystallized spinel structure, uniform grain and few micro-pores which may help to 

relax the strain generated from the expansion/contraction during cycling'12' '"''. 

(d) (a)(b) (c) 

2 8 I . 1 , 1 , 1 , 1 . 1 , 1 . I , 
0 5 10 15 20 25 30 35 40 

Discharge Capacity { p Ah/crrf • M m) 

lig.4. Comparison of the initial discharge curves for the cells Li/IM LiPKr,+BC7DMC7l:MC7 UM112O4 thin 

films annealed at various temperatures. 

Fig.5 presents the typical cyclic voltammetry curve measured on the LirV1n204 thin 

films annealed at 800 °C between 3.5 and 4.5V at a scan rate of 0.5 mVs"'. Two couples 

of well-defined current peaks at around 4.0 and 4.1V were observed in the 

voltammogram and were related to the cubic and tetragonal phases of manganese oxide 

and to the reversible deintercalation/intercalation of Li ion. It should be noted that the 

cyclic voltammogram of Fig.5 and the charge-discharge curves in Fig.4 coincide quite 

well in shape and value. 
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Table I The electrochemical properties of cell Li/IM LiPF,,+HC7DMC/r;MC7 LiMn2Oj thin films annealed at 

700-C. 750°C, 800°C and 850°C. 

700°C 750°C 800°C 850°C 

34.1 37.3 30.2 

32.7 36.1 29.2 

Initial discharge 

capacity(uAh/cm2 urn) 

Discharge capacity of 50th 

cycle(uAh/cnr um) 

33.3 

31.0 

The capacity loss per 

cycle(%) 
6.91 3.21 3.31 

4 25 
• charge-discharge efficiency 

— • - diacharge capacity 

0 10 20 30 40 50 60 70 80 90 100 

Cycle Number 

Fig.6.Coulombic efficiency and discharge 

capacity of the LiMrhOj thin films annealed at 

800°C during cycling. 

Potencial(V) vs. Li/Li' 

Kig.5. Cyclic voltammogram of theLiMi^Qi thin 

film annealed at 800°C for 30min operated in the 

voltage range 3.5-4.5 V (scan rate: 0.5mV/s). 

Fig.6 shows the cycling performance of the LiMn204 thin films annealed at 800 °C. 

The discharge capacity and the columbic efficiency were plotted as a function of cycle 

number. Good columbic efficiencies of near 100% were realized during 100 cycles. 

Only a small degradation is observed after 100 cycles at room temperature. The capacity 

loss per cycle after being cycled 100 times is about 1.54%. This result shows that the 

LiMn204 thin films prepared by the solution deposition route have a stable Mn204 

framework to remain intact over repeated lithium extraction and insertion. 

4. Conclusions 

LiMniOt spinel structured thin films could be fabricated by solution deposition 

method, using a spin-coater. By controlling the annealing temperature, LiMn204 spinel 
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films with stable structure and fine grains could be obtained at 800°C and this resulted in 

an enhanced capacity and cyclic performance. No appreciable degradation could be 

observed after 100 cycles at a current density of 50uA/cnr at room temperature. It is 

considered that the solution deposition method can be adopted for the preparation of 

rechargeable thin-film lithium microbatteries with promising electrochemical properties. 
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Abstract 
LiNiP04 and LiCoPO^ cathode materials based on Phospho-Olivine structure have been 

prepared by Pechini - type Polymerizable Technique. Structural and thermal analyses have been done 

using XRD and TGA/DTA respectively. Formation of nano sized particles has been confirmed from the 

XRD analysis for both the samples. Conductivity analysis shows the conductivity in the order of- 10"5 

Scm'1 for both LiNiPOt and LiCoP04 at 303K. Transport parameter such as hopping frequency has been 

calculated from the conductance spectra. 

Keywords: Phospho - Olivine, XRD, TGA/DTA, Pechini - type Polymerizable Technique. 

1. Introduction 

During the last decade, lithium batteries have been widely used as power 

sources for portable electronic devices such as cellular phones and laptops because 

of some valuable advantages of lithium batteries over other types of rechargeable 

batteries [1]. One of these advantages is the high-voltage performance in voltage 

range of 3-4 V. More recently, some cathode materials with high redox potential 

have been proposed, which can be used for the fabrication of 5 V lithium batteries. 

Two main examples of this class of cathode materials are LiMxMn2.x02 (M = Cr, Fe, 

Co, Ni and Cu) [2] and LiMP04 (M = Mn, Ni, Fe and Co) [3,4]. The ordered olivine 

represented by a similar general formula LiMP04 exhibits hexagonal closed-packed 

(hep) oxygen array and tetrahedral sites are occupied by P5+ and form P04 

tetrahedral oxo-anions. Olivine has orthorhombic symmetry with alternate a-c planes 

of Li and M occupying the octahedral sites, which makes it possible for there to be 

the two dimensional Li diffusion paths between the hep oxygen layers [5]. Cathode 

properties of these olivine type materials has been reported by Shigeto Okada 

et.al.,[5] and they reported that LiCoP04 exhibits the highest 4.8 V discharge plateau 

of lOOmAh/g versus Li/Li+ after initial charging to 5.1 V. They display high redox 

potentials, fast Li+ion transport, excellent thermal stability, and energy density 

comparable to that of conventional lithium metal oxides. In the present investigation 

one of the sol-gel method, Pechini - type Polymerizable Technique has been used to 

prepare LiMP04 (M=Ni , Co) which has several advantages such as, easier to 
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control stoichiometry, Nano-size particles and good homogeneity. In this paper 

structural, thermal and electrical properties of the samples has been discussed using 

XRD, TGA/DTA and ac impedance spectroscopy. 

2. Experimental details 

Generally, alkoxide precursors are used in solgel method but they are extremely 

sensitive to moisture and has to be processed under a strictly dry atmosphere. To 

avoid the use of alkoxide compounds as starting reagents, we have used a Pechini-

type Polymerized-Complex (PC) route. This kind of chemical synthesis, based on 

high viscosity polyesters obtained from citric acid—metal chelates and polyhydroxyl 

alcohols, was first developed by Pechini. The raw materials LiN03, CoN03.6H20, 

NiN03 6H20 and NH4H2P04 are dissolved in double distilled deionized water 

separately to prepare L1C0PO4 and LiNiP04 respectively. After that citric acid as a 

chelating agent has been added to the mixture and magnetically stirred well to form 

transparent metal chelates. Ethylene glycol is then added to the mixture for gelation 

which results in the formation of low molecular weight oligomers. The temperature 

is then increased to 150° C to promote esterification between hydroxyl group of 

ethylene glycol and carboxylic acid of citric acid and polymerization. A black 

polymer precursor which is stable in air is then formed. It can be assumed that the 

polymer precursor contains lithium, metal ion (nickel & cobalt) and phosphate 

cations, trapped homogeneously throughout the polymer matrix. Therefore, 

pyrolysis of the polymer is performed at 350°C for 2 h in a furnace thai yields a 

black powder precursor, called hereafter "powder precursor". The black colour 

indicates that the powder contains carbon. In order to determine the firing 

temperature, TGA/DTA analysis has been performed on powder precursor using 

Perkin-Elmer Thermal Analyser in oxygen atmosphere. The final products are 

obtained after the calcination of powder precursor at 600°C and at 800°C for both the 

samples. XRD pattern has been taken to confirm the formation of samples with 

desired phase, using Cu Ka radiation having a wavelength of 1.5417 A. The resultant 

samples are spread in a die and a pressure 4000 Kg cm"2 is applied to form pellet 

with 1 mm thickness and 1.0 cm diameter. The pellets are sintered at 600° C for 2 

hrs. The impedance measurements are taken by placing the pellet in between two 
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aluminium blocking electrodes within the frequency range 42Hz to 5MHZ using 

computer controlled HIOKI 3532 LCZ meter. 

3. Results and discussions 

3.1 Thermogravemetric (TG) and Differential Thermal (DT) analysis 

Fig (la,b) shows the TG and DTA curves of LiNiP04 and LiCoP04 in the 

temperature range 28°C tol000°C at 15°C/min. Thermogravemetric analysis of both 

the samples consists of three regions upto 150°C, 300-600°C and 600 - 1000°C. For 

both the samples, upto 150°C the first weight loss (-4%) observed in TGA 

associated with an endothermic peak in Differential Thermal Analysis corresponds 

to the solvent evaporation[6]. The second weight loss (-3%) can be attributed to the 

combustion reaction of the raw materials with the evolution of brown gases (C02 & 

N02) . The citric acid added provides the local heat for the formation of compound 

during the decomposition process because of the self-igniting property of its 

carboxylic acid [7]. The exothermic peak in Differential Thermal Analysis in the 

range 300-600°C corresponds to the degradation of polymer and due to the 

conversion of organic compounds into C02 & N02. 
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Fig. 1 a TG and DTA curve of LiNiPO, Fig. 1 b TG and DTA curve of LiCoP04 

At higher temperatures chemical reactions occur with the exothermic heat energy 

supplied by the combustion of citric acid which facilitates the process of 

crystallization of the compound. 
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3.2 XRD Analysis: 

Fig(2a,b) shows the XRD pattern of LiNiP04 and LiCoPO,. The 20 values 

obtained are in good agreement with [PCPDF 32-0578] and [PCPDF 32-0552] for 

LiNiP04 and LiCoP04 respectively. Table Ia,b shows the comparison of 29 values 

for maximum intensity peaks obtained in present systems with that of previous 

reports. 
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Fig. 2a XRD pattern of LiNiP04 Fig. 2b XRD pattern of LiCoP04 

Table la: Comparison of 28 values of observed and PCPDF file for LiNiP04 

S.No 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 

20 values (degrees) 
Experimental 

17.626 
20.895 
23.303 
25.888 
30.439 
32.848 
36.336 
37.233 

PCPDF 
17.632 
20.901 
23.316 
25.922 
30.540 
32.841 
36.326 
37.294 

Intensity 

60 
60 
30 
100 
65 
25 
100 
35 

Table lb: Comparison of 29 values of observed and PCPDF file for LiCoP04 

S.No 

1. 
2. 
3. 
4. 
5. 

20 values (degrees) 
Experimental 

20.656 
25.641 
30.068 
32.29 
35.824 

PCPDF 
20.802 
25.709 
30.161 
32.486 
35.920 

Intensity 

80 
95 
85 
40 
100 
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Average particle size has been calculated using Debye-Scherrer method, 

fi 2e COS 6 

The average particle sizes calculated for LiNiP04 and LiCoP04 are -24 nm. Thus 

the phosphates prepared by Pechini - type Polymerizable Technique seems to have 

fewer impurities and also the presence of nanocrystalline phases when compared to 

phosphates prepared by other conventional solid state reaction methods [8,9]. 

3.3 Impedance Analysis 

Figure 3 shows the Cole - Cole plot for LiNiP04 and LiCoP04 at ambient 

temperature. Cole-Cole plot of LiNiP04 shows a depressed semicircle at high 

frequency region and a inclined spike at low frequency. Cole-Cole plot of LiCoP04 

shows two semicircles at high and intermediate frequency region and a inclined 

spike at lower frequencies. The semicircle corresponds to a parallel combination of 

resistance and capacitance. The capacitance value has been calculated from the 

centre of the semicircle at which coRC = 1 relation obeys and from the slope of the 

inclined spike. For both the samples the capacitance values calculated from the high 

frequency semicircle and low frequency spike are in pico and micro farad range, 

corresponding to the bulk effect and electrode polraisation effect respectively. The 

capacitance value of intermediate frequency semicircle observed in LiCoP04 has 

been found to be in the order of nanofarad, may be attributed to grain boundary 

effect [10]. Grain boundary resistance has been found to be greater than grain 

resistance due to the blocking of charges on either side of the grain boundary 

forming the potential barrier and hence blocking the passage of charge carriers. DC 

conductivity value has been calculated using 

a = (l/Rb)*(//A) (2) 

and are found to be 1.8 X 10"5 Scm"1 and 1.3 X 10"5 Scm"1 for LiNiP04 and LiCoP04 

respectively. 
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Fig. 3 Cole - Cole plot for LiNiP04 and LiCoP04 at 303K 

3.4 Conductance spectra 

Figure 4 shows the conductance spectra for LiNiP04 and LiCoP04 at 303K. The 

spectra consist of almost a plateau and a high frequency dispersion region. The 

plateau characterizes the conduction which is mainly by the hopping motion of the 

mobile ions and determines the dc value of conductivity. As the frequency 

increases, the conductivity gradually increases and it is well approximated by the 

Jonscher' Power formula [11], 

a'(co) = o0 + A co s (3) 

where s is the dimensionless frequency exponent and o0 corresponds to dc 

conductivity. 
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Fig. 4 Conductance spectra for LiNiPO, and LiCoPCX. at 303K 
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Hopping rate (coH) has been calculated using the relation coH = 2o0. Concentration of 

charge carriers has been calculated using 

c' = a0kT/(coHe2a2y) (4) 

where k is the Boltzmann constant, e is the elementary charge of the ion, a is the 

hopping distance of the ion (3 A) and y is the correlation factor (1/6) and are 

tabulated in table 2. 

Table: 2 Transport parameters calculated from conductance spectra for LiNiP04 and LiCoP04 

S.No 
1. 
2. 
3. 
4. 

Transport Paramters 
dc conductivity 
coH 

c' 
s 

LiNiP04 

1.8 XI0"5 

3.6X10' 
1.5X10" 
1.2 

LiCoP04 

1.3X10"5 

6.5 X 105 

6.2 X1024 

1.4 

3.5 Dielectric spectra analysis 

Figure 5a shows the variation of log dielectric constant with frequency for 

LiNiP04 and LiCoP04 at 303K. For both the samples at low frequencies the gradual 

increase in the dielectric constant may be attributed to the space charge 

accumulation at electrode-electrolyte interface. At higher frequencies due to the 

periodic reversal of the field dielectric constant decreases. According to dielectric 

physics, the dielectric loss tan 8 mainly consists of two contributions, one from the 

dielectric polarization relaxation process tan 5reiax and another from dc conduction 

tan8dc. So tan 8dc can be expressed as 

tan 8dc= adc/coe (5) 
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Fig. 5a Log w Vs Logs' for LiMP04 (M=Ni,Co) Fig. 5b Log co Vs Loge'' for LiMP04 at 303K. 
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So E dc" = <W<o. The slope of log s dc" Vs logco is -1. Figure 5b shows the 

variation of logE dc" with frequency having a slope value near to unity (-1) at lower 

frequencies indicates that the dc conduction contribution is predominant in both the 

samples [12]. This can be explained as at low frequencies the random diffusion of 

the cations results in a dc conductivity and at higher frequencies a power law 

dispersion is observed (E" a a>) . Thus the presence of mobile ions results in 

dielectric loss which varies monotonically with frequency and exhibits no peak 

corresponding to one seen in dipolar relaxation. 

4. Conclusion 

LiNiP04 and LiCoP04 cathode materials based on Phospho-Olivine structure 

has been prepared by Pechini - type Polymerizable Technique. Formation of the 

sample has been confirmed by thermal analyses using TGA/DTA. Nano sized 

particles (~24nm) has been confirmed from the XRD analysis for both the samples. 

Conductivity analysis shows the conductivity in the order of 10"5 Scm"1 for both 

LiNiP04 and LiCoP04 at ambient temperature. Dielectric spectra reveals the 

predominant dc conductivity contribution to the relaxation in both the samples. 
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SYNTHESIS AND ELECTRICAL CHARACTERIZATION OF 
LiFe02, LiCo02 AND NiO COMPOSITIONS 
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Binary and ternary compositions of LiFe02, LiCo02 and NiO were synthesized and 
electrically characterized, aiming the application in electrodes of fuel cells and 
batteries. Materials synthesis were carried out through wet-chemical routes, such as 
Pechini and glycine-nitrate techniques. Calcination and sintering studies were 
performed in order to find the optimum conditions for these new materials. The sintered 
materials were subjected to phase analysis by X-ray diffraction and the electrical 
conductivity measurements were performed by the d.c. 4-probe method up to 750°C. 
The powders prepared by Pechini method result in rather spherical and softly 
agglomerated particles. The phase analysis reveals the existence of LiFe02-LiCo02-
NiO solid solution phases of Fmim cubic rock-salt structure in LiFe02-NiO rich 
compositions. Increase of the LiCo02 content of the composition results in the 
formation of Rim layered phase. Electrical conductivity of LiCo02-NiO binary 
compositions increases drastically with the LiCo02 content. While the conductivity is 
considerably low and decreases with the LiFe02 content in NiO-LiFe02 and LiFe02-
LiCo02 binary systems. In the ternary system, the electrical conductivity increases to a 
maximum with increasing LiCo02 content. Altogether, this study shows the behaviour 

1. Introduction 

From the viewpoint of cost and efficiency, semi-conductive ceramic oxides are the 
best practical electrode materials for number of electrochemical energy conversion 
devices such as fuel cells, batteries, photoelectrolysis, chloroalkali cells and 
electrochlorination1. These electrodes must possess adequate conductivity to 
transfer electrical charge, but be corrosion resistant in the chemical and thermal 
environment of the cell and often must have catalytic capabilities. In the 
development of electrode materials, the stability of the material is examined first, 
followed by evaluation and development of the electronic conductivity. Basically, 
the compounds that contain multivalent ions have the potential for electronic 
conductivity due to intrinsic nonstoichiometry or by further enhancement of 
conductivity through doping, specially in oxide ceramics2. 

This work is based on synthesizing and electrically characterizing binary and 
ternary compositions of LiFe02, LiCo02 and NiO. NiO is used as the cathode 
material of the Molten Carbonate Fuel Cell (MCFC). However, the dissolution of 
this state-of-the-art cathode material has been a main obstacle for the 
commercialization of the MCFC3. Apart from NiO, LiFe02 and LiCo02 have also 
been extensively investigated for the MCFC cathode. However, none of these 
single-phase candidate materials could alone be used in the MCFC, because of their 
low electronic conductivity or poor oxygen reduction kinetics4. The approach of 
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developing alternative cathodes for MCFC has since been diverted to improving 
these single candidates by doping or forming into mixed oxides. 

LiCo02 is used also as the cathode material of Li batteries and the LiCo02 

cathode now dominates in the rechargeable lithium battery market. However, the 
high price of cobalt limits it usages and a cheaper alternative is in a great need for 
large scale applications5. Lithium nickel oxide is also regarded as a candidate for the 
cathode of Li batteries, and a number of research work is going on to improve its 
stability by replacing a part of nickel by other materials such as cobalt. 

In this study, a number of new compositions under NiO-LiFe02, LiFe02-
LiCo02 and LiCo02-NiO binary systems and, LiFe02-LiCo02-NiO ternary system, 
have been synthesized and electrically characterized. This paper mainly presents 
the synthesis work and electrical conductivity of these new materials. A brief 
summary of a cell study using cathodes fabricated form some of the prepared 
materials, is also presented. A detailed description of the cathode fabrication and in-
cell testing is found elsewhere 6"8. 

2. Experimental 

The feasibility of two wet-chemical techniques, the glycine-nitrate method and the 
Pechini method, was investigated in order to obtain powder with characteristics 
appropriate for electrode preparation. For both methods, LiN03, Fe(N03)3 9H20, 
Ni(N03)26H20 and Co(N03)26H20 (Merck, Germany) of analysis grade were used 
as the starting materials with appropriate organic precursor solutions. Both poweder 
synthesis processes were completed by calcining ash product at 650 °C for 2h in air. 
A detailed description of the materials synthesis can be found in the references6"8. 
The synthesized powders were uni-axially pressed at 100 MPa and green pellets of 
12 mm in diameter were prepared. The green pellets were subsequently sintered at 
1000 °C for two hours in static air. 

Scanning Electron Microscopy (SEM, JEOL JSM-840) was employed to 
investigate the particle morphology. The phase analysis on the sintered materials 
was carried out with X-ray diffraction (XRD, Philips diffractometer using 
monochromatic Cu Ka radiation). The electrical conductivity of these materials was 
determined by performing d.c. conductivity measurements on sintered pellets by the 
four-probe method up to 750°C. 

3. Results and Discussion 

3.1. Powder characteristics 

The SEM micrographs obtained on 40 mole% LiFeO2-20 mole% LiCoO2-40 mole% 
NiO ternary powders of System Tl, synthesized by the glycine-nitrate method and 
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the Pechini method are shown in Figure 1(a) and 1(b), respectively. Figure 1(a) 
shows of having flaky particles of sponge or porous structure for the powders 
prepared by glycine-nitrate method. These powders, which contain highly irregular 
shaped and considerable porous particles, may inhibit packing, compaction and 
attainment of high final properties. Such powder structure indicates subsequent 
processing problems since internal pores are difficult to eliminate. 

Figure I. Scanning electron micrographs of 40 mole% LiFeO2-20 mole% LiCoO2-40 mole% NiO ternary 
powders, (a). Synthesized by the glycine-nitrate method, (b). Synthesized by the Pechini method. 

In comparison, as shown in Figure 1(b), the powder prepared by the Pechini method 
show of having agglomerated sub-micron size particles. These sub-micron size 
powder particles are rather spherical shaped, less porous and less irregular when 
compared to powder prepared by the glycine-nitrate method. Therefore all the 
remaining powder compositions for this study were synthesized by the Pechini 
method. 

3.2. The phase analysis 

The compositional and the phase details of the prepared materials are shown in 
Figure 2. The compositions, given in the figure, are in mole percentages and the 
phase details are based on the XRD analysis performed on pellets sintered at 1000 
°C for two hours in static air. Materials compositions in the NiO-LiFe02 (system 
Bl), LiFe02-LiCo02 (system B2) and LiCo02-NiO (system B3) binary systems 
together with LiFe02-LiCo02-NiO ternary compositions in five sub-systems have 
been investigated. Each of these Tl to T5 ternary sub-systems consists of the 
LiFe02-LiCo02-NiO ternary materials with a constant molar ratio of LiFe02:NiO 
and varying LiCo02 contents. The corresponding LiFe02:NiO molar ratios for the 
systems Tl, T2, T3, T4 andT5 are 1:1, 3:1, 1:3, 2:1 and 1:2, respectively. 

The materials prepared in Tl, T2 and T3 systems are based on the ternary 
compositions starting from the LiFe02-NiO binary system and extending towards 
the LiCo02 end of the ternary system. Ternary compositions of up to 30 mole% of 
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LiCo02 were studied under each of these Tl, T2 and T3 systems. Ternary 
compositions starting from the LiCo02 end and extending down to 40 mole% of 
LiCo02 were studied under systems T4 and T5. 

LiCo02 

LiFe02
 80 6 0 _„ 40 20 N j o 

Figure 2. The compositional and phase details of prepared materials. The compositions are given in mole 
percentages. Bl, B2 and B3 are the binary systems of NiO-LiFe02, LiFe02-LiCo02 and LiCo02-NiO, 
respectively. The corresponding LiFe02:NiO molar ratios for the ternary sub-systems Tl, T2, T3, T4 and 
T5 are 1:1, 3:1, 1:3, 2:1 and 1:2, respectively. The doted (—-) line represents the boundary of the 
LiFe02 and NiO rich LiFeO^LiCoOr-NiO solid solution. 

The phase analysis by XRD, indicated the existence of a NiO-LiFe02 solid solution 
of the Fm3m cubic rock-salt structure, in the NiO-LiFe02 binary materials prepared 
under System Bl. The material compositions so far investigated under binary 
systems B2(LiFe02-LiCo02) and B3(LiCo02-NiO) show the existence of two 
phases. In both B2 and B3 systems, the Fm3m cubic rock-salt structure of NiO and 
LiFe02 dominates in the compositions close to NiO and LiFe02 ends. While the 
binary compositions close to the LiCo02 end is dominated by the R3m layered phase 
of LiCo02. As seen in Figure 2, the ternary materials of systems Tl, T2 and T3, 
containing low LiCo02 contents, form solid solutions of the Fm3m cubic rock-salt 
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structure rich in LiFe02 and NiO. Increase of the LiCo02 content of the composition 
results in the formation of secondary phase of R3m layered structure. The boundary 
between the LiFe02-NiO rich solid solution and the multiphase zone is slightly 
varying among the Tl, T2 and T3 ternary sub-systems. The apparent solid solution 
boundary is in between 10 and 15 mole% of LiCo02 for System Tl and T2 while it 
is slightly high, in between 15 and 20 mole% of LiCo02, for System T3. In LiCo02 

rich materials prepared under the systems T4 and T5, the content of the LiFe02-NiO 
rich solid solution phase of Fm3m structure, decreases with the increase of LiCo02 

content in the composition. Instead, the content of LiCo02-rich phase of R3m 
structure increases at the expense of the LiFe02-NiO rich solid solution phase. 

3.3. Electrical conductivity 

The d.c. electrical conductivity measurements were performed by the four probe 
method upto 750 °C. Throughout the measured temperature range, the electrical 
conductivity of these materials increases in an exponential manner with 
temperature, as could be expected for semiconductors. However, the trend of 
increasing conductivity with temperature is different among the materials. 

-B3 (NiO-LiCo02) 

-B2 (UCo02-LiFe02) 

- B l (NiO-LiFe02) 

100 
LiCo02 mole% (for system B3) 

LiFe02 mole% (for systems B l and B2) 

Figure 3. Variation of the specific electrical conductivity in air at 650 °C, with respect to LiFe02 

content in the systems Bl(NiO-LiFe02) and B2(LiC.o02-LiFeOz), and with respect to IJC0O2 
content in system B3 (NiO-LiCoOi). 

The electrical conductivity behaviour of the binary compositions at 650 °C in air, is 
shown in Figure 3. As expected, the electrical conductivity of the binary 
compositions of systems Bl(NiO-LiFe02) and B2(LiCo02-LiFe02) decreases with 
the increase of LiFe02 content and it can be ascribed to the very low electrical 
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conductivity of LiFe02 with compared to NiO and LiCo02
4. Also the electrical 

conductivity values of these prepared compositions in systems Bl and B2 lay 
between the electrical conductivity values of the end materials. 

However, a completely different behaviour can be seen in System B3(NiO-
LiCo02), where the conductivity increases drastically to a maximum with the 
increase of LiCo02 content. Further increase of the LiCo02 content, significantly 
decreases the conductivity. In this preliminary study the 20mole% LiCoO2-80 
mole% NiO composition of system B3, showed a specific electrical conductivity of 
about 135 S/cm at 650 °C in air and about 0.01 S/cm at 25 °C in air. This significant 
room temperature electrical conductivity indicates the possibility of developing 
these binary materials for cathode of Li batteries, by improving the conductivity 
while preserving the desired crystal and micro structure. 

40 60 
LiCo02 mole% 

100 

Figure 4. Variation of the specific electrical conductivity of ternary compositions with respect to 
LiCo02 content, at 650 °C in air 

A quite similar electrical conductivity behaviour was noticed in the ternary 
materials and the variation of the specific electrical conductivity of them with 
LiCo02 content, at 650 °C in air, is shown in Figure 4. A similar trend of increasing 
conductivity with the content of LiCo02, can be noticed in the LiFe02-NiO rich 
ternary compositions prepared under systems Tl, T2 and T3. In each of systems Tl, 
T2 and T3, the increase of LiCo02 content of the material increases the conductivity 
to a maximum. This conductivity maximum is slightly shifting towards the 
materials with higher LiCo02 content, with decreasing the LiFe02: NiO ratio in the 
system. The maximum is shifting from about 20 to 25 mole% of LiCo02 content, 
when the LiFe02: NiO ratio is changing from 3:1 (System T2) to 1:3 (System T3). 

As shown in Figure 4, when comparing the electrical conductivity among 
systems Tl, T2 and T3 having the same LiCo02 content, the materials in System T3 
(with the lowest LiFe02:NiO molar ratio, 1:3) show the highest conductivity. The 
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materials in System T2 (with the highest LiFe02:NiO molar ratio, 3:1) show the 
lowest conductivity, while the conductivity of materials in System Tl lies in 
between. This behavior is identical to that of the LiFe02-NiO binary system (Bl); 
the electrical conductivity decreases with increasing LiFe02 content in the material, 
due to very low electrical conductivity of LiFe02. 

The electrical conductivity behaviour of the LiCo02-rich ternary materials 
prepared under systems T4 and T5 is also presented in Figure 4. A slightly different 
behaviour, in the variation of conductivity with LiCo02 content, can be seen in these 
two systems. In System T4, the conductivity increases to a maximum at around 50 
mole% with decreasing LiCo02 content, followed by a decrease in conductivity 
with further decreasing of LiCo02 content down to 40 mole%. In System F, the 
conductivity increases continuously with decreasing LiCo02 content of the 
composition down to 40 mole%. 

Altogether, the electrical conductivity study shows the ability of improving the 
conductivity of LiFe02, LiCo02 and NiO by forming them into binary and ternary 
compositions. The ternary materials, specially the 20-30 mole% LiCo02 

compositions in systems Tl and T3, show promising characteristics for the MCFC 
cathode application, having adequate electrical conductivity (well above 1 S/cm at 
the operating temperature of 650 °C). A brief description of a study performed with 
these materials for the MCFC cathode application is given in the following section.. 

3.4. Application of LiCoO^LiFeOrNiO ternary materials to the MCFC cathode 

Table 1. Details of the cell tested cathodes and their electrochemical performance 

System 
Composition 

In mole% 

Electrical conductivity 
at 650 °C (S/cm) 

Cathode performance 
at the optimum condition 

LiFe02 

NiO 
LiCo02 

In bulk material 
In porous electrode 

IR-corrected 
polarization (mV) 

Cathodic IR-drop 
(mV) 

Tl 
45 
45 
10 

2.36 
0.10 
216 

367 

37.5 
37.5 
25 

8.42 
1.32 
90 

159 

T3 
20 
60 
20 

18.5 
3.09 
62 

46 

18.75 
56.25 

25 
20.1 
3.12 
81 

99 

The LiFe02-LiCo02-NiO materials, which show adiquate electrical conductivity 
were subjected to cathode fabrication and the cathodes with promissing 
characteristics were then cell tested. Table I, presents the performance of some of 
the cell tested cathodes. Among them, both 25 mole% LiCo02 cathodes of systems 
Tl and T2, showed performance comparable to that of LiCo02 cathodes6,7. 
Interestingly, performance comparable to that of state-of-the-art NiO cathode 
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projected for a commercial MCFC, could be achieved with the 20 mole% LiCo02 

cathode of System T3. Hence the cell performance of these cathodes reveal the 
possibility of using LiFe02-LiCo02-NiO cathodes for the MCFC. 

Accordingly, the outcome of the study shows promising characteristics of the 
LiFe02-LiCo02-NiO ternary materials for the applications as cathode materials of 
the MCFC. It also suggests to investigate the possibility of using LiCo02-NiO 
binary compositions as cathode materials for Li-ion batteries. 

Conclusion 

This study suggests the existence of LiFe02-LiCo02-NiO solid solution phases of 
Fm3m structure in LiFe02-NiO rich compositions. Increase of the LiCo02 content 
in the composition results in the formation of R3m layered phase. Electrical 
conductivity of LiCo02-NiO binary compositions can significantly be increased by 
controlling the L1C0O2 content. The conductivity is considerably low and decreases 
with the LiFe02 content in both NiO-LiFe02 and LiFe02-LiCo02 binary systems. In 
the ternary compositions, the electrical conductivity increases to a maximum with 
increasing LiCo02 content. 
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The performances of y-MnCh cathode in alkaline battery depend on the crystallochemical 

properties of MnC>2 as well as of graphite used to improve electronic conductivity of the 

cathode mixture. In the present work we have studied the performances of Sri Lanka natural 

graphite in the reduction process of y-MnC>2 and compare it with the other synthetic and natural 

graphites. We also show how crystallochemical and electrochemical properties of the synthetic 

manganese dioxide depend on defects which are related to the structural parameters Pr and Tw. 

Where Pr is the rate of ramsdellite-pyrolusite intergrowth and Tw microtwinning which 

represents the creation of nanostructure aggregates during electrodeposition. 

1. Introduction 

Manganese oxides including y-Mn02 have widely been used as electrodes material in 
both aqueous and non aqueous batteries1'2 due to their economical and environmental 
advantages and safety. The cathodic reduction of manganese dioxide in alkaline 
electrolytes has been studied by several authors3"5. The manganese dioxide electrode 
of rechargeable batteries has received wider attention during the last three decades. 

Mn0 2 exists in numerous allotropic forms as natural MD ramsdellite, pyrolusite, 
synthetic form p-Mn02 (stoichiometric and ordered), the synthetic and disordered y-
Mn0 2 (CMD type) and e-Mn02 (EMD type) and all of them have been used in 
alkaline batteries. In general, the reduction of y-Mn02 can be divided into two steps.4 

The first step covers the composition region from Mn02 to MnOOH and called the 
"electron-proton insertion process". The insertion of protons from the electrolyte into 
the y-Mn02 structure and the reduction reaction is given by 

Mn02 + H 2 0 +e" -> MnOOH + OH" (1) 
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Simultaneously, electrons are inserted into the y-Mn02 structure, causing the 
reduction of Mn4+ to Mn3+ ions. During the reduction process, the potential decreases 
continuously indicating a single-phase reaction mechanism. Therefore, the first 
electron reduction is also called homogenous reduction process.6 

During the first reduction process in concentrated KOH electrolyte, the Mn3+ 

ions in the cathode are dissolved into electrolyte. During the second electron 
reduction, the Mn3+ ions are reduced to Mn2+ ions by charge transfer on the surface 
of the conducting graphite in the cathode mixture. Since the solubility of Mn2+ ions 
in alkaline medium is relatively low compared to that of Mn3+ ions, the Mn2+ ions 
precipitate as Mn(OH)2 on the surface of the graphite particles. Therefore, the 
second electron reduction step is called "dissolution and precipitation" process and 
consequently, the potential during this process remains constant and it is also called a 
heterogeneous reduction process.4 

Alkaline manganese dioxide batteries consist of manganese dioxide, an aqueous 
electrolyte and powdered zinc. The electrolyte is a concentrated caustic, usually 
KOH which offers higher conductivity and reduced gassing compared to the acidic 
electrolyte of the Leclanche cell. On discharge, the manganese dioxide positive plate 
is reduced to manganese oxyhydroxide and provides the OH" ions. 

The purpose of this study is to investigate the effects of different types of natural 
and synthetic graphite on reduction of Mn0 2 (EMD type; grade of TA and TC) and 
also the suitability of natural Sri Lanka graphite as a conducting enhancer in alkaline 
batteries. 

2. Experimental 

The selected Sri Lankan vein graphite samples (BSSI and KSSI) were crushed using 
an agate mortar and separated to powder of particle size less than 40 u.m using a 
mechanical sieve-shaker. The natural Madagascar (E1099) graphite, Kromful 
graphite (UF4) and synthetic TIMREX graphite (KS25) were used as received. X-
Ray diffraction (XRD) studies were carried out with a Philips X-Ray generator 
(using Cu Ka radiation with wavelength h= 1.5406 A). 

The manganese dioxide composite electrode was prepared by mixing 50 mg of 
EMD (TA grade) powder with 150 mg of particular type of Sri Lanka vein graphite 
(KSSI) thoroughly in an agate mortar. Pellets of diameter 13 mm were prepared by 
applying 30 kN hydraulic pressure. 

An electrochemical cell was assembled using a composite Mn02 pellet as the 
working electrode, Hg/HgO as the reference electrode and a nickel wire as a counter 
electrode. Electrochemical reduction was performed in 9M KOH aqueous solution 
using a MacPile potentiostat-galvanostat at room temperature at voltage scan rates of 
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10 mV in 2 h, 10 mV in 1 h and 25 mV in 1 h in the potential range between the 
equilibrium potential (Ueq ) which is around 0.15 V and -0.8 V. The graphs of current 
(/) versus the rate of intercalation (x) were recorded during the reduction of Mn02 

electrodes. 
The anode material was prepared with 90 wt.% of zinc powder (DORAL Zn 

101), 5 wt.% of acetylene black (AB: Y20) and 5 wt.% of Algoflon® PTFE 
(Polytetrafluoroethylene). DME (1,2-Dimethoxyethane) (Aldrich) was added to the 
mixture and stir well to prepare a composite gel. The gel was sandwiched between 
two Ni meshes and pressed by applying about 30 kN pressure. A stainless steel disc 
as a current collector and a non-woven separator were also used. The electrochemical 
cell was kept under vacuum for about 48 hours after assembling. 

3. Results and Discussion 

3.1. Characteristics of different grades of EMD 

Electrochemically prepared manganese dioxides (EMD) of TA and TC grades were 
used. They consist of 87.9% and 94% of particles respectively having sizes less than 
75 urn, and TC has a narrower particle size distribution than TA. The TA and TC 
grades have the same advantages of low impurity levels. The major metallic 
impurities in TA and TC grades are very low levels of As, Co, Cr, Cu, Fe, K, Mo, 
Ni, Pb and Sb. 

The structure of the y-Mn02 is disordered and can be described by different 
distribution of manganese in a hexagonal close packing oxygen network. 
Electrochemical activity of the y-Mn02 is controlled by disorder. The X-ray 
diffraction pattern of Mn02 samples could be explained by random intergrowth of 
pyrolusite layers in a ramsdellite matrix7 and the major diffraction peaks are (110), 
(021) and (221). The angular positions of the major peaks are used to quantify the 
structural disorder of De Wolff disorder (Pr)7 and microtwining (Tw)8 as shown in 
Fig. 1. 
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Figure 1. Comparison between the x-ray diffraction pattern (CuKJ of EMD(TA) and EMD(TC). 

3.2. Electrochemical characterization: Potentiostatic reduction ofMn02 

Fig. 2 clearly shows the four potentiostatic reduction peaks of MnC>2 (EMD type; 
TA) appearing during reduction of all types of natural and synthetic graphites, at 
scanning rate of 10 mV h"1. The first peak (5) is attributed to the reduction of 
manganese at surface sites. Reduction to Mn4+ is associated with the manganese 
atoms located at the surface sites of manganese dioxide and its incomplete oxygen 
polyhedron is completed by surface hydroxyl groups or water molecules.8'9 The 
second reduction stage found (the broad peak, A) in the potential range between -
0.06 V and -0.09 V vs. Hg/HgO indicates the reduction of Mn4+ ions within the 
Mn02 (EMD) structure. But Swinkels et. al.10 proposed that the main peak (A) splits 
into three components is attributed to Mn located at the ramsdellite or in pyrolusite 
domains or at their frontiers. Chabre et. al} have shown that the peak A is made of 
two components and the two possible locations of protons in the tunnel of the 
ramsdellite structure. The third peak, B, at -0.30 V vs. Hg/HgO indicates the 
reduction of Mn4+ ions located in pyrolusite domains within the y-Mn02 structure." 
The homogeneous reduction involves reducing Mn + to Mn + and inserting a proton 
onto an adjacent oxygen ion for charge neutrality. When reducing ramsdellite 
domains within the MnC>2 structures, there are two different proton locations, each 
with different energy." However, Poinsignon et. al}1 studied the reduction of MnC>2 
allotropic forms ( EMD, CMD, ramsdellite and pyrolusite) in 1M KOH and showed 
that the electron-proton insertion potential of EMD and CMD types were higher than 
that of the ordered and stoichiometric forms; ramsdellite and pyrolusite, due to 
structural disorder of intergrowth of pyrolusite and ramsdellite structural blocks and 
micro-twinning. 

During the next electron reduction, the Mn3+ ions are reduced to Mn2+ ions and 
indicates in the intense and sharp peak, C, at potential -0.44 V vs. Hg/HgO. The peak 
potential value of the heterogeneous process also depends on the KOH concentration 
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and on the potential sweep rate.11 At the end of reduction, the Mn2+ ions precipitate 
as Mn(OH)2 phase on the surface of the graphite particles and indicates in the peak, 
D, at potential -0.55 V vs. Hg/HgO. Mn304 is formed in the heterogeneous reduction 
process when the experiments is carried out over an extended period, during which 
the partially reduced Mn0 2 undergoes a chemical transformation resulting in the 
heterogeneous formation of Mn304.13 
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-1 -0.8 -0.6 -0.4 -0.2 0 0.2 

Potential (V) vs. Hg/HgO 

Figure 2. Reduction voltammograms of MnCh (EMD type: TA) with natural and synthetic graphite in 9M 

KOH, scanning rate of 10 mV h"'. 

The main effect of the mix valence state influenced by the presence of Mn3+ 

into generate electronic exchange interactions which do not allow to deintercalate 
Mn3+ and Mn4+ ions in the starting material. This mix valence state exits until 
MnOi.75. It is due to variation of a, b, and c parameters during topotactic reduction in 
KOH < 1M, vary slowly and this range corresponds to reversible reduction. 
Rechargeable Zn/Mn02 alkaline batteries use this property, for that reason this 
reduction potential is limited. 

3.3. The fraction of one electron capacity or reduction yield 

The fraction of one electron capacity can be defined as the reduction yield or the rate 
of reduction. Fig. 3 shows that the fraction of one electron capacity vs. potential of 
the EMD with different types of natural and synthetic graphite. The four plateaus at 
A, B, C and D indicate the reduction of TA grade at different domains but three 
plateaus at A, B and C are only observed for TC grade. The reduction yield (about 
50%) confirms the good reduction of the electron-proton insertion process. The 
reduction yield, about 100% is observed during the heterogeneous reduction of Mn3+ 

to Mn2+ ions. The highest reduction yield (more than 100%) is observed for EMD 
with TA and TC grades with the natural graphite from Sri Lanka, Madagascar and 
Kromful. 
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Figure 3. Graphs between the fraction of one electron capacity (%) vs. potential for reduction of Mn02 

(TA) with natural and synthetic graphite in 9M KOH at a scanning rate of 10 mV h"1. 

3.4. Effect of natural and synthetic graphite on manganese dioxide electrode 
behavior 
During the homogenous and heterogeneous reduction reactions, the current response 
of graphite (BSSI, KSSI and KS25) were decreased dramatically and showed a high 
degree of reduction. At a high content of graphite (75%), the electronic path to Mn02 

particles directly contacted by graphite was quite rich. Fig. 3 clearly shows that the 
reduction of Mn0 2 mainly depend on the type of graphite (natural and synthetic) and 
the crystallography characteristics. However, that Sri Lanka vein graphite shows 
good reduction ability. 

The particle size of the graphite is an important parameter to determine the 
overall performance of the Mn02 reduction. Generally, electronic path among the 
EMD grains is controlled by the grain size and shape of the graphite powder. The 
reduction voltammogram figures show that the particle size of graphite, which is 
related to the geometric surface area, having significant effect on both homogenous 
and heterogeneous reduction processes. During the both reduction process, the sharp 
peak indicating high reduction was observed only for large particle size of graphite 
(more than 24 |im). The particle size of the KS25 graphite consists of 94% of 
particles less than 24 um. This is mainly due to increase the geometric interface with 
the electrolyte and Mn02 (EMD) particles. The geometric interface between the 
Mn02 and electrolyte can be used to interpret the changes in heterogeneous 
reduction. Small Mn0 2 particles have a relatively large surface area available for 
Mnz+ dissolution to occur.13 However, KS44 graphite is the best graphite, consists of 
94% of particles less than 44 um, which is used for the alkaline battery industry. 

J i i i I i i i I i i i L 
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3.5. Electrochemical characterization: Galvanostatic reduction ofMn02 

Fig. 4 shows that the galvanostatic reduction of Mn02 (EMD type: TA) with natural, 
KSSI at current rate of 0.75 mA g"1. As expressed above, reversibility occurs if 
reduction potential can be controlled. In Fig. 5, reduction must concern only the part 
of Ueq to A reduction curve. After that, three plateaus are observed at -0.27 V (P-Q), 
-0.42 V (R-S) and -0.52 V (T-U) vs. Hg/HgO, which indicate the irreversible phase 
transition in heterogeneous reduction process. 

Capacity (mAh/g) 

Figure 4. Galvanostatic reduction of MnC>2 (EMD type: TA) with natural (KSSI) graphite in 9M KOH, at 

specific current of 0.75 mA g'1 (current regime of C/250). 

The potentiostatic reduction peaks of C and D in heterogeneous process are 
confirmed by the galvanostatic results. 

The rechargeable zinc/alkaline-EMD with KSSI graphite cell, at current rate 15 
mA g"\ indicate that the cell has highest capacity on the first cycle, and that charge 
and discharge capacities values are about 47 and 32 mAh g"1 respectively. However, 
the theoretical capacity of Mn0 2 is about 310 mAh g"1. 

The performances of Zn-Mn02/ graphite batteries are not satisfactory. This may 
be due to the fact that the current regime used for the experiments is relatively fast 
for Mn02 . And also the potential range did not limit only to the homogeneous 
reduction process. 

4. Conclusions 

The reductions of composite electrodes of manganese dioxide (EMD type) with 
different types of natural or synthetic graphite in 9M KOH aqueous solution under 
potentiostatic control show reduction peaks at low scanning rates indicate 
homogenous reduction process of electron-proton insertion into EMD structure, and 
heterogeneous process of dissolution and precipitation. 
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The reduction of Mn02 mainly depends on current rate, graphite particle size 
and purity, De Wolff disorder (Pr) and microtwining (Tw) values of the Y-Mn02. 
Graphite is a good additive for the reduction of Mn02 but a trace amount of Fe203 or 
Cu in natural graphite adversely affect the suitability of graphite as electrode 
materials in batteries. Therefore, the morphology and purity of Sri Lanka natural 
graphite has to be selected very carefully for such applications. Generally the 
rhombohedral phase content of natural Sri Lanka graphite is about 20% and which is 
higher than that of Madagascar and Kromful graphite. However, the rhombohedral 
defects, crystallographic characteristics and other structural defects of the graphite do 
not show appreciable effect on Mn02 reduction and its electronic conductivity. 

Acknowledgements 

The fellowship given to NWBB by the Ministry of Foreign Affairs (MAE), France 
through French Embassy of Sri Lanka to carry out research work at LEPMI, INPG 
is greatly acknowledged. 

References 

1. G. Pistoria, A. and Antonini, J. Electrochem. Soc.144,1553 (1997). 
2. C.S. Johnson, M.F. Mansuetto, M.M.Thackeray, Y. Shao-Horn and S.A., 

Hackney, J. Electrochem. Soc, 144, 2279, (1997). 
3. N.C.Cahoon, and P.Korver, J. Electrochem. Soc. 106, 745 (1959). 
4. A. Kozawa and R.A.Powers, J. Electrochem.Soc. 113,870 (1966). 
5. C.Julien, C.Letranchant, S.Rangan, M.Lemal, S.Ziolkiewicz, S.Castro-

Gracia,L.El-Farh and M.Benkaddour, Mater. Sci. Eng. B76,145 (2000). 
6. A.M.Kannan, S.Bhavaraju, F.Prado, M.Manivel Raja and A.Manthiram, J. 

Electrochem. Soc. 149 (4), A483 (2002). 
7. P.M.De Wolff, Acta Crystallogr. 12, 341 (1959). 
8. Y. Chabre, and J. Pannetier, Prog. Solid State Chem. 23, 1 (1995). 
9. A.J. Brown, F.L. Tye and L.L., Wood, J. Electroanal. Chem. 122, 337 (1981). 
10. D.A.J. Swinkels, K.E. Anthony, P.M. Fredericks and P.R. Osborn, 

J.Electroanal.Chem. 168, 433 (1984). 
11. S.W. Donne, G.A. Lawrance and Dom A.J. Swinkels, J. Electrochem. Soc. 144 

(9),2954 (1997). 
12. C. Poinsignon, J.M. Amarilla and F. Tedjar, Solid State Ionics 70/71, 649 

(1994). 
13. D.M., Holton, W.C., Maskel and F.L. Tye, Power Sources, L. Pearce (ed), The 

Paul Press, Ltd., London 10, 247 (1985). 



ELECROCHEMICAL PROPERTIES OF LiNiHx+y)AlxZny02 CATHODE MATERIALS 

SYNTHESIZED BY EMULSION METHOD 
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LiNiN„,|A],ZiiyOi composition (x = 0.0-0.10, y = 0.0-0.005 ) substituted with Al3* and Zn2* was 

synthesized by an emulsion method and electrochemical properties were investigated. Emulsion-derived 

powder has porous spherical shape agglomerated with fine particles. The calcined powder was 

agglomerated shape with nanosized particle under 50nm. The intercalation of Li* is higher in LiNii. 

i*+ylAI,Zny02 than pure LiNi02. The 1st discharge capacity and fade rate for 20 cycles were 161 mAh/g, 

8.5% in LiNiO,, 168 mAh/g, 7.1% in LiNio.wAlo.oiOi, 163 mAh/g, 5.5% in LiNio.MsZnooojO: and 164 

mAh/g, 7.4% in LiNio992Al0oo6Zn0oo202 respectively. 

1. Introduction 

LiM02 (M=Ni, Co) type compounds have been studied intensively as cathode materials for 

rechargeable lithium batteries over the past two decades M . Of these, LiNi02 is one of the most promising 

cathode materials due to its high energy density, low cost and environmental pollution compared to 

LiCo02 cathode material5'6. However, there are some problems to apply LiNi02 as the cathode electrode 

because of difficulty to synthesize LiNi02 single phase due to the high vapor pressure of lithium oxide, 

cation mixing leading to nonstoichiometric composition Li|.xNi,+x02 and unstable structure during charge-

discharge process. To improve the electrochemical properties of LiNi02, several cations have been added 

into LiNi02 to substitute Ni. Among them, A13+ is known to prevent the formation of Ni02, enhance the 

stability of structure and increase the cell voltage ?'8. In this experiment, we chose the Zn2+ and Al3+ as the 

substituents to become LiNi|.(x+y)AlxZny02 composition(x = 0.0-0.10, y = 0.0-0.005 ) because these atoms 

have one kind of stable valence and investigated the properties of this composition. 

Emulsion method is well known to be very effective on the synthesis of multi-component system 

materials homogeneously because organic phase divides precursor solution into colloids of water-in oil 

type by high speed rotation. All of these colloids, that is, emulsion have sphere in shape and uniformed 

composition ''l0. It suggests that crystalline solid of die multi-component system could be synthesized 

easily at the proper calcination temperature by the easy decomposition and reaction of the emulsion-

derived powder. This emulsion method will be more preferable for the synthesis of LiNi1.(x+y)AlxZny02 

powders than any other process. In this work, we investigated the effects of Al3+ and Zn2+ substituents on 

the properties of LiNiMx+y)AlxZny02 synthesized by emulsion method. 
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2. Experimental Procedure 

The starting materials used for the synthesis of LiNi1.(x+y)AlxZny02 were LiOHH20 (99.95%, Aldrich 

Chemical Company, Inc. U.S.A), Ni(N03)2-6H20, A1(N03)3 -9H20 and Zn(N03)2-6H20(99.9%, High 

Purity Chemicals, Japan). These materials were dissolved into distilled water and mixed on the magnetic 

stirrer for 24 h to prepare homogeneous precursor solution with the concentration of 0.5 mol/L for LiNij. 

(„ylAlxZny02 composition. Organic phase for emulsifying was prepared with same composition and same 

process already reported 9 I°. The precursor solution and organic phase were mixed in the ratio of 2:1 and 

emulsified to water-in-oil type emulsion at the rotation speed of 4000 rpm for 5 min. The emulsion was 

sprayed into the petroleum heated at 170*C to evaporate water included in the emulsion rapidly, filtered 

and dried at 120*C in the oven. 

The emulsion-derived powder was calcined under oxygen stream at 750 "C for various times with 

100'C/h heating and cooling rate. The crystal phase of the calcined powder was examined using X-ray 

diffractometer (XRD: Rigaku, D/MAX-lllA) with CuK„ radiation operated at 40 kV, 40 mA and 

scanning speed of 4°/min. The shape of the particle and microstructure were observed with a scanning 

electron microscope (SEM: JEOL JSM-6400). The electrochemical properties of samples were tested at 

room temperature for 20 cycles with half cell fabricated as Li metal/electrolyte 1M LiPF6-ethylene 

carbonate (EC) and dimethyl carbonate (DMC) (1:1 in volume)/ positive material. The positive electrode 

was consisted of LiNi,.(x+y)AlxZny02powder as cathode material, acetylene black as conductor and PTFE 

as binder at the ratio of 88:10:2 by weight. Lithium foil and glass micro-fiber filter (GF/A, Whatman) 

were used for anode and separator, respectively. The cells were automatically charged and discharged 

between 2.7 and 4.2 V at 9.5 mA/g. 

3. Results and Discussions 

3.1. The characteristics of powder 

Fig. 1 shows that SEM photographs of the as-dried and calcined powder at 400 "C of LiNi02 

composition selected as one sample because other materials are also almost same shape due to adopting 

same process to prepare powder. The as-dried powder has the porous spherical shape agglomerated with 

small particles because this powder was dried by spraying the emulsion into the petroleum heated at 

170'C. But the calcined powder has a shape agglomerated with nanosized particles under 50nm. This 

powder could be reacted easily each other to form LiNi02 at lower temperature comparatively because 

each particle has same composition and nanometer size. These are the characteristics of emulsion method 

which is used to prepare the powder by dividing homogeneous precursor solution into colloid using 
i 9,10 

organic phase 

LiNiO, (x = y =0 in LiNii.(x+y)AlxZny02) was synthesized at 750'C for 24h ", but others were at 

750 °C for 36h l2, because the highest discharge capacity of each composition was obtained at each 

condition respectively. XRD patterns of LiNi|_(x+y)AlxZny02 synthesized at these conditions are shown in 
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Fig. 1. All these patterns were identified as single phase of L1NO3 type crystal structure without any other 

unreacted crystal phase. 

LN610.0kV 8.2mm xlO.Ok SE(U) 4/7/04 

(a) As-dried powder (b) Calcined powder 

Fig. 1. SEM photographs of powders of as-dried and calcined at400°C . 
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Fig. 2. XRD patterns ofLiNii.„.,,AI<ZniO! powder synthesized at 7501C. 

3.2. Electrochemical properties 

The charge-discharge profiles of LiNi).u+y)Al,Zny02 were investigated with Al and Zn substitution. 

Fig. 2 shows the first charge-discharge curves Li//LiNiH„+y)AlxZny02 cells operated between 2.7-4.2V. 

The deintercalation and intercalation of Li* are around 0.74, 0.59 in LiNi02, 0.70, 0.61 in LiNio.99Alo.01O2, 

0.75, 0.60 in LiNio ŝZno005O2 and 0.73, 0.60 in LiNio.992Alo.oo6Zno.oo202 respectively. The deintercalation 

http://LiNio.99Alo.01O2
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amount of Li* in LiNi02 is high as 0.74 but the lowest value, 0.59 in intercalation than any other 

compositions. It is considered that excess deintercalation of Li+ affected the crystal structure stability. 

Unstabilized crystal structure due to excess deintercalation make Li+ difficult to intercalate into LiNi02 

crystal. However the deintercalation, 0.70 of Li+ in LiNio.99Alo.01O2 is not high but intercaltion is higher 

than any other materials. It could be considered that crystal structure of LiNio.99Alo.01O2, is more stable 

than LiNi02 due to the fixed atomic valance of A13+. This stable structure makes Li+ intercalate into 

crystal structure easily and good cycle life of charge-discharge property could be expected from 

deintercalation and intercalation reaction. The deintercalation of Li+ in LiNio.995Zno.oo502 and 

LiNio.992Alo.006Zno.002O: is similar to LiNi02 but higher than LiNio.99Alo.01O2. However intercalation is 

higher than LiNi02 but lower than LiNio.99Alo.01O2. These results could be considered that the substitution 

X l n L i „ N i 0. M 5
Z n 0.0 1 )5 O 2 X ^ L i«Ni0.9MAI0.006Zn0.002O2 

Fig. 3. First charge-discharge profiles of LiNi,.,,+,, AlsZny02-

of Ni with Zn2+ in LiNi02 also makes the crystal stable as A13+ substitution but Zn2+ produces more Ni4+ in 

the structure. This Ni4+ would generate Li+ deintercalation more in this composition. 

The Is' discharge capacities were measured and are shown in Fig. 4. The 1st discharge capacities are 

161 mhA/g in LiNiO,, 168 mhA/g in LiNio.99Alo.01O2, 163 mhA/g in LiNi0.995Zno.oo502 and 164 mhA/g in 

LiNi0.992Alo.oo6Zno 002O2 respectively. The discharge capacity has relation with crystal structure stability of 

http://LiNio.99Alo.01O2
http://LiNio.99Alo.01O2
http://LiNio.992Alo.006Zno.002O
http://LiNio.99Alo.01O2
http://LiNio.99Alo.01O2
http://LiNio.99Alo.01O2
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cathode material as discussed above because discharge capacity is the amount of intercalation of Li+. The 

substitution of Al3* and Zn2* in LiNi02 make this crystal structure more stable due to the fixed atomic 

valence of these atoms. On the other hand, Ni has various atomic valences such as 3+ and 4+. Various 

valences of Ni give LiNiO, ionic conductivity but also make its structure unstable. However the 

substitution of Al3* and Zn2' in LiNiOi lower conductivity of this material because this substitution make 

insulator. These substitutions could make the charge-discharge cycle life stable compared to pure LiNi02 

by substituting optimum amount of Al and Zn which make crystal structure stable. 
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Fig. 4. The lsl discharge capacities ot'LiNin,+yiAlsZny02. 

Fig. 5 shows the Is' and 2nd derivative capacities of Li//LiNi|.(wy)AlxZny02cell between 2.7 and 4.2V. 

Pure LiNi02 and other materials which substituted Ni with Al3+ and Zn2+ in LiNi02 have phase transition 

at the almost same voltage region during charge-discharge. It is considered that substitution amount of 

Al3+ and Zn2* in LiNi02 is too small to change transition voltage. However phase transition in the 2° 

charge was occurred at the lower voltage, 3.67 — 3.68 V compared to 3.72 — 3.70 V in the 1st charge. It is 

well known that the multi-phase transitions and voltage change in LiNi02 lead to structural change, 

resulting eventual degradation of electrode performance l3'14. 

The discharge capacity cyclabilities of the Li// LiNiHx+y)AlxZny02 cells up to 20 cycles are shown in 

Fig. 6 and discharge capacity fade rate after 20 cycles is in Table 1. The lsl and 20th discharge capacities 

are 161, 147 mAh/g in LiNiO,, 168, 156 mAh/g in LiNio.99Alo.01O;,, 163, 154 mAh/g in LiNio.995Zno.005O;> 

and 164, 151 mAh/g in LiNi0.992Alo.oo6Zn0.oo20 respectively. From these capacity changes for 20 cycle, 

fade rate is obtained as 8.5% in LiNiO,, 7.1% in LiNio.99Alo.01O2, 5.5% in LiNio.995Zno.005O;, and 7.4% in 

LiNio.992Alo.oo6Zn0.oo202 respectively. The discharge capacity cyclability of the composition substituted by 

http://LiNio.99Alo.01O
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Al3* and Zn2* is more stable than pure LiNi02. The fade of discharge capacity is considered to be related 

with crystal structure stability closely as expected by the 1st charge-discharge profile. 
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Fig. 5. Plot of the Is ' and 2nd derivative capacities of L i / /L iNin x t ¥ |A! xZn y02 cells between 2.6 and 4.2V. 

Table 1. Fading rate of cathode materials after 20 charge-discharge cycles. 

Cathode material 

Fading rate(%) 

LiNiO, 

8.5 

LiNi 0„Alooi0 2 

7.1 

LiNi09,5Znooo502 

5.5 

LiNlo 992AI0 ooaZrio 002O2 

7.4 

The intercalations of Li+ are around 0.59 in LiNi02, 0.61 in LiNio.99Alo.01O2, 0.60 in LiNi0,995Zno.oo502 

and 0.60 in LiNi(>992Alo.oo<,Zn00o202. The lsl, 20'h discharge capacity and fade rate are 161, 147 mAh/g, 

8.5% in LiNi02, 168, 156 mAh/g, 7.1% in LiNio.99Alo.01O2, 163, 154 mAh/g, 5.5% in L i N W s Z n o W ^ 

and 164, 151mhA/g, 7.4% in LiNio.992Al0006Z110.002O2 respectively. The composition of LiNi|. 

(X+y)AlxZny02 substituted by A13+ and Zn2+ has the higher intercalation of Li+, higher discharge capacity 

and lower fade rate than pure LiNi02. These results suggest that substituting Ni with optimum amount of 

Al3+ and Zn2* in LiNi02 make the crystal structure stable, higher the discharge capacity and lower the fade 

http://LiNio.99Alo.01O2
http://LiNio.99Alo.01O2
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rate of discharge capacity due to the fixed atomic valence. 
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Fig. 6. The discharge capacity cyclability of the Li// LiNii.(s+y,A],Zny03 cells. 

4. Conclusion 

LiNiHx+ylAlxZnyO, composition (x = 0.0-0.10, y = 0.0-0.005 ) substituted with Al3* and Zn2* was 

synthesized by an emulsion method and electrochemical properties were investigated. 

Emulsion-derived powder has porous spherical shape agglomerated with fine particles. The calcined 

powder was agglomerated shape with nanosized particle under 50nm. The intercalation of Li+ is higher in 

LiNiHx+y)AlxZny02 than pure LiNi02. The Is' discharge capacity and fade rate for 20 cycles 161 mAh/g, 

8.5% in LiNiO,, 168 mAh/g, 7.1% in LiNio.99Alo.01O2, 163 mAh/g, 5.5% in LiNio^sZno.oosOj and 164 

mAh/g, 7.4% in LiNi0992Al0ooeZno.oojOz respectively. 

Acknowledgement 

This work was supported by grant No. ROl-2003-000-10325-0 from the Basic Research Program of the 

Korea Science & Engineering Foundation. 

References 

[1] D. Guyomard, J. M. Tarascon, Solid State Ionics 69, 222 (1994) 

[2] R. J. Gummow, A. de Kock, M. M. Thackeray, Solid State Ionics 69, 59 (1994) 

[3] Liquan Chen, Xuejie Huang, Erix Kelder, Joop Schoonman, Solid State Ionics 76, 91 (1995) 

A 

...w... 

LiNi™«„,.°, 
LiNi 
L1N1 

„A 
.„*", L iN iO s 

,/", 02O ! 

- I - . ^ ^ ^ J ^ Z I - , ^ , 
V 

5 10 15 

Cycle Numbers 

http://LiNio.99Alo.01O2


368 

[4) D. Guyomard and J. M. Tarascon, J. Electrochem. Soc. 139(4), 937 (1992) 

[5] T. Ohzuku, A. Ueda, Solid State Ionics 69, 201 (1994) 

[6] M Broussely, F. Perton, P. Biensan, J.M. Bodet, J. Labat, A. Lecerf, C. Delmas, A.Rougier, J.P. Peres, 

J. Power Sources 54, 109 (1995) 

[7] T. Ohuzuku, A. Ueda, M. Kouguchi, J. Electrochem. Soc. 142(12), 4033 (1995) 

[8] O. Zhong, U. von Sacken, J. Powder Sources 54, 221 (1995) 

[9] Y.-K. Choi and B.-H. Kim, J. Ceram. Soc. of Japan 1255, 261 (2000) 

[10] B.-H. Kim, J.-W. Moon, J.-Y. Lee, Y.-K. Choi, J. Ceram. Soc. of Japan 1242, 115 (1999) 

[11] Bok-Hee Kim, Jong-Hwan Kim, Ik-Hyun Kwon, Myoung-Youp Song, Ceramics International 2006 

(in press) Elsevier 

[12] Jong-Whan Kim, Thesis of M.S. in Chonbuk National University (2005) 

[13]. A.J. Berlinsky, W.G. Unruh, W.R. Mckinnon and R.R. Haering, Solid State Commun. 31, 135 (1979) 

[14]. J.R. Dahn, E.W. Fuller, M. Obrovac, U. von Sacken, Solid State Ionics 69, 265 (1994) 



LlINIo.goCo0.2o02 CATHODE MATERIALS SYNTHESIZED BY 
PARTICULATE SOL-GEL METHOD FOR LITHIUM ION BATTERIES 

X. J. ZHU. W. ZHANG, X. Y. GAN, C. HU, M. H. CAO. D. B. LAJO. Q.XU, W. CHEN, J. 
ZHOU ANDH. X.LIU* 

State Key Laboratory of Advanced Technology for Materials Synthesis and Processing, 

Wuhan University of Technology. Wuhan, Hahei 430070, China 

* Email: IhxhpdbmaH. whut. edu. en 

A particulate sol-gel (PSG) method has been successfully developed to prepare 
L.iNi(imiCO(i2oOi cathode materials, utilizing the reaction of LiOH • H?C) with 
Ni(ClhCOO)2 • 4H20 and Co(CH;,COO)> • 411,0 in water-ethanol system. The thermal 
history of the as-prepared xerogel was established by thermogravimetric analysis (TGA) and 
differential thermal analysis (DTA). Powder X-ray diffraction (XRD) confirmed the 
formation of well-layered a-Naf'eCh structure at temperature of 700 °C under flowing oxygen. 
Scanning electron microscope (Sf-M) exhibited that the crystalline powder prepared by PSCi 
method had relatively smaller particle size with narrow distribution than the one prepared by 
solid-state reaction. The first discharge capacity of the material prepared by PSG method was 
193.5 niAh/g, and the 15"' discharge capacity was 185.1 mAh/g at the current density of 18 
mA/g between 3.0 and 4.3 V. Its cycling reversibility was observed to be much better than 
that of the one by solid-state reaction, which had 182.9 mAh/g of the first discharge capacity 
and 162.0 mAh/g of the 15"'discharge capacity 

1. Introduction 

Lithium transition metal oxides have attracted much interest due to their possible use 
as cathode materials for lithium ion batteries [1-5]. LiCo02 and LiNi02 are 
isostructural, having layered structure of a -NaFe02 type [6]. LiCo02 has been 
commercialized, whereas LiNi02 has not, mostly because preparation of LiCoOi is 
easier, and its reliability (safety) is better than LiNi02's [7]. Even though its 
preparation is more difficult, LiNi02 has several advantages over LiCo02: higher 
specific capacity, cheaper price and less environmental pollution [8]. However, solid 
solutions involving both LiCo02 and LiNi02, layered cathode materials of the 
general formula LiNiKvCo.v02 (0<x<l) have been scrutinized for possible 
commercial applications [9-11]. These solid solutions enjoy the advantages of both 
the end members with better cyclability and safety aspects. 

The synthesis route adopted to prepare cathode materials has a direct impact on 
their electrochemical performance for lithium ion batteries. Traditionally, LiNi|. 
vCo,02 solid solutions were synthesized using the conventional solid-state reaction, 
which involves very high temperatures for a prolonged period of time with 
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intermediate grinding. It led to problems with poor stoichiometry control, non-
homogeneity. In recent years, low temperature wet chemistry methods of 
synthesizing cathode active materials gained importance [12], because they can 
produce small particles with homogeneous distribution and high surface area, which 
deliver better cell performance. Many cathode materials have been synthesized using 
the low temperature methods for lithium ion battery applications [13]. 

In this paper, a modified route called particulate sol-gel (PSG) method has been 
developed for synthesizing LiNi0.8oCoo.2o02. The PSG method is based on using 
metal carbolysis in a mixture of aqueous or non-aqueous solvents. Due to the 
formation of single or connected oligomers, the PSG method offers all the 
advantages and characteristics of the sol-gel process. The structural and 
electrochemical properties of the synthesized materials were investigated. 
Furthermore, the microstructure and electrochemical performance of the material 
synthesized by PSG method were compared with those synthesized by the 
conventional solid-state reaction. 

2. Experimental 

LiNi(lgoCoo2oC>2 were synthesized according to the route shown in Fig.I. 
LiOH • H20, Ni(CH3COO)2 • 4H20 and Co(CH3COO)2 • 4H20 in reagent grade, 
corresponding to a molar ratio of Li:Ni:Co=I.03:0.80:0.20 were first dissolved in 
deionized water separately to obtain clear solutions. The LiOH solution was added 
drop by drop into a continuously agitated aqueous solution of Ni(CH3COO)2 and 
Co(CH3COO)2, resulting in pale green colored suspensions. Ethyl alcohol was then 
added to the solution to facilitate removal of the liquid products. The resulting 
solution was agitated using a magnetic stirrer and heated at 80 °C until it turned out 
to be a gel. The gel was dried at 120 °C for 12 h to become xerogel. Thermal 
decomposition behavior of the xerogel was examined by thermogravimetric analysis 
(TG) and differential thermal analysis (DTA, NETZSCH STA 449C, Germany) 
under flowing oxygen (20 ml/min) at a heating rate of 10 "C/min. Based on the 
results of TG/DTA results, the heat treatment temperatures were chosen. Powder X-
ray diffraction (XRD, D/MAX-RB, RIGAKU, Japan) measurement using CuK a 
radiation was employed to characterize the structures of the synthesized powders. 
Particle morphology of the powders after calcinations was observed using scanning 
electron microscope (SEM, JSM-5610LV). Rietveld refinement was performed with 
the XRD data to obtain lattice parameters of the synthesized powders. 

The electrochemical performance was studied by assembling 2016 coin-type 
cells. The cathodes were fabricated by slurring the mixture of 80wt% synthesized 
material, 15wt% acetylene black and 5wt% PTFE binder using «-propanol as a 
solvent. After rolling the mixture to be a membrane, a circular disc of 1.6 cm in 
diameter from the membrane was cut out and pressed onto stainless steel mesh as a 
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current collector, and then dried at 80 °C for 12 h in vacuum. The cells were 
assembled using lithium metal as an anode and IM LiC104 in EC-DMC (1:1 by 
volume) as an electrolyte in an argon-filled glove box. The charge-discharge cycles 
were carried out at room temperature at a current density of 18 mA/g with cut-off 
voltage of 3.0 to 4.3 V (vs. Li/Li+). 

NKCHtCOO):4H;0 
aqueous solution 

Co< CH;COO)24H :0 
aqueous solution 

mixed solution 

Drop by drop 

Stirring 

LiOH 
aqueous solution 

Particlate sol 

adding lithnol w itli stirring. 
then drying at 80 L 
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Figure I. Synthetic procedure of LiNio xoCoo n\Oj powders by PSG method. 

3. Results and discussion 

3.1. Synthesis and characterization 

? n s i 
~ \ _ _ | - 5 5 % 

" T G \ 

: 

: 
: J 

' 

-41.3% 

DTA ~ " , 

-

100 200 300 400 500 600 700 

Tempera tu re / C 

-20 o 

\ iguro 2. TCi/DTA curves lor the xerogel precursor at the heating rate of 10 'C/min in flowing oxygen 
(20 ml/min) 

file:///erogel


372 

Fig.2 shows the TG/DTA patterns of the as-prepared xerogel. A 5.5% weight loss 
prior to 220 °C was attributed to the evaporation of either residual water contained 
in the xerogel or the absorption of moisture by the xerogel powder prior to its 
analysis. At 220 "C, the xerogel which were composed of metal acetates, hydroxides 
and hydroxyl-acetates began to decompose, resulting in a significant weight loss of 
about 41.3% until the temperature reached 300 °C . There was a minor weight 
increasing between 300 and 600 °C, corresponding to the oxidation of NiO and CoO 
as well as Li2COj decomposition. Between 600 and 700 "C, TG curve was almost 
flat, corresponding to the formation of crystalline powder. After 700 "C, the minor 
weight loss was due to the decomposition of as-formed product or the formation of 
other crystallinity. DTA analysis revealed the evolution of a sharp exothermic peak 
at about 299.1 °C, corresponding to the rapid decomposition of the xerogel. No 
other sharp endothermic peak was observed except the one at 299.1 °C, indicating 
that the xerogel was chemical homogenous during mixing [14]. Considering that 
insignificant weight loss was observed from 600 °C to 750 °C, we select the range of 
temperature for the crystallization of the amorphous xerogel. 
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Figure 3. XRD patterns of the xerogel during heat treatment. 

Fig.3 shows XRD patterns for the xerogel preheated, precalcined and calcined 
at various temperatures under flowing oxygen. Fig.3a shows that the xerogel powder 
at room temperature was mostly consisted of metal acetates, hydroxides and 
hydroxyl-acetates in that there were no great diffraction peaks. The xerogel 
preheated at 300 "C for 5 h was poor crystalline. Meanwhile, crystalline phase of 
Li2C03, NiO and CoO were observed in Fig.3b. When the mixture was precalcined 
at 600 "C for 6 h after preheated at 300 °C, Fig.3c revealed the initiation of layered 
LiNio.80Coo.20O2 structure. Fig.3d - f show the XRD patterns of the products 
prepared under different calcination temperatures. It was clear that XRD patterns 
conformed to the a-NaFe02 layered structure. For the material calcined at 650 "C 
after precalcined at 600 °C , the diffraction peaks were broad, indicating low 

http://LiNio.80Coo.20O2


373 

crystalline of the material. Also, the hexagonal lattice ordering was incomplete at 
this temperature as further confirmed by the intensity ratio 100/75 of the (003)-(104) 
peak pair and the splitting degree of (018)-(110) peak pair. It has been reported [15] 
that the intensity ratio /003//104 of (003)-(104) peak pair should be more than 1.2, and 
the extent of (018)-( 110) peak splitting is a reliable quantitative criterion for the 
determination of electrochemical activity of nickel-rich LiNi|.vCoA02. Hence, it was 
clear that the calcination temperature of 650 °C was not sufficient to impart the 
hexagonal ordering required for better electrochemical performance. As the 
calcination temperature was increased to 700 °C , there was a remarkable 
improvement in crystallinity of the material as indicated by the sharp peak profile in 
Fig.3e. The W/ iw ratio increased to 100/56, and (018)-(110) and (006)-(012) were 
obvious resolution. Further increasing the calcination temperature to 750 °C, the 
/003//104 became 100/60 and it was lower than that of the one at 700 °C. 

Table I Crystal parameters lor LiNiiuoCoo.ioOz synthesized at various temperatures 

Temperature/) "C) 

650 
700 
750 

"(A) 

2.879 
2.866 
2.868 

c-(A) 

14.217 
14.174 
14.181 

c/a 

4.939 
4.945 
4.944 

Unit eell volume/(A-) 

102.01 
100.85 
100.98 

An)?y/in4 

100/75 
100/56 
100/60 

Table 1 is the crystal parameters for LiNiogoCo0.2o02 synthesized at various 
temperatures. According to Dahn et al. [16], the hexagonal unit cell volume 
indicates the ordering of the layered structure. If it is lower, the structure is more 
layered. For the material calcined at 700 °C for 24 h, the unit cell volume was 
100.85 A\ whereas it was 102.01 or 100.98 A3 for the material calcined at 650 or 
750 "C, respectively. Based on the results, it can be concluded that the optimal 
temperature required for complete hexagonal ordering was 700 °C. 

The microstructure of LiNio.goCoo.20O2 powders is shown in Fig.4. The particle 
powder obtained by PSG method exhibited an edge-smooth morphology within less-
agglomerated grain and small size (Fig.4a and b). In comparison with the 
LiNiU80Coo2o02 powder synthesized by the solid-state reaction, which showed a 
faceted shape with a wide particle size distribution (Fig.4c and d), it was obvious 
that the PSG method significantly reduced the particle size of LiNi080Co0.2o02 
powder, and resulted in a uniform morphology and a narrow distribution. The 
coarsening of the powder in the solid-state reaction was mainly caused by the higher 
temperature and larger grain of starting mixture used. As a consequence, the PSG 
method was confirmed to be an effective method to synthesize powder with a 
smaller particle size and narrow size distribution. 

http://LiNio.goCoo.20O2
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Kigure 4. Sl-M micrograph of LiNiomiCoiuoOi prepared by (a) (b) PSG method and (c) (d) solid-slate 
reaction at a magnification of 5,000 and 15.000, respectively. 

3.2. Electrochemical properties 

The cycling performance of the synthesized materials at 650, 700 and 750 °C were 
shown in Fig.5. 

Cycle Number 

I'igure 5. Variation of discharge capacity with respect to cycle number for LiNiosoCot, 211O2 synthesized 
by PSC5 method at different temperatures. 

Charge-discharge studies were performed galvanostatically at the current 
density of 18 mA/g between 3.0 and 4.3 V. The cycling property of the material 
calcined at 650 "C for 24 h showed inferior capacity because of its lower crystalline 
and lack of hexagonal ordering, as supported by X-ray diffraction results. Its first 
discharge capacity was 142.5 mAh/g and the 15th discharge capacity was 130.4 
mAh/g. When the calcination temperature was increased to 700 °C, the discharge 
capacity increased to 193.5 mAh/g for the first cycle and 185.1 mAh/g after 15 
cycles. As indicated by X-ray diffraction results, the system became more layered at 
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700 °C, and the 3b lithium and 3a transition metal ion sites in the layered a-NaFeGs 
structure became ordered, facilitating the intercalation-deintercalation process. 

Further increasing the calcination temperature to 750 °C led to a decrease in 
capacity with the first and the 15"' discharge capacities of 191.1 and 175.2 mAh/g, 
respectively. The decrease in electrochemical performance of the material calcined 
at 750 °C was mainly attributed to the loss of lithium volatilization due to the higher 
temperature. The structural studies indicated a decrease in hexagonal ordering when 
the calcination temperature was increased to 750 °C. Hence, based on the structural 
and electrochemical studies, it was clear that the optimal calcination temperature for 
better performance was 700 °C. 

4 5 - , 1 210 

Figure 6. (a) First charge-discharge profiles and (b) discharge capacity vs. cycle number for 
1 JNin KOC'OO 2oO: synthesized by PSG method (1) and by solid-state reaction (2). 

Fig. 6a shows the initial charge-discharge curves for LiNio.80Coo.20O2 
synthesized by PSG method at 700 °C and by solid-state reaction at a constant 
current density of 18 mA/g in the voltage range of 3.0~4.3 V. In the case of the 
sample synthesized by PSG method, the average voltages for the first charge and 
discharge cycle were obtained 3.84 V and 3.76 V, respectively, compared to 3.89 V, 
3.71 V for the sample by solid-state reaction. From the calculation of the average 
voltage, it was clearly seen that the average charge voltage of the sample by PSG 
method was somewhat lower and the average discharge voltage was somewhat 
higher than those of the one by solid-state reaction, respectively. Although their 
initial charge capacities were almost the same, the initial discharge capacity of the 
sample (193.5 mAh/g) by PSG method was higher than that of the one (182.9 mAh/g) 
by solid-state reaction. That was to say, the charge-discharge efficiency of the 
sample by PSG method was higher than that of the one by solid-state reaction. The 
cyclability (up to 15 cycles) of LiNio.goCoo.20O2 by PSG method and by solid-state 
reaction is shown in Fig. 6b. The LiNio.80Coo.20O2 by PSG method showed a first 
discharge capacity of 193.5mAh/g and a 15"' discharge capacity of 185.1 mAh/g, 
compared to 182.9 mAh/g and 162.0 mAh/g for the one by solid-state reaction, 
respectively. It was observed that the property of LiNio.80Coo.20O2 synthesized by 
solid-state reaction deteriorated fast during cycling. Its discharge capacity decreased 
nearly 20 mAh/g after 15 cycles. On the contrary, the LiNio.80Coo.20O2 prepared by 
PSG method exhibited very good cycle reversibility. The decrease of discharge 

http://LiNio.80Coo.20O2
http://LiNio.goCoo.20O2
http://LiNio.80Coo.20O2
http://LiNio.80Coo.20O2
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capacity from 193.5 to 185.1 mAh/g during consecutive 15 cycles was 8.4 mAh/g. 
This may be explained on the initial formation of xerogel complex, which decided 
the homogeneity and smaller particle size of the LiNi080Co02o02 by PSG method, 
compared to that by solid-state reaction. 

4. Conclusions 

The particulate sol-gel (PSG) method was developed for synthesizing 
LiNio8oCoo2oC>2- The PSG precursor was well mixed at the molecular level. X-ray 
diffraction analysis confirmed the formation of the good layered a-NaFe02 structure 
for LiNi08oCo02o02 at the temperature of 700 °C for 24 h under flowing oxygen. It 
delivered a 193.5 mAh/g of initial discharge capacity and 185.1 mAh/g of the I5lh 

discharge capacity between 3.0 and 4.3 V at a current density of 18 mA/g. 
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Thin films of LiCo02 and LiMn204 were prepared by pulsed laser deposition 
technique. The influence of deposition parameters on the structure and surface 
morphology of the films were studied. The LiCo02 films deposited in oxygen partial 
pressure of 100 mTorr and at substrate temperature of 300 °C exhibited predominantly 
(003) orientation of the hexagonal R-3m phase indicating that the growth occurs 
perpendicularly to the substrate surface with an average grain size of 80 ran. Whereas 
the films grown at higher substrate temperature were polycrystalline with the growth 
parallel to the substrate surface. The LiMn204 thin films prepared at 300 °C exhibited 
predominantly (111) orientation indicating cubic spinel structure with Fd3m space 
group. 

1. Introduction 

Reduction in size and power requirements of microelectronic devices has prompted 
the scientific research in the development of all solid state thin film microbatteries 
as light weight, noise free, compact and integrable power source. Investigations are 
aimed to integrate such microbatteries to complementary metal oxide semiconductor 
(CMOS) memory chips as a standby power source. These microbatteries must 
provide high potentials, high energy densities, long shelf life and high recycling 
capacity.'"2 The realization of such microbatteries originates from the identification 
of novel thin film cathode materials with high energy density, high specific capacity 
and structural stability towards lithium insertion. The most recent candidates belong 
to the family of litlriated transition-metal oxides with general formula LixWyOz 

(where A/=Co, Mn, Ni, etc.).3 Among these, LiCo02 and LiMn204 were found to be 
more prominent candidates, since they exhibit high potential towards lithium, high 
energy density, structurally stable in fully lithiated state and can show very good 
reversibility.4" The synthesis of these compounds in thin film form is of great 
interest as a result of their possible use as a binder free positive electrode in the 
fabrication of all solid-state rechargeable microbatteries to power microelectronic 
devices. Thin films of these compounds have been synthesized by a variety of 
physical and chemical vapour deposition techniques.6"8 In the fabrication of cathode 
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thin films, the formation of open structure with highly oriented grains is found to be 
more crucial for obtaining a good reversibility. 

Recently, pulsed laser deposition technique (PLD) has been widely 
recognized as promising, versatile and efficient method for the growth of high 
quality thin films of a variety materials even containing volatile compounds with 
complex stoichiometry.9 For this reason, it is well suited for the growth of lithiated 
transition-metal oxides, where one can overcome the lithium loss due to high 
volatilization in thin films.10 When PLD is carried out in the atmosphere of a 
chemically reactive gas, the flux of laser ablated material interacts with the gas 
molecules all along the transit from target to the collector surface. The resulting 
deposited layers were found to have a chemical composition substantially the same 
as the base or starting material. Hence in the present investigation, thin films of 
LiCo02 and LiMn204 are prepared by PLD technique at various deposition 
conditions. The influence of deposition parameters on the microstructure and surface 
morphology of these films are investigated. 

2. Experimental 

Pulsed laser deposition technique was employed for the preparation LiCo02 and 
LiMn204 thin films on silicon (100) substrates. The targets were prepared from high 
purity powders pressed at 5 tons/cm2 to make pellets of 3 mm thickness and 13 mm 
diameter and sintered at 800 °C for 10 hrs. The target was rotated at 10 rotations per 
minute to avoid depletion of material at the same spot. A KrF excimer laser 
(Luminics PM 882) with a wavelength of 248 nm was used to ablate the target with 
a pulse repetition rate of 10 Hz. The rectangular spot size of laser pulse was 1 mm x 
3 mm with the energy density 300 mJ. The distance between the target and the 
substrate was typically 4.0 cm. The films were deposited at various substrate 
temperatures (100 - 700 °C) and oxygen partial pressures (50 - 200 m Torr). 

The structure of the films was studied by a Seifert X-ray diffractometer with 
a nickel filtered CuKa radiation (k = 1.5406 A). The surface morphology of the films 
was studied by atomic force microscopy (AFM) using a microscope Digital 
Instruments (3100 series) and scanning electron microscopy (SEM). 

3. Results and Discussion 

PLD LiCo02 and LiMn204 films were deposited with a minimum of 100 mTorr of 
oxygen partial pressure during the film growth. This ambient is required to avoid 
oxygen deficiency in the films." The thickness of the films was kept at 250 nm for 
both materials. The films are found to be pinhole free as observed by optical 
microscopy and well adherent to the substrate surface. The influence of substrate 
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temperature during the growth on the microstructural properties of thin films was 
investigated as follows 

3.1. LiCo02 films 

The X-ray diffraction patterns of LiCo02 thin films grown on silicon substrates 
maintained at 300 °C from a pure LiCo02 target displayed the presence of two 
additional small peaks at about 26 = 45 and 59°, which are attributed to the 
presence of cobalt oxide impurity (namely the Co304 phase) due to lithium 
deficiency.4 As the amount of Li20 increased in the target, the XRD patterns 
develop features expected for the hexagonal LiCo02 phase. An optimum of 10% 
excess Li20 added to the LiCo02 powder forming the target is necessary to 
overcome lithium deficiency in the films. Hence, the Li-rich target with a mixture of 
LiCo02 and 10% Li20 was employed for the preparation of LiCo02 thin films. 

2©<ekeg> 

Figure 1. X-ray diffraction patterns of LiCo02 thin films and target 
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Figure 1 shows the X-ray diffraction patterns of LiCo02 thin films grown at 
different substrate temperatures using the Li-rich target. The X-ray diffraction 
pattern of LiCo02 thin films deposited at 300 °C displayed only two peaks at 2 0 = 
18.97 and 38.48°, which are indexed as the (003) and (006) reflections, respectively, 
of the hexagonal LiCo02 03-phase with R-3m space group. The other reflections 
such as (101), (012) and (104) lines, which are usually observed for crystalline 
LiCo02 powder are not observed in the XRD patterns of thin films. The absence of 
reflection lines other than (00^) lines indicate that the film grows with a preferred 
c-axis (003) orientation perpendicular to the substrate surface. The observed c-axis 
orientation can be explained by the lowest surface energy of (003) plane because it 
is the most closely packed plane according to Bravais empirical law. Hart et al.12 

reported that very thin LiCo02 films (t < 100 nm) prepared by rf-sputtering tend to 
have c-axis orientation. The thickness of c-axis oriented films obtained in the 
present study is thicker (/ = 250 nm) than the criterion, but the tendency was in 
agreement with their results. A slight shift in the position of (003) orientation to a 
higher value with an evaluated lower lattice parameter, c = 14.056 A, indicates the 
presence of compressive stresses (bent in concave) in the films due to smaller grain 

13 

size. 

The XRD patterns of LiCo02 films deposited at higher substrate temperatures 
(Ts>300 °C) displayed peaks at 20 = 37.4, 39.09 and 45.29° in addition to (00-O 
reflections, which are indexed as (101), (012) and (104) reflections. Also it has been 
observed that the degree of c-axis orientation decreased with the increase of 
substrate temperature. At higher substrate temperature, the intensity of (003) 
orientation decreased with the increase of (104) orientation indicating the 
consequence of the film growth parallel to the substrate surface. The films deposited 
at 700 °C had close reflection patterns to that of pure LiCo02 powder. Higher 
deposition temperature provides sufficient thermal energy for the rearrangement of 
lithium, cobalt and oxygen atoms to grow polycrystalline films with higher grain 
size. The evaluated lattice parameters a = 2.816 A, c = 14.062 A, are in good 
agreement with powder file data.14 During the film deposition process at lower 
substrate temperatures, the film may grow with preferred orientation in order to 
minimize the surface energy in which the compressive stresses are predominant. 
Whereas at higher substrate temperatures, the particle size increases due to high 
kinetic energy and favors the growth parallel to substrate surface. 

The atomic force microscopy data demonstrated that the PLD LiCo02 thin 
films are homogeneous and uniform with regard to the surface topography. Figure 2 
shows the surface morphological images of LiCo02 films deposited at various 
substrate temperatures. The AFM picture of LiCo02 thin films deposited at 300 °C 
reveals that the film is composed of roughly spherical grains of varying sizes with 
an average grain size of 80 nm. The root mean square surface roughness of the films 
derived from AFM data is 8 nm. The films exhibit typical open and porous structure 
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with small grains. As observed from AFM images, the grain size increases with 
substrate temperature and it is found to be around 210 nm for the films deposited at 
700 °C. The estimated root mean square surface roughness is 12 nm. The 
dependence of growth and morphology of laser ablated LiCo02 thin films can be 
explained on the basis of the difference in mobility of the ablated species on the 
substrate surface as follows. When the laser beam hits the target, the ions or 
molecules or atoms of the target material are liberated and impinge on the substrate 
surface. When the substrate is at high temperatures, the ablated species acquire a 
large thermal energy and hence a large mobility. This enhances the diffusion density 
of the ablated species. As a result, the collision process initiates the nucleation and 
enhances the island formation in order to grow a continuous film with large grains.15 

Figure 2. The surface morphology L1C0O2 thin films deposited at various substrate 
temperatures (T s). 

3.2. LiMn204 thin films 

Thin films of LiMn204 were prepared by pulsed laser deposition technique from 
LiMn204 + 10% Li20 target. The films were grown on silicon substrates maintained 
in the temperature range 300 - 600 °C. The X-ray diffraction patterns of LiMn204 
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films prepared at various substrate temperatures are shown in Fig. 3. The films 
formed at a substrate temperature less than 200 °C are found to have amorphous 
structure as revealed from the broad and diffused X-ray diffraction patterns. The 
films prepared at higher substrate temperatures display XRD peaks at 2 9 = 18.6, 
38.9 and 44.2° that correspond to (111), (222) and (400) line, respectively, in which 
the (111) orientation is predominant. All the ( h k O values are indexed into the 
spinel cubic structure of LiMn204 represented by the Fd3m space group. The full 
width at half maximum value of (111) diffraction peaks is used to estimate the grain 
size. The intensity of diffraction peaks significantly increases and the FWHM 
decreases with the increase of substrate temperature. 
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Figure 3. X-ray diffraction patterns of LiMn204 thin films. 

The average grain size for the films grown at 300 °C is 60 nm and increases 
to 190 nm for the films formed at 600 °C. The lattice parameter is estimated from 
the position of (111) and (400) diffraction peaks. The background silicon substrate 
peak position was used as standard for calibration. The evaluated cubic lattice 
parameter of the films formed at 300 °C is a = 8.16 A, which is slightly less than for 
the bulk LiMn204 spinel structure (a = 8.24 A). This lattice parameter deviation may 
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be attributed to the intrinsic stresses due to small grain size. According to Moon et 
al. the lower lattice parameter may be due to the formation of a defective spinel 
structure, such as Li|.xMn2.2x04 The grain size and lattice parameter increase with 
the increase of substrate temperature. The lattice parameter of the films grown at 
600 °C was a = 8.23 A, which is an indication that the film has nearly stoichiometric 
phase of LiMn204 powder (JCPDS No.35 - 0782). However, further investigations 
are in progress to identify the chemical composition of the films. Figure 4 shows the 
surface morphological pictures of LiMn204 thin films recorded with scanning 
electron microscopy. 

1 m 
Figure 4. SEM photograph of LiMn204 thin film at TS= 300 °C. 

The scanning electron micrograph of film formed at 300 CC demonstrates that 
the film surface is comprised of homogeneous distribution of fine roughly spherical 
grains with an average grain size of 64 nm. It is worth noted that the grain size of 
our LiMn204 films increases with the increase of substrate temperature. 

4. Conclusion 

Thin films of LiCo02 and LiMn204 were prepared by pulsed laser deposition 
technique The microstructural properties of the grown films were found to be 
strongly dependent on the substrate temperature. The LiCo02 thin films deposited 
from a mixed target with 10% excess of Li20 at 300 °C in an oxygen partial 
pressure of 100 mTorr were found to have preferred (003) orientation of hexagonal 
structure indicating that the film growth is perpendicular to the substrate surface. 
The surface topography of the films is composed of roughly spherical grains with an 
average grain size of 80 nm. The grain size of the films increased with the increase 
of substrate temperature and the film growth was observed to be parallel to the 
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substrate surface. The LiMn204 films grown at 300 °C exhibited predominantly 
(111) orientation indicating the cubic spinel structure with an average grain size of 
64 nm. Highly oriented LiCo02 and LiMn204 thin films deposited at lower substrate 
temperature of 300 °C exhibited the typical open and porous structure with small 
grain sizes. These results suggest that these films are highly applicable as cathode 
materials in the fabrication of solid-state microbatteries. 
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I.iNiuwiCoojiiOi thin films were prepared by spin-coating method using sol-gel, and 
annealing process. The thermal decomposition behavior of the precursor was investigated by 
thcrmogravimetry/differential thermal analysis (TG/DTA). The cryslallinity and 
microstructure were studied by X-ray dilTeraction (XRD), scanning electron microscopy 
(SfM). films annealed at 700 "C for 60 min exhibit 58.4 u Ah/cm2- M m of the initial 
capacity and better capacity retention and are therefore considered to be candidates as 
cathodes for all solid-state thin-film microbatteries. The film electrochemical properties 
depended on the annealing temperature and time. 

I. Introduction 

All solid-state thin-film microbatteries are of considerable current research interest 
[1-3]. Because there is a strong demand for micro power sources which can be 
completely integrated into electronic circuits, microbatteries can be utilized in 
various application fields related to microsystems, such as monolithic hybridization 
with complementary metal oxide semiconductor random access memory (CMOS 
RAM), backup power for computer memory chips, small sensors, smart cards, etc. 
Transition metal oxides such as LiCo02, LiMn204, LiNiOi and LiNi|_,Cov02 are 
being developed for use as cathodes in rechargeable lithium batteries. The 
fabrication of LiCo02 and LiMn204 as cathodes for application in all solid-state 
thin-film microbatteries has been a particularly active field of research due to the 
excellent electrochemical properties and ease of manufacture of these materials. 

Until now, cathode thin films for microbatteries can be deposited by various 
techniques such as sputtering [4-6], pulse-laser deposition [7], CVD [8, 9], LSMCD 
[10], ESD [II ] , etc. When using these methods, there is difficulty in controlling the 
stoichiometry of the thin films. 

The sol-gel method is well known as a promising thin-film preparation method, 
which has good advantages in relatively easy stoichiometric control and a high 
deposition rate [12-14]. Furthermore, it is especially suitable for large-scale 
industrial utilization. 
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In this study, LiNi08oCo02o02 thin-films were obtained by means of annealing 
condition after depositing them by spin-coater method using the sol-gel. The effect 
of the annealing temperature and time on the crystallinity, and the microstructure 
and the electrochemical properties of the thin films have been investigated. 

2. Experimental Detail 

The reagent grade chemicals of LiCH3COCH2COCH3, 
Ni(CH3COCH2COCH3)2 • 4H20 and Co(CH3COO)2 • 4H20 were chosen for 
lithium, nickel and cobalt sources, respectively. (CH3)3COH and CH3COOH were 
used as solvents. Sols were prepared according to a scheme illustrated in Fig. 1. 
Chemical compositions of the Li-Ni-Co-O sol were optimized to stabilize sols. The 
viscosity of the sol influences the nature of the prepared thin films. Molar 
compositions of starting solutions were LiCH3COCH2COCH3/ 
Ni(CH3COCH2COCH3)2 • 4H20/ Co(CH3COO)2 • 4H20/CH3COOH/(CH3)3COH 
= 1.0:0.8:0.2:10:20. The sols were coated on the Pt substrate with a spin coater at 
3000 rpm for 30 second. The prepared sol films were converted to gel films in the 
course of the spin-coating process. Nine sol-layers were spin coated, and each layer 
was dried with a hot plate at constant temperature for 5 min in order to evaporate the 
solvent and remove organic materials from the acetylacetonate sources. After drying, 
the films were annealed at 650~750'C under flowing 0 2 in order to obtain good 
crystallinity. The analysis of the phases on the films was carried out by X-ray 
diffraction with CuK a radiation (XRD, D/MAX-RB, RIGAKU, Japan). The film 
morphology and structure were observed by scanning electron microscopy (SEM, 
JSM-56I0LV). 

LiCHjCootarHj 
NI(CI1,CCX'H;<J0CII , ) ; '4H;O 

Co(CH,COO): • 4H,0 

Annealing treatment 

Cliaracterization 

figure I Scheme for preparation ofLiNiu.80Coo.2uO2 thin films by the sol-gel method. 

http://ofLiNiu.80Coo.2uO2
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The electrochemical properties of LiNi080Co()2(iO2 thin-films were investigated 
by using 2016- type coin cells, which consist of the thin film cathode, an anode of Li 
foil and an electrolyte of 1 M LiC104 in a mixture of ethylene carbonate (EC) and 
dimethyl carbonate (DMC) (1:1 by volume). The manipulators of assembling cells 
were conducted in an argon-filled glove box (Merbaun, Germany). Charge-discharge 
cycling tests were performed galvanostatically at a constant current density of 30 u 
A/cirr between the voltage range of 3.0—4.2 V using a multichannel battery cycling 
unit. 

3. Results and discussion 

The properties of thin-films fabricated by the sol-gel method were very sensitive to 
the drying temperature. Fig.2 is the curve of the thermogravimetric analysis (TG) 
and differential thermal analysis (DTA) for the LiNi08oCo02o02 precursor power. 
The TG curve indicated the initial weight loss associated with the removal of 
absorbed water and solvents from the start point to 105 °C, corresponding to the 
endothermic peak at 101.7 °C in DTA curve. There were two large weight loss 
between 250 and 400 °C due to the decomposition of the organic constituents of the 
precursor power. The two exothermic peaks at 294.7 and 399.5 °C were related to 
the decomposition of acetate and acetylacetonate. Thus, in this study, two drying 
temperatures were employed. One was 105 °C located in the state of the removal of 
water and solvents in the precursor. Another was 400 °C located in the end of the 
two large weight loss step associated with the decomposition of the acetate and 
acetylacetonate. 
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Figure 3 XRD patterns of (a) as-deposited film and the films annealed at (b) 650 V, (c) 700 °C and id) 
750"C. 

The X-ray diffraction patterns for the thin-films after drying at 400 °C and 
annealed at 650 V, 700 °C and 750 °C are shown in Fig.3. (003) and (104) 
reflections of the annealed films were observed, which meant that all films had a -
NaFe02 layered crystalline phase. Peaks marked with S corresponded to the 
Platinum substrate. The crystallinity increased as the annealing temperature 
increased. The as-deposited film had poor crystallinity compared with the annealed 
thin-films. So the as-deposited film was considered to have an unstable layered 
framework. 

(d) fi'H) L (h)70U I 
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Figure 4 SEM photograph of the thin-films annealed at (a) 650 "C, (b)700 'C and (c) 750 "C 

The surface morphology of the films annealed at different temperatures is 
shown in Fig.4. On increasing the annealing temperature, the grain size of the film 
increased. The films had relatively smooth and dense surface and small grains with 
fairly homogeneous size. 

Cycle number 

Figure 5 Discharge capacity vs. cycle number, for the thin films annealed at 650, 700 and 750"C, 
respectively. 

The electrochemical properties of the thin-films annealed at various 
temperatures were characterized by constant current charge/discharge. The 
discharge capacities of the thin-film/EC and DMC solution/Li cell cycled between 
3.0 and 4.2V at 30 u Ah/cm2 are given in Fig.5. The film annealed at 650, 700 and 
750 °C had an initial capacity of 42.8, 58.4 and 40.0 u Ah/cm2, respectively. After 
60 cycles, the corresponding discharge capacity was 26.0,44.2 or 22.0 u Ah/cm". Its 
capacity retention had 60.7%, 75.7% and 55.0%, respectively. The discharge 
capacity increased as the annealing temperature increased from 650 to 700 "C, and 
then decreased from 700 to 750 "C. So did their capacity retention. This may be due 
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to an increase in layered LiNi08oCo02o02 crystallinity as the annealing temperature 
increased. However, at high temperature the layered crystallinity decreased due to 
lithium evaporation to form lithium structural defects. 

tabic 1 Electrochemical properties of the thin-films annealed at 700 C for 10, 30. 60 and 120 min 

Discharge capacity of the initial cycle/( M Ah/cnr) 

Discharge capacity of the 20'1' cycle /( M Ah/cnr) 
Capacity retention/ (%) 

lOAmin) 

48.7 
37.4 

76.8 

30/(min) 

55.4 

43.0 

77.6 

60/(min) 

58.4 

51.6 

88.4 

l20/(min) 

41.4 

38.2 

92.3 

The discharge capacity of the thin-films, which varied markedly as the 
annealing time changed, was also characterized by cycling tests (20 cycles). The 
initial discharge capacity, the discharge capacity on the 20"' cycle and the amount of 
capacity retention are listed in Table I. 

The discharge capacity increased as the annealing time increased from 10 to 60 
min. This may be due to an increase in the layered crystallinity of the thin film. As 
the annealing time further increased to 120 min, the initial discharge capacity of the 
thin film decreased. It is considered to be due to the insufficient crystallinity of the 
thin film resulting from lithium evaporation during longer annealing time. 
Interestingly, the capacity retention increased as the annealing time increased from 
10 min to 120 min. Based on the results above, it was found that the film annealed at 
700 °C for 60 min had good properties such as a larger discharge capacity (58.4 u 
Ah/cm") and a moderate rechargeability. 

4. Conclusions 

LiNi08llCo02oC>2 thin-films were deposited on Pt substrate by a sol-gel method using 
a spin-coater. The annealing process was investigated about the effect of annealing 
temperature and time on the discharge capacity and capacity retention. The 
crystallinity of the thin-film changed as the annealing temperature and time changed. 
The best electrochemical behavior was obtained from the film annealed at 700 °C 
for 60 min, which had 58.4 u Ah/cm2 of the initial discharge capacity and better 
rechargeability. From these results, LiNio.goCoo.20O2 thin films prepared by the sol-
gel method may be candidates to serve as the cathode in all solid-state thin-film 
microbatteries. 

http://LiNio.goCoo.20O2
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Intercalation of lithium into the vacant sites of a host compound can be achieved 
electrochemically using non-aqueous electrolytes. The use of aqueous electrolyte is less common 
because of the reactivity of many lithium intercalation compounds with water. Here we propose 
that lithium could be intercalated using aqueous solutions, lithium hydroxide as the electrolyte. 
The X-ray photoelectron spectroscopy (XPS), Scanning electron microscopy (SEM) and 
Secondary ion mass spectrometry (SIMS) data on the discharged material indicate that lithium is 
intercalated into the host structure of EMD without the destruction of its core structure. A 
significant improvement in cell performance was obtained by adding small amounts (< 3 wt %) 
of titanium disulphide (TiS2) to the cathode. 

Introduction 

Lithium-ion batteries now represent the state-of-the art in small-size rechargeable 
batteries for consumer electronic devices. Commercial lithium-ion batteries rely 
on the application of one of the well-known lithium intercalation hosts i.e., 
LiCo02, LiNi02, LiMn204 or y-Mn02 [1-4]. Recently, novel materials based on 
transition metal polyanions have also been proposed, and phosphate compounds 
crystallizing as Nasicon structures appear to hold particular promise [5-6]. For 
instance, it has been suggested that lithium iron phosphate, LiFeP04, may offer 
the optimal combination of low cost, favorable electrochemical activity, and low 
environmental impact [7]. Lithium has been intercalated into these materials using 
non-aqueous electrolytes. The use of aqueous methods is less common because of 
the reactivity of many lithium intercalation compounds with water. In one of our 
previous papers [8] we reported that lithium could be intercalated into y-Mn02 

from LiOH solution in an aqueous cell. 
Giovanali et al. [9] described y-Mn02 as an intergrowth structure between 
ramsdellite and pyrolusite, which are both members of the nsutite group. The 
basic unit cells are [Mn06]-octahedra joined to form alternating single-and double 
chains. Ruetschi et al. [10] have summarized the types of Mn02 materials to be 
considered important for batteries, among these electrolytically produced 
manganese dioxide (EMD) is widely used commercially. 
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In traditional alkaline batteries using KOH as the electrolyte Mn0 2 is not suitable 
for its reversibility, because during discharge the electrode reaction involves the 
insertion of protons into the ionic lattice of the manganese dioxide according to 
the equation: 

Mn0 2 + H+ + e" -> MnOOH Eq. [ 1 ] 
Whereas, the use of aqueous LiOH as an electrolyte results in the incorporation of 
lithium ions into the Mn0 2 structure during the discharge. 

Li+ + e- + Mn0 2 -» LiMn02 Eq. [2] 
The overall reaction of the alkaline Zn/Mn02 battery using LiOH electrolyte is 

Li+ + e" + Mn0 2 -> LiMn02 Eq. [3] 
This reaction in Eq. 3 is similar to that for Li/Mn02 non-aqueous batteries except 
that it exhibits slow reversibility. During cell discharge, Li+ ions are inserted into 
the y-Mn02 structure, causing the reduction of Mn4+ ions to Mn3+ ions. During 
oxidation, the y-Mn02 reverts to its original phase upon the extraction of Li+ ions 
from the structure. However the rate of reversibility is slow due to the formation 
of Mn?03. The main objective of this paper is to report our findings on 

1. Electrolytically produced manganese dioxide (EMD) and to compare 
with chemically prepared battery grade manganese dioxide (BGM) in 
aqueous solutions. The purpose is to determine whether the BGM 
behaved in a manner similar to EMD. 

2. Improvement in cell performance by adding small amounts (< 3 wt %) of 
titanium disulphide (TiS2) to the cathode. 

Experimental 
The y-Mn02 of EMD type and BGM used in this work were purchased from the 
Foote mineral company and Sigma Aldrich, respectively. The cell design and 
experimental details were similar to those reported earlier [8-11]. The cells were 
discharged/charged galvanostatically at 0.5 mA/cm2 by using an EG&G Princeton 
Applied Research Potentiostat/Galvanostat model 273 A, operated by model 270 
software (EG&G). The cutoff discharge and charge voltages were 1.0 and 1.9 V, 
respectively. All electrochemical measurements were carried out at ambient 
atmosphere. The products formed during charge and discharge cycles were 
characterized by a Siemens X-ray diffractometer using Philips Co-Ka radiation. 
X-ray photoelectron spectroscopy (Kratos Ultra Axis Spectrometer) using 
monochromatic Al Ka (1486.6 eV) radiation was used to analyze the chemical 
binding energy of the samples. X-ray photoelectron spectroscopy (XPS) analysis 
was started when the pressure in the analysis chamber fell below 1 x 10 "9 hPa. 
Carbon, C (Is), was used as a reference for all the samples. The Surface analysis 
of the materials was conducted by using a scanning electron microscope (Philips 
Analytical XL series 20). Secondary Ion Mass Spectrometry (SIMS) spectra were 
collected on a Cameca ims 5f instrument at the Australian Nuclear Science and 
Technology Organization (ANSTO), Lucas Heights, Sydney. An 0 2

+ primary ion 
source (12.5 KV) was used to generate secondary ions. A primary beam of 50 nA 
rastered over an area of 250 x 250um was used in all experiments. The SIMS 
positive ion signals corresponding to 7Li was recorded. 



394 

Results and Discussion 

Performance characteristics of Zn- y-MnC>2 of EMD type aqueous LiOH cell: 
The performance characteristics of Mn02 in alkaline aqueous Zn-Mn02 cells 
containing potassium hydroxide (KOH) as the electrolyte have been reported 
extensively in the literature [12-14]. Kordesch [14] has reported that the discharge 
behavior of the cathode material, Mn02, in the alkaline KOH electrolyte occurs in 
a heterogeneous phase reaction, i.e. Mn02 being converted to Mn203. Hence, the 
Mn02 lattice expands and, at a certain point of discharge, the mechanism changes 
to an irreversible portion of the Mn02 reduction process. We have investigated the 
use of LiOH in place of KOH in alkaline Zn - Mn02 cells. Zn/ Mn02 / LiOH (aq.) 
cells were discharged at constant current density (0.5 ttiA/cm2) to 1 V cut-off. For 
comparison, cells containing KOH in place of LiOH were also discharged under 
identical conditions. Each of the electrolytes contained 1 M ZnS04 in addition to 
the saturated solutions of LiOH or KOH. The results for the first discharge cycle 
for both the cells are shown in Fig. 1. The cell containing LiOH discharged at a 
higher voltage and had a higher material utilization compared to the cell with 
KOH electrolyte. The cathode utilization for the LiOH cell was found to be 56 % 
(162 mAh/g) as compared to 41 % (120 mAh/g), for the KOH cell. 
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Fig. 1 First discharge curve of Zn-Mn02 (EMD type) cells using saturated aqueous of (a) KOH and (b) 
LiOH containing 1 mol. L-l of ZnS04 under identical conditions. 

The reversibility of the cell Zn-Mn02 using sat. LiOH as the electrolyte 
was investigated and their results are shown in fig. 2. The cell could be reversibly 
discharged and charged. The cathode material utilization was calculated from the 
initial weight of the active Mn02 in the cathode and the voltaic efficiency from 
the observed average charge/discharge voltages. The material utilization of 56% 
(162 mAh/g) for discharge and 54% (156 mAh/g) for charge and the voltaic 
efficiency of 83% were obtained. Figure 3 shows the variation of open-circuit 
voltage versus number of cycles. For the first cycle the open-circuit voltage was 
1.8 V and then for the 10th cycle the OCV falls to 1.785 V and for subsequent 
cycles it decreases to 1.713V. 
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Fig. 2 Cycling behavior of the Zn-MnOj (EMD type) 
battery over subsequent cycles. 
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Fig. 3 Variation of the open-circuit voltage vs. cycle 
number for the Zn - Mn02 (EMD type) battery. 
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Fig. 4 Scanning electron micrographs of the Mn02 (EMD type) cathode material. 

The investigation on the surface morphology that occurs on the cathode 
material during the process of discharge and recharge has substantially confirmed 
the presence of a new material as seen in fig. 4. The morphology of as-prepared 
Mn02, fig. 4 a, revealed that the particle size of the order of 20-25 um. The 
material formed after the discharge had a very different morphology (fig. 4 b). 
The particle size was of the order 40-50 um. It appears that during discharge the 
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original y-Mn02 particles agglomerate into larger particles perhaps containing 
lithium ions intercalated into the material. The micrograph fig. 4 c for recharged 
sample shows the absence of this agglomeration. However the structural 
irreversibility of the starting Mn02 is observed in the morphology, and is most 
likely the reason for the loss in battery capacity after few cycles, as shown in the 
cycling behavior, fig. 2. In order to confirm the existence of lithium ions in the 
solid matrix of the discharged cathode material it was subjected to XPS and SIMS 
studies. As reported earlier [8], before the XPS and SIMS analysis, the surface of 
the cathode material was ion bombarded to remove the thick layer of materials 
(like LiOH, Li2C03 and H20) on the surface of the discharged products. LiOH is 
present because the material is discharged in LiOH, which remains adsorbed at 
the surface. The lithium carbonate is the result of LiOH reacting with atmospheric 
carbon dioxide. After ion bombardment, the spectrum shown in Fig. 5 was 
recorded. The peak at 54.7 eV could be assigned to intercalated lithium [15] into 
the Mn02 host structure. To investigate the lithium distribution in the bulk sample 
Mn02 the depth profile was carried out. Figure 6 represents the depth profile 
results for a discharged cathode. It can be seen that while going from surface to 
bulk, Mn species decreased while Li species slightly increasing in lithium counts. 
This result agrees with the XPS studies that lithium is present in the structure. 

66 64 62 60 58 56 54 52 50 48 Depth / microns 

Binding Energy / eV 

Fig. 5 XPS spectra of Li (Is) for the cathode MnO, F i8- 6 S I M S d e P t h P r o f l l e o f discharged 
" Mn02 (EMD type) 

(EMD type). Time in figure indicates the etching 

duration. 

Performance characteristics of Zn- BGM- aqueous LiOH cell: Figure 7 shows 
the difference in the discharge characteristics of the cells containing EMD and the 
BGM as cathode materials. The open circuit voltage of BGM is higher and the 
discharge voltage profile is flatter than that for the EMD material under identical 
conditions. The rate of voltage drop during discharge is almost identical. The 
delivered discharge capacity for these two materials is almost identical at a IV 
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cut-off voltage (ca. 165 mAh/g). In contrast to EMD the BGM shows a sharp drop 
in voltage, whereas the EMD does not show such drop upto that point. This is 
probably related to the difference in the composition of the two Mn02 materials 
with respect to ramsdellite and pyrolusite, water content and surface area. The 
BGM exhibit quite different rechargeability when subjected to continuous 
discharge/charge cycles. As seen in Fig. 8, a 35% drop in the active material 
utilization occurred at cycle number 2 for this cell. For EMD, the same drop 
occurred at the 20th cycle (Fig. 2). Thus the EMD is more stable to 
discharge/charge cycling. 
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Fig. 7 Comparison of the two different MnO, on F>8- 8 Voltage vs. discharge capacity of 
their first discharge voltage profiles Zn|MnCvBGM|LiOH cells on the second cycle 

Additive of TiS2 in the EMD cathode Following the incorporation of the Bi3+ 

additive, several other additives have been explored [12,16]. A potential candidate 
in this regard has been Ti4+ ion [16]. This is usually done by anodic deposition of 
EMD from an acidic solution of manganese sulphate containing some Ti4+ ions. 
In this work, small amounts of TiS2 as additives have been employed by physical 
mixing into EMD and investigated their electrochemical behavior. The SEM 
micrograph (fig. 9) with the additive of 5 wt% shows a change in morphology i.e. 
rounded particles around lOum in diameter. Figure 10 shows the cell performance 
of the Mn02 cell by adding various amounts of TiS2. A significant improvement 
in discharge capacity was obtained by adding amounts (< 3 wt %) of titanium 
disulphide (TiS2) to the cathode. This could be explained in terms of the doping 
ions known to stabilize the Mn02 structure towards dimensional changes that 
occur during the discharge process. However, increasing the doping content from 
3 to 5 wt % causes a decrease in the cell capacity. Although not fully understood, 
increasing the doping content could modify the "open structure" configuration of 
Mn02 for intercalation. This probably could be related to the change in surface 
morphology as reflecting via the SEM micrograph in Fig. 9. 
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Fig 9 Scanning electron micrographs of the cathode Mn02 in the presence of various amounts of TiS2 

additives 

0 50 100 150 200 250 300 
Discharge Capacity / mAh.g"1 

Fig. 10 Comparison of the first discharge behavior of M11O2 in the presence of various amounts of TiS2 

additives. 
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Conclusions 
The characterization of the products formed when Mn02 is discharged in a 
Zn|MnC>2|LiOH cell, indicates that the cell discharge mechanism involves Li+ 

intercalation into the host structure. As compared to battery grade material 
(BGM), electrolytic manganese dioxide (EMD) is found to be more stable to 
discharge/charge cycling. The incorporation of small amounts of TiS2 additives 
into Mn02 is found to improve the discharge capacity. However, increasing the 
doping content from 3 to 5 wt % causes a decrease in the cell capacity. 
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Rechargeable thin-film batteries have become the topic of widespread research for use in low power 

applications in the field of Microelectronics and in Microsystems. The fabrication of lithiated vanadium 

oxides such as LiNiV04 and LiCoV04 in thin-film form is of great interest as a result of their possible use 

as electrode materials in all-solid-state lithium rechargeable microbatteries to power microelectronics. In 

the present study the preparation of lithium nickel vanadate thin films using Pulsed Laser Deposition 

technique and their electrical characteristics have been reported. The XRD analysis confirms the 

formation of thin film LiNiV04. The impedance analysis gives the grain interior and grain boundary 

resistance as 3X10"4 ohms and 8X10° ohms at 623 K respectively. The conductance spectra indicated the 

electrode polarization effect of the thin film sample. The modulus analysis indicated the non-Debye 

nature of the sample. The dielectric spectrum shows a low-frequency dispersion of the dielectric constant, 

which reveals the space charge effects arising from the electrode. 

Key words: Thin film; LiNiV04; PLD; AC conductivity; Modulus spectra; Dielectric analysis. 

1. Introduction 

LiNiV04 is one of the promising electrode materials for Li ion rechargeable 

batteries. LiNiV04 exhibits an unusual inverse spinel structure in which the Li and 

Ni atoms equally occupy the octahedrally coordinated interstices and the V atoms 

occupy the tetrahedrally coordinated interstices [1]. This structure is different from 

the crystal structures of other lithium incorporated electrode materials, which paved 

the way for its high electrochemical behaviour [2, 3]. However its interest as bulk 

electrode materials is limited by its poor capacity retention and a large loss in initial 

capacity [4]. In order to overcome these problems, thin film LiNiV04 has been 

fabricated by rf magnetron sputtering and their electrochemical properties have been 

reported by Reddy et.al and Lee et.al [5, 6]. Literature survey reveals that there is no 

400 
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report on the fabrication of LiNiV04 thin films by pulsed laser deposition (PLD). 

This method has been successfully used for preparing thin film electrodes, such as 

LiCo02, LiMn204 and V2Os [7, 8]. PLD is a simple method to prepare thin film of 

materials which contain volatile components (such Li based electrode materials) 

having complex stoichiometrics. The main advantage of PLD is their ability to 

transfer the original stoichiometry of the bulk target to the deposited films [9]. In the 

present study the preparation of lithium nickel vanadate thin films using Pulsed 

Laser Deposition technique and their electrical characteristics have been reported. 

2. Experimental 

LiNiV04 has been prepared by a solid state reaction method. Stoichiometric 

amounts of the raw materials Li2C03, NiO and V205 according to the composition of 

LiNiV04 were ground into fine powder using mortar and pestle. The resultant 

powder has been heated at a temperature of 1023 K in a porcelain crucible. The 

resultant sample has been cooled slowly, crushed into fine powder and then sprayed 

in a die. A pressure of around 4000 Kg cm'3 has been applied to form a pellet with 

0.1 cm thickness and 1.0 cm diameter. The pellet has been sintered at 623 K in air 

for 3 h. 

Thin film of LiNiV04 has been prepared by pulsed laser ablation technique. A 

KrF excimer laser operating at 248 nm has been used to deposit thin films on Si 

(100) substrate. LiNiV04 prepared by solid state reaction method has been used as 

the target material. The deposition has been carried out for 20 min. Thin film growth 

parameters were: fluence, 3 J cm"2, repetition rate, 10 Hz; in situ oxygen partial 

pressure, 1 X 10"' m bar; substrate temperature, 450 °C; preablation, 2 min; target to 

substrate distance 4 cm. 

Crystalline phases were identified using X-ray diffractometry (XRD) with a 

thin-film attachment and CuKa radiation (Rigaku Co., Tokyo, Japan). Microstructure 

observations were performed using a Hitachi 2300 scanning electron microscope 

(SEM). 

Impedance measurements were made in the temperature range of 583- 623 K. 

Gold has been coated as electrodes for impedance measurements. The impedance 
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analyzer HIOKI 3532 controlled by a computer has been used to obtain the electrical 

measurements in the frequency range of 42 Hz - 5 MHz. 

3. Results and discussion 

3.1 XRD and SEM analysis 

Fig.l shows the XRD pattern of thin film LiNiV04. The XRD pattern of thin 

film LiNiVO, is dominated by (311) and a (220) peak at 20 = 36° and 30° 

respectively. The peaks observed in Fig.l are confirmed by the JCPDS file No. 01-

073-1638. 
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Fig.l. XRD patterns of thin film LiNiV04 

The absence of (111) line in thin film LiNiV04 may be due to the presence of 

more vanadium ions on the tetrahedrally coordinated 8a sites [10]. The XRD peaks 

located around 20 = 55°, 58° for the thin film sample with medium intensity 

correspond to (422) and (115) Bragg lines respectively [11]. A low intensity peak 

has been observed around 38° and 43° for the thin film sample. At first, it has been 

considered that the 38° and 43° peaks are due to unreacted NiO. But similar peaks 

has been observed and reported by Orsini et al for the discharge cycle of LiNiV04 

[12]. It has been discussed by them that these new peaks were not due to NiO, but 

due to the formation of a new phase with formula Li2M03.y with y=l (with M=Ni, V 

or Ni/V). In the present study the presence of the peak around 38° and 43° indicates 

the presence of this phase for the thin film LiNiV04 However the peaks due to 

inverse spinel have not been altered for the thin film LiNiV04 which has been 

inferred from the presence of characteristic peaks of LiNiV04 for the thin film 

sample. 
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The SEM analysis has been carried out mainly to study the morphology of the 

synthesized compound. Fig. 2 shows the SEM images of the thin film LiNiV04. The 

SEM analysis of the thin film LiNiV04 indicates the uniform particle size of about 

50 nm. 

Fig.2. SEM image of thin film LiNiV04 

3.2 Conductivity Analysis 

Fig.3 shows the logco vs log a plot of thin film LiNiV04 at various 

temperatures. The ac conductivity CT(CO), usually reaches to a frequency independent 

plateau at low frequencies and dispersive phenomena at high frequencies, in a 

variety of crystalline ionic materials. In the present study low frequency dispersion 

is observed due to electrode polarization effects [13]. 

* 583 K 
a 593 K 
© 603 K 
+ 613 K 
X 623 K i l l 

Fig.3. Conductance spectra for thin film LiNiVCX at various temperatures 

In the temperature range studied, the ionic conductivity is high enough to 

produce a significant build up of charges at the electrodes, which reduces the 

effective applied field across the sample and hence the apparent conductivity. At 

mid frequencies the period of the applied field is too short for the charging to occur 
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and the ac conductivity is generally taken to assume the frequency independent 

value, which is equal to the true dc conductivity. At very high frequencies the 

conductivity dispersion follows the power law dependence [14]. he Jonscher's 

power law equation may be written as, 

a(oo) = odc + A<o" (1) 

where n is the frequency exponent in the range 0<n<l. Both adc and A are 

thermally activated quantities. The frequency-independent conductivity is observed 

in the low frequency region, which indicates the dc conductivity of the material. In 

the high frequency region, the power law feature a(co) oc co" has been observed. It 

had been observed from the figure that there is no significant variation in the 

conductivity with temperature in the temperature range studied. 

3.3 Impedance analysis 

Fig.5 shows Cole-Cole plot of impedance for LiNiV04 thin film at different 

temperatures. , , 
- • - 583 K 
- • - 593 K 

3 x ,° " - o - 603 K 
- + - 6 1 3 K 

• - x - 6 2 3 K 
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Fig.4.Impedance complex plane plot for thin film LiNiVO., at various temperatures 

There are two components to the impedance, grain interior resistance (Rgi), and 

grain boundary resistance (Rgb). The high frequency semicircle has been attributed to 

the grain interior resistance and the low frequency semicircle is due to grain 

boundary resistance. The associated capacitance values are calculated using the 

relation 27t/maxRC = 1 and they are found to be in the order of pF and nF, which 

indicates the nature of the semicircles as grain interior and grain boundary [15]. The 

large difference in time constants allows the grain interior resistance semicircle to be 

clearly separated from that of the grain boundary curve. The circular fitting of the 

complex impedance plot by using the programme EQ developed by Boukamp [16, 
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17] yields the grain interior resistance (Rgi) as 3 X10"4ohms and grain boundary 

resistance (Rgb) as 8.X10°ohms at 623 K.The grain interior resistance and grain 

boundary resistance are contributed by the motion of Li+ ions along the grains and 

across the grains respectively. 

3.4 Modulus Spectra Analysis 

The dielectric response caused by ion relaxation has been studied using the 

reciprocal quantity M* = 1/ 6* = M'+ jM", known as the electric modulus [18, 19] in 

which the electrode polarization artifacts are suppressed. Typical features of 

modulus spectrum include a broad, asymmetric peak in the imaginary part and a 

sigmoidal step in the real part. This feature is due to the storage of mechanical stress 

associated with relaxation processes of the conducting species. Fig. 5 shows the 

frequency dependence of M" at various temperatures for LiNiV04 thin film. The 

broad nature of the peaks can be interpreted as being the consequence of 

distributions of relaxation time. 
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Fig.5. Modulus spectra for thin film LiNiV04 at various temperatures 

The non-exponential conductivity relaxation can be described by a Kohlrausch 

Williams Watt (KWW) function <|)(t), which represents the distribution of relaxation 

time in ion conducting materials [20]. The electric modulus can be represented as, 

M* = Ma 

and <|> =<t>0exp[-(t/T0)
|!] (3) 

where, x0 is conductivity relaxation time and (3 is Kohlrausch exponent. The smaller 

the value of P, the greater the deviation with respect to Debye-type relaxation. The 

Ydt exp(-imt)d0 I dt (2) 
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(3 parameter is most often interpreted as a result of correlated motions between ions. 

This means that the jump of a mobile ion in a material cannot be treated as an 

isolated event. Using the modulus formalism, i.e. M" spectrum, the corresponding 

full width half height (FWHH) is wider than the breadth of the Debye peak (1.14 

decades) and thus results in a value of (5 = 1.14/FWHH. The modulus peaks are 

fitted by using the software PEAKFIT and the full width half height (FWHH) values 

are extracted and the corresponding p values has been calculated using the relation p 

= 1.14/FWHH. The P parameter is found to be 0.89 and it does not depend on the 

temperature in the temperature range studied. 

3.5. Dielectric analysis 

The dielectric properties of any system may be characterized by frequency 

dependant parameters, which may define the complex permittivity, e' and E" has 

been calculated using the impedance data by the following equation 

s* = 1/(JG)CZ*) (4) 

where Z* is complex impedance, C = (E0A)/t, t is thickness of the sample A is 

effective area of the electrodes, E0 is the vacuum permittivity (8.854X10"12 Vim), co = 

27i v and j = V-l. A plot of log co and E' for thin film LiNiV04 at different 

temperatures has been presented in Fig.7. 

Log <a (Hz) 

Fig.6. Dielectric spectra for thin film LiNiV04 at various temperatures 

The dispersion of dielectric constant is high at low frequencies at all 

temperatures. This behavior is attributed to the formation of space charge region at 

the electrode/electrolyte interface which is familiarly known as co'""0 variation or the 
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non-Debye type of behaviour, where the space charge regions with respect to the 

frequency is explained in terms of ion diffusion [21]. At high frequencies due to 

high periodic reversal of the field at the interface, the contribution of charge carriers 

especially ions towards the dielectric constant decreases with increasing frequency. 

4. Conclusion 

Thin film LiNiV04 has been prepared by Pulsed Laser Deposition technique. 

The XRD analysis confirms the formation of the inverse spinel thin film LiNi V0 4 

The impedance analysis indicated the grain interior and the grain boundary response 

of the thin film LiNiV04. The conductance spectra indicated the electrode 

polarization effect of the thin film sample. The modulus analysis indicated the non-

Debye nature of the sample. The dielectric spectrum shows a low-frequency 

dispersion of the dielectric constant, which reveals the space charge effects arising 

from the electrode. The results indicate that thin film LiNiV04 is found to have good 

electrical properties compared to the bulk LiNiV04 reported elsewhere [22]. 
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Abstract We report on a novel synthetic method of microwave processing with a domestic 2450MHz microwave synthesis 

system to prepare LiFeP04 cathode materials. We also studied and report on structure and morphology of the resultant 

products via three raw materials by XRD and SEM. XRD revealed that a single phase LiFeP04 powder can be synthesized 

quickly and easily by microwave processing. The results indicate that microwave processing is a promising method of 

processing LiFeP04 cathode materials. 

Key words LiFePOj, cathode material, microwave processing 

1. Introduction 

An ever growing demand for high density rechargeable batteries for portable electronic devices, 

electric vehicle systems, and dispersed type energy storage systems is exerting pressure for the 

development of advanced lithium-ion batteries. Among the known Li-insertion compounds, the 

layered rock salt systems LiCo02, LiNi02, and the manganese-spinel framework system LiMn204 

have been used commercially as 4.0 V cathode materials in rechargeable lithium-ion batteries [l . 

However, because of the toxicity and high-cost of LiCo02, difficulty in synthesizing phase pure 

LiNi02, low energy density and poor cycling properties of LiMn204, considerable effort has been 

devoted to develop new lithium-insertion compounds to be used as the cathode materials for next 

generation lithium-ion batteries. Olivine-type lithium iron phosphate (LiFeP04) as a new cathode 

material, first reported by Paghi et al in 1997[4], attracted worldwide attention and since then has been 

investigated intensively during last few years [5,6]. 

Among many advantages of LiFeP04 over other candidates, some are that it has a high 

theoretical specific capacity (170 mAh/g), an intermediate voltage value (3.45 V versus Li/Li+), 

excellent cycling behavior, and low cost and non-toxicity [4'5]. However, the main problem with 

LiFeP04 is that its synthesis is not an easy task because of the iron oxidation state. Several methods 

have been explored for its synthesis including solid-state reaction, hydrothermal synthesis, and 

sol-gel processing [5,6]. However, all of these methods need heat-treatments at high temperatures 

(500-900°C) for a long time (up to 24 hours), which increases the fabrication cost and difficultly get 

pure phase and limits the yields. 

Microwave synthesis is a novel technique featuring high efficiency and capability to synthesize 

some compounds that are very difficult or impossible to be fabricated by conventional methods [7,8]. 

The microwave synthesis is based on a novel heating process whose heating mechanism is 

fundamentally different from conventional heating methods. In a conventional heating method, the 

heat generated by external source is transferred to the material via radiation, conduction, or 

convection. Considerable energy losses and inhomogeneous heating are always serious concerns in 

the conventional heating processes. The microwave process provides a revolutionary heating method 

for materials processing and synthesis, in which the energy absorbed by the materials located in 

microwave field is converted in to heat internally instead of originated from external heating sources. 

This provides a highly efficient, homogeneous, and uniform heating of the entire work-piece 

* Corresponding Author:: Zhoujian@mail.whut.edu.cn 
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simultaneously. Many different physical phenomena are involved in the microwave-matter 

interaction during the microwave processing, such as highly enhanced reaction/synthesis kinetics [9l 

Microwave synthesis is a novel technique featuring high efficiency and capability to synthesize 

LiFeP04 at lower temperatures in much shorter time. In 2003, two other research groups reported 

microwave synthesis of LiFeP04 in a very short time (5-10 minutes) 110,"!. However, their 

experiments were conducted in a microwave home oven without any atmosphere control, and 

therefore they could not produce high quality and phase pure LiFeP04. 

In this paper we research the microwave synthesis of LiFeOP4 materials in single mode cavity 

and characterization in microstructure and morphology of LiFeOP4. 

2. Experiments 

Some LiFeOP4 compounds was synthesized in microwave via solid state reaction using 

LiOHH20, ammonium dihydrogenphosphate (NH4H2P04) and iron oxalate (FeC2Cy2H20) in 1:1:1 

mole rate as the raw materials. Mixture of the precursor powders was pressure to ((>12x5.6mm disc 

form samples at lOMPa and heated in the single mode (TEi0n) microwave chamber at different 

temperatures and hold at that temperature for different times, e.g. 2 minute, 2.5 minutes, 10 minutes 

at atmosphere. 

Each sample then will be characterized to determine the phase composition and crystal structure, 

and enable us to optimize the microwave synthesis parameter to obtain high quality LiFeP04 

compounds. Several analytical tools was used for the characterization of microwave synthesized 

LiFeP04 materials. The X-ray diffraction (XRD) was used to determine the phase composition and 

crystal structure; the scanning electronic microscope (SEM) was used to examine the grain 

morphology and particle size of the LiFeP04 compounds. BET analysis of particle surface area was 

used in micromeritics Gemini 2360 instrument. 

3. Results and analyses 

XRD patterns of LiFeP04 Compounds synthesized by microwave process are shown in Figure 1. 

• LiFcPOa » LbPCX 

ILl i i i^ 
• Li4P:07 i Fc:P 

IwulKUfcA*^ J J L J U L J K J ^ 

IJi^a^iulJ 
15 20 25 35 40 30 

2 Theta 

Figure 1. XRD patterns of LiFeP04 Compounds synthesized by microwave process. 

A3: 650U»2min, A0: 750[Jx2.5min, A2: lOOODxlOmin 

45 
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As shown in Figure 1, the X-ray diffraction patterns exhibited that the phase pure LiFePG4 was 

obtained by microwave heating at 650°C in only 2 minutes, The LiFeP04 will decompound with the 

temperature increasing and longer synthesis time, and become multiphase materials, so conventional 

methodsjlifficultly get pure phase for the long synthesis time. 

The morphology of the microwave synthesized LiFeP04 powder is shown in Figure 2. Since the 

microwave synthesis was completed in very short time, the obtained LiFeOP4 are in micron size and 

in good crystal structure, and conventional methods_difficultly get good crystal structure in only 2 

minutes. 

Figm-c 2. SEM images of LiFeP04 Compounds synthesized by microwave heating process. 

BET analysis of particle surface area show that surface area are 0.2623 sq.m/g in 650Qx2min, 

4.6102 sq.m/g in 7500x2.Smin, 0.1226 sq.m/g in lOOOQxlOmin respectively. For high-density 

lithium-ion battery applications, it is desired that the synthesized LiFeP04 powder should have very 

fine particle size, large specific surface area, and high chemical activity. In a conventional heating 

process, the solid-state reaction takes place at elevated temperatures higher than 600°C, and also 

requires very long time to obtain phase pure LiFeP04 powder. As we demonstrated in our 

preliminary study, it is expected that microwave synthesis can lower the synthesis temperature and 

shorten the processing time substantially. This will enable to obtain very fine powders and good 

crystal structure. 

Classically there are various mechanisms identified in the microwave-materials interaction. 

Some of them are due to dipole reorientation, space and ionic charge, which are primarily found in 

insulators or dielectric materials. Other losses, depending upon the material under interaction, 

include through electric conduction and/or magnetic induction in conductive materials. 

4. Conclusion 

We conducted a systematic study to determine the optimum processing parameters such as 

650L synthesis temperature, hold at that temperature for 2min, etc. 

Microwave heating is a novel approach to synthesize LiFeP04 compound with several 

advantages over conventional synthesis methods, e.g.: 

D Lower synthesis temperatures and shorter synthesis time can minimize the grain growth to 

facilitate the synthesis of fine particle size LiFeP04 products. 

P External field activated synthesis can enhance the diffusion and reaction kinetics to produce 

highly reactive and phase pure LiFeP04. 

Q High efficiency processing will achieve considerable energy and cost savings. 

Q The method is simple and easy to scale-up for commercialization. 

Since the microwave synthesis is a relatively new technology, there are still a lot of unknowns. 

The proposed research work will systematically investigate some unique features of microwave 
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synthesis processing, external field activated reaction mechanism and kinetics. It is intellectually 

challenging as the execution entails well-integrated knowledge in physics, chemistry, materials 

science and microwave engineering. 
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CHARACTERIZATION OF Ndo.sSro.zCoOj-j INCLUDING Pt SECOND 
PHASES AS THE CATHODE MATERIAL FOR LOW-TEMPERATURE 

FOR SOFCs 

JUNG WOON CHOI, HAN JI KIM, HAN BYEL SHIM AND KWANG SOO YOOa 

Department of Materials Science and Engineering, University of Seoul, Seoul 130-743, 
KOREA 

The perovskites with nominal compositions Ndo 8Sro.2Co03_s were fabricated as cathode 
materials of low-temperature operating solid oxide fuel cells (SOFCs) using a solid-state reaction 
method. The Pt solution to improve electrical properties at low temperature was dispersed into 
cathode material. X-ray diffraction analysis and microstructure observation for the sintered 
samples were performed. The ac complex impedance was measured in the temperature range of 
600-900°C in air and fitted with a Solatron ZView program. The crystal structure, microstructure, 
impedance spectra, and polarization resistance of Ndo gSr0 2Co03^ were characterized 
systematically. 

1. Introduction 

A fuel cell is a device for direct conversion of chemical energy into electrical 
energy. The solid oxide fuel cell (SOFC) continues to attract interest as a potential 
reliable, durable, and inexpensive technology for generating electricity from as a 
bydrocarbon fuels [1]. In the case of cathode materials, they should have high 
electrical conductivity, adequate porosity for oxygen gas transportation, good 
compatibility with the electrolyte, and long-term stability. Recently, the porous 
ceramic structures synthesized from perovskite oxides were used as cathodes of the 
low operating temperature for SOFCs [2]. 

In these perovskites, substitution of a divalent cation for a trivalent cation results 
mostly in inducing electron holes in air. At lower oxygen pressure, however, charge 
compensation is likely to be achieved through the formation of oxygen-ion 
vacancies. These oxygen vacancies provide the pathway for the oxide ions through 
the electrode material. Therefore, the flux through the bulk electrode material is 
likely to increase. High oxygen flux at modest overpotentials is expected to be an 
advantage of these materials as SOFC cathodes [3]. Recently there has been a great 
deal of interest in rare earth cobaltite phases with perovskite structures (Lni_ 
xSrCo03.6) (Ln = lanthanide ion), due to their applications in solid oxide fuel cells 
[4-7] and as ceramic membranes for high temperature oxygen separation [8,9]. 

Pt is another probable candidate for cathode because of its high catalytic activity 
for reduction/oxidation of oxygen. Pt can be recycled even though it is expensive. 

a Corresponding author: ksyoo@uos.ac.kr 
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However, the application of Pt to cathodes has not yet been investigated well 
because we have cheaper lanthanum manganite for high temperature SOFCs so far 
[10]. 

The objective of this study was to investigate the electrical properties of the Pt-
dispersed Ndo.8Sro.2Co03^ composition at low temperature. The polarization 
resistance of the cathode was evaluated by using an impedance analyzer. The 
interfacial reaction and morphology between the cathode and the electrolyte were 
observed through a field emission scanning electron microscopy (FESEM). Then 
the relationship between polarization resistance and porosity was examined. 

2. Experimental 

An 8-mol% YSZ disk (diameter: 11.5 mm, thickness: 1.6 mm) was used as the 
solid electrolyte. As starting materials, Nd203 (Cerac), SrC03 (Cerac), Co203 (Tasco), 
PtCl4 • 5H20 (High Purity Chemicals) and 8-mol% YSZ (Tohso) were used in this 
experiment. The powders were mixed in ethanol and milled for 72 hours, after 
which the powders were pressed into pellets and calcined at 1000°C for 4 hours. The 
cathode powders and vehicle (a-terpineol, 2-butoxyethoxy, polyvinyl butyral-co-
vinyl alcohol-co-vinyl acetate, polyethylene) were mixed at a 71:29 weight ratio and 
ground to form the paste. 

Cathode 

NdjO,or Sm,0, 

SrCO, 00 ,0 , 

Ball Mining (72 h) 

1 
| CafcMkw dooox:, 4 h) 

Screen Printing 

Sintering (1200%, 3 h) 

I 
Pt-paste Printing 

I 
Firing (lOOOt, 3 h) 

1 
Characterization 

Electrolyte 

8 mol% YSZ 1 

Pressing and 
CIP(29,000psi) 

1 
Sintering 

(1600X, 4 h) 

Pt solution 
(dispersed) 

Fig. 1. Flow chart of experimental procedure. 
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The YSZ disk was prepared by screen-printing a mixed paste (powder : 
vehicle=71:29). The screen-printed samples were sintered at 1200°C for 3 hours as 
shown in Fig. 1. Platinum chloride (PtCLt • 5H20) was dissolved in distilled water 
including hydrochloric acid of 4 vol.% and stirred for 4 hours at a temperature of 60 
°C. This Pt solution was impregnated into the screen-printed cathode thick film. 
After this experimental step, the Pt-paste was formed on the rear side of the YSZ 
electrolyte as the reference electrode and the counter electrode. The half-cells were 
all formed, as shown in Fig. 2. The cathode film was observed using an FESEM 
(Hitachi 4300, Hitachi) and X-ray diffractometer (Rigaku Mini Flex). Porosity was 
calculated using an Image Analyzer. Electrical properties were measured using an 
Impedance Analyzer (SI 1260, Solatron) and an Electrochemical Interface (SI 1287, 
Solatron). Measurements were taken without a DC bias and spectra were obtained 
within a frequency range of 3 x 107-0.01 Hz with applied AC voltage amplitude of 
10 mV. All the samples were measured at a temperature range of 600-900°C. 

Fig. 2. Schematic diagram of the half-cell. 

3. Results and Discussion 

3. J Physical Properties 

Figure 3 shows the XRD pattern of the lanthanide cobaltite cathode materials 
after calcining at 1000°C for 4 hours. The cathode powders were all determined to 
have been single-phase. Figure 4 show the microstructure and interface between the 
cathode and the electrolyte. As seen from the FESEM in these figures, the cathode 
films on the YSZ electrolyte were very porous and the thickness of the cathode 
material was about 15 M". We found that cathode particles were well interconnected. 
The electrode microstructure appeared uniform and showed good and continuous 
bonding with the dense YSZ electrolyte pellet. In addition, Pt particles were 
observed from Fig. 4 (b) and (d). 
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The porosity was calculated by using the Image Analyzer, ranged from 30% to 
34%. 

J,. Il i J 

— Nd„Sr„CoOM, 

•Pt 

20 38 40 30 «0 TO 

Fig. 3. X-ray diffraction data of the Pt-dispersed NdojSro2Co03 cathode material. 

Fig. 4. Surface micrographs of the cathode materials sintered at l.aOO'C for 3 h; (a) NdaaSnuCoOs (b) 
Pt-dispersed NduSruCoOs. (c) NdasSrozCoO,(cross-sectional), (d) Pt-dispersed Ndo.aSrojCoOj (cross-
sectional). 

3.2 Electrical Properties 

The impedance measurements were carried out at 600°C, 700°C, 80Q°C, and 
900°C» respectively. As shown in Fig. 5, with increasing operating temperature, both 
the polarization resistance values (R2-R|) and the interfacial resistance values (R3-
R2) decreased, because the activation energy decreases in high temperature ranges 
[1]. The polarization resistance of all samples was smaller than the interfacial 
resistance. The polarization resistance of the Ndo.gSro.2Co03 was 8.53 Ocm and 
2.81 Ocm2at 600"C and 70Qt:, respectively. Figure 6 shows the impedance spectra 
of the Pt-dispersed Ndo.gSro.2Co03. In this figure, the polarization resistances of the 
sample were 0.018 Ocm2 at 600T:, and 0.001 Ocm2 at 700 t l . Accordingly, Pt-
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dispersed Ndo.8Sro.2Co03 material was better than Ndo.sSrojCoC^ for the SOFC 
cathode. 

Figures 7 and 8 showed the polarization resistances of the Ndo.8Sr0.2Co03 and 
Pt-dispersed Ndo.8Sr0.2Co03 cathode materials, respectively. 

• measured 
- fitted 

20 R. R, 

-1 

W ™ 5 Nd0.8Sr0JCoO3 

• measured 
- fitted 

| ' " i 

10 20 X 10 50 
LW 
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Fig. 5. Impedance spectra of the Nd08Sr02CoO3 cathode materials sintered at 1200°C for 3 h. 
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Fig. 6. Impedance spectra of the Pt-dispersed Ndo.8Sr0,2Co03 cathode materials sintered at 1200°C for 3 h. 
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Fig. 7. Polarization resistance of the 
Ndo.8Sro2Co03 cathode materials. 

Operabng temperature f*C) 

Fig. 8. Polarization resistance of the Pt-dispersed 
Ndo8Sr02Co03 cathode materials. 

4. Conclusions 

The half-cells fabricated with Pt-dispersed Ndo.8Sro.2CoC>3 on the YSZ electrolyte 
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had good polarization resistance of 0.001 Clem2 at operating temperature of 700°C 
and even 0.018 ticm2 at 600 °C. And the samples sintered at 1200 °C for 3 hours 
were observed to have the ideal porosity for cathode materials for low-temperature 
SOFC. 
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Sri Lanka natural vein graphite has various morphologies with different structural and physical 
characteristics. The identified most abundant morphology, the shiny-slippery-fibrous (SSI) 
graphite found in two mines, Bogala and Kahatagaha-Kolongaha, has a very high purity over 
98% and high crystallinity. The characterization of Li-graphite intercalation process was 
mainly performed with the initial discharge-charge profiles at the current rate of C/20 and 
C/40, and cycled between the initial open circuit voltage and 0.005 V vs. Li/Li* in lithium cells 
in 1M LiPF6 (EC/DMC; 1:1). The synthetic KS25 graphite showed much better rechargeability 
and higher intercalation rate of lithium ions than natural BSSI and KSSI graphite. The 
irreversible capacity loss of natural vein graphite was partly due to passivation and exfoliation. 
But the major irreversible capacity loss of the graphite (natural or synthetic) was mainly due to 
lithium trapping in the internal pore spaces of graphite material or electrode structure. 
Measurements of the open circuit voltage in lithium cells with graphite as working electrode 
were used to obtain the thermodynamic factors such as entropy, AS, and enthalpy, AH, of 
lithium intercalation into natural and synthetic graphite. These thermodynamic values were 
determined in discharging process of the lithium cells from 0.005 V to 1.50 V vs Li/Li* at C/5 
rate. For all the types of graphite, initially large AS decreases with lithium concentration and 
then becomes negative and shows three entropy plateaus indicating the transition of stages in 
graphite-lithium intercalation compounds. For natural and synthetic graphite AH is negative 
and increases with lithium concentration and follows the staging process of lithium 
intercalation. 

1. Introduction 

Highly crystalline graphite is capable to intercalate lithium up to one lithium atom 

for every six carbon atoms which is denoted by LiC^. The LiC6 can be obtained via a 

direct chemical reaction of metallic lithium with graphite1 or by electrochemical 

intercalation with a theoretical specific capacity of 372 mAh/g.2,3 

The open circuit voltage (OCV) of a lithium cell of graphitic LixC6 vs. Li metal 

is a direct measure of the difference of chemical potential for a lithium atom in the Li 

metal and in the graphite.4 The entropy and enthalpy changes in the electrochemical 

reaction of the lithium ion cells are important thermodynamic factors to characterize 

the electrode materials, to design the thermal capability and heat management. 
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The entropy change in the cell reaction can be obtained by using of the open circuit 
voltage (OCV).5The cell reaction of the lithium cell is as in Eq. (V). 

6C + xL i + +xe" <=> LixC6 (1) 

In the case of a reversible cell reaction under the conditions of constant temperature 
and constant pressure, the enthalpy change, AH, and the entropy change, AS, in the 
cell reaction has the following equation with Gibbs free energy change, AG. 

AG = AH - TAS (2) 

The Gibbs free energy change, AG, is related to the electromotive force of the cell, 
Eemf. The E0, OCV, can approximate to the Eemf. 

AG = -FE0 (3) 

Where F is the Faraday constant and T is the absolute temperature. 

The entropy of formation is: 

AS=F ( 3 % , ) (4) 

and the enthalpy of formation is; 

AH = -FE0 + T F p E ^ / T j ( 5 ) 

The variation of any state function, AG, AH and AS, is related to the addition of 
incremental amount of lithium into the host material having lithium concentration, x, 
taking metallic bcc lithium and graphite.6 

Natural vein graphite has various morphologies, with different structural and 
physical characteristics.7 The purpose of this study is to evaluate the thermodynamic 
factors during process of lithium electrochemical insertion into a particular type of 
Sri Lanka natural vein graphite, called shiny-slippery- fibrous graphite from Bogala 
(BSSI) or Kahatagaha-Kolongaha (KSSI) and to compare its thermodynamic 
characteristics with synthetic graphite (KS25). 

2. Experimental 

Natural Sri Lanka vein graphite was collected from graphite mines of Bogala and 
Kahatagaha-Kolongaha. Synthetic graphite (KS25) was used as received from 
Timcal Ltd. The selected graphite samples (BSSI and KSSI) were crushed by using 
an agate mortar and separated for few minutes to the particle size less than 63|im by 
using a mechanical sieve-shaker. 

Content of carbon and sulphur in the natural graphite was estimated using 
ELTRA CS800 Carbon and Sulphur determinator. X-Ray diffraction (XRD) studies 
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were carried out with a Philips X-Ray generator (using Cu Ka radiation with 
wavelength ^=1.5406 A). XRD was used to verify the structure characteristics of 
graphite powder. The amount of rhombohedral phase was evaluated from X-ray 
diffractograms by comparing the integrated intensities of (101) hexagonal and (101) 
rhombohedral reflections. 

Lithium half cells were prepared at fixed temperature (25°C), using natural 
BSSI, KSSI and synthetic KS25 graphite, as a composite electrode containing with 
10% of acetylene black (AB: Y20) as the electrode conducting additive enhancer 
and 15% of PVDF (Kynar) as a binder, dissolved in DBP (Dibutyl Phthalate) 
(Sigma). About lOmg of natural graphite was used to each cell. The dried electrode 
was mounted in a coin type (CR2430) cell, with Li as the counter electrode and 
reference electrode, and micro-porous propylene sheet (Celgard 2400) as the 
separator. The electrolyte of 1M LiPF6 in equi-volume mixture of ethylene carbonate 
(EC) and dimethyl carbonate (DMC) (Aldrich), were prepared in an argon-filled 
glove box. Electrochemical experiments were performed with a MacPile 
potentiostat-galvanostat. The coin cells were cycled from 0.005 V to 1.50 V at 
different current rates of C/20 and C/40 and also five times at a C/5 for 
thermodynamic studies. 

After completed the five cycles, coin cells were placed in a thermostat chamber 
(Bioblock Scientific) which was connected to the temperature cooler (Bioblock 
Scientific; Huber). The temperature was decreased from 25°C (room temperature) to 
0°C in approximately 5°C intervals and six OCV measurements were made with a 30 
minutes gap to relax of the lithium distribution in the active materials. The cell 
voltage was measured by digital multimeter (Keithley). The cell was discharged at a 
particular potential and it was placed in the thermostat chamber again to carryout a 
similar sequence of measurements. 

3. Results and Discussion 

3.7. Chemical and Crystallography characteristics of natural graphite 

The BSSI & KSSI graphites have a high purity over 98%, which indicates good 
quality graphite. Carbon can be characterized by its interplanar distance (dora) and by 
its coherence length (Lc) which can be estimated quantitatively by x-ray diffraction 
(XRD). The Lc values of the natural graphite were calculated with the doo2 diffraction 
line using the Sherrer's formula. The average Lc values of natural and synthetic 
graphite are about 85 nm. Fig. 1 shows that the rhombohedral phase content of the 
synthetic graphite (35%) is higher than the natural graphite one (14-24%). When 
increasing the rhombohedral phase, it seems that lots of defects were also created, 
which could affect its electrochemical behavior.8 
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Figure 1. Variation of the rhombohedral phase contents in natural and synthetic graphite 

3.2. Rhombohedral phase content and irreversible capacity during the first cycle 

The reversible and irreversible capacities of natural vein graphite and synthetic 
graphite, and current rates are compiled in table 1. From these results, it is obvious 
that the synthetic KS25 graphite shows much better rechargeability and higher 
intercalation rate of lithium ions than natural BSSI and KSSI graphite. 

Table 1. First reversible and irreversible capacities of the Li/Natural and synthetic graphite cells in 
lMLiPF6(EC/DMC). 

Types of 
graphite 

BSSI 
KSSI 
KS25 

Current rate 
C/5 

c 
*~rev 

mAh/g 263 
244 
298 

r 
*— irr 

% 32 
41 
27 

C/20 
r 
Wev 

mA h/g 
301 
307 
341 

r 
^lrr 

% 46 
31 
29 

C/40 

c 
*—rev 

mAh/g 341 
354 
349 

c 
% 

23 
28 
23 

(101)R/(101)H 

intensity ratio, % 

14 
24 
35 

The irreversible capacity of lithium intercalation into the graphite electrode 
during the first cycle of Li ion cells is associated with passivation and exfoliation. 
Passivation corresponds to reductive decomposition of solvents and simultaneous 
formation of a SEI film.9 Exfoliation results decomposition of solvent molecules co-
intercalated with lithium ions between graphene sheets. Fig.2 shows the irreversible 
capacity of natural vein graphite is partly due to passivation (C plateau at 0.85 V vs. 
Li/Li+) and exfoliation (D plateau at 0.50 V vs. Li/Li+). Lithium intercalation in 
synthetic graphite, high content of the rhombohedral phase shows that there is no 
great difference between the lithium intercalation capacities in both hexagonal and 
rhombohedral graphite phases;11 The best part of the high irreversible capacity loss 
for natural or synthetic graphite is due to lithium atoms trapping in the internal pore 
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spaces of graphite material or in the electrode structure. 
The reversible and irreversible capacities of Li/natural and synthetic graphite 

cells were used to calculate the entropy and enthalpy of lithium intercalation. 

DSSI 

0 KSSI 

• - * - * KS2S 

Figure 2. Li/ natural vein and synthetic graphite cells in 1M LiPF6 (EC/DMC), at current rate C/40. 

3.3. Variations of entropy and lithium concentration 

The entropy of insertion of lithium into BSSI, KSSI and KS25 graphite is large and 
positive at low lithium concentration. The AS » 0 can be explained as originating by 
the change in configurational entropy.12 This higher value of entropy indicates that 
the heat effect is very exothermic during the first lithium intercalation before it 
becomes negative around x=0.1.13 This domain of high positive entropy can be 
attributed to the order-disorder transformations, and to the transition of layer 
stacking from AB to AA during intercalation. The shift of graphene layers 
contributes much less to entropy change compared to order-disorder transformations 
because low energy is required for the layer shifting.14 The configurational entropy is 
zero for the initial materials, lithium, crystalline graphite, and ordered GIC's because 
the orientation of one unit cell dictates the position of the all atoms in the crystals. 

The entropy versus lithium composition curves (Fig.3a) for natural and synthetic 
graphite show that almost three plateaus correspond to the stage transitions of 
lithium intercalation. In BSSI graphite, the first plateau was observed when entropy, 
AS, rapidly reaches zero and may be indicate the formation of mixture of the third 
and lower stages of intercalation compounds. The next plateau which appear at about 
AS = -13 J mol'1 K4 indicates the third to second stage transition of intercalation 
compounds, then AS increases shapely up to -4 JmoV'k'1 and makes a third plateau 
of entropy indicating the second to first stage transition. The entropy of intercalation 
is unchanged as the stage one compound forms. In KSSI case, the entropy curve is 
roughly similar to the BSSI case with a weak shift toward positive entropy and high 
x values. The variation of entropy in KS25 graphite, the first flat curve was observed 
when entropy, AS, reaches -5.28 J mol"1 K"1 and indicated the formation of a mixture 



423 

of the second and lower stages of intercalation compounds. A curve different of the 
natural graphite ones appeared; AS rapidly reaches -1.28 J mol"1 K"1 and indicated 
the second to first stage transition of intercalation compounds. 
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Figure 3. (a) Variation of the entropy with lithium concentration for natural and synthetic graphite, (b) 
Theoretical curve 

Fig. 3(b) shows that the theoretical curve or expected theoretical curve, indicates 
the second to first stage transition of intercalation compounds (B to Q is close to 
*=0.5 but in Fig. 3(a) corresponds to 0.4. This may be due to loss of some lithium 
during the lithium intercalation. This figure also shows that the entropy of 
intercalation process becomes negative at higher lithium concentrations for x > 0.2. 
This behavior is not configuration entropy. This may be vibrational in origin.13 When 
lithium intercalated into graphite, the lithium atoms are restricted in their movements 
normal to the graphene planes, and explore a smaller range of displacements than in 
lithium metal; the change in vibrational entropy with intercalation is therefore 
negative.12 

Al Hallaj et. al.13showed when the OCV is below 0.1 V, the intercalated graphite 
is in ordered first stage and a perfect hexagonal structure is expected that may be due 
to electrostatic repulsion between the lithium ions, and then AS becomes positive. 
But there is a possibility that the first, second or third stage compounds are not fully 
ordered, so slight increase of configurational entropy may be expected at the 
theoretical values of x = 0.33 (transition III/II) and x = 0.50 (transition II/I). It was 
perfectly observed for experimental ^=0.4 (for KSSI and BSSI but 0.5 for KS25) 
corresponding to the transition between stage II to a mixture of stage II and stage I. It 
is possible the configurational entropy in the initial first stage or second stage 
compounds is positive. 
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3.4. Variations of enthalpy and lithium concentration 

The enthalpy of intercalation is negative for all lithium concentrations. The plateaus 
correspond to the stage transitions of the intercalation compounds. The AH is less 
negative when forming the stage I compound from the stage II compounds for all 
types of graphite. This indicates of a repulsive lithium-lithium interaction at high 
lithium concentrations.12 That also confirms that all the principal bounds between 
lithium atom and carbon atom are made at the beginning of the intercalation for 
0<x<0.1 (very exothermic bounding). 

Figure 4. Variation of the enthalpy with lithium concentration for natural and synthetic graphite. 

Fig. 4 shows that the three enthalpy changes can be seen in both graphite at 
about x=0.1, 0.2 and 0.4, which are indicated a, b and c for BSSI and KSSI graphite 
but only two enthalpy changes can be observed for KS25 graphite at x=0.2 and 0.55, 
which was labeled '£>' and 'd'. These changes correspond to the stage transitions of 
the intercalation compounds. The point V of the BSSI and KSSI graphite 
corresponds to the lower stages-third stage transition, the point b corresponds to the 
third-second stage transition and the point 'c' correspond to the second-first stage 
transition. The points 'b' and 'd' of the KS25 graphite correspond perhaps to the 
lower stages-second stage transition and the second-first stage transition 
respectively. 

4. Conclusions 

The thermodynamic factors such as entropy and enthalpy of lithium intercalation into 
natural Sri Lanka vein graphite were obtained by measuring of open circuit voltage 
(OCV) in lithium cells in IM LiPF6 (EC/DMC; 1:1). The difference between cutoff 
potential and OCV measurements are mainly due to the different measuring 
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conditions such as discharge rate, temperature etc... and to be self-discharge because 
for the long term OCV measurements at varies temperatures. Our results for the 
synthetic graphite agreed well with measurements of entropy and enthalpy during 
discharge processes with Reynier et.al.6 The entropy of lithium insertion showed 
shaper features in stage transitions and the enthalpy follows the staging process. 
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Ionic states in amorphous polymer electrolytes are discussed suggesting that uncoupled neutral 
and charged aggregates are the more mobile. Low-dimensional systems designed so as to 
suppress interactions with the polymer and to promote uncoupled aggregates within 2-
dimensional cavities are described. The mixed polymer-Li salt systems include block 
copolymers C180105 (I) having an ionophobic mesogenic block (CmOl) and an ion-separating 
block (Cm05) together with an intercrystalline ion-bridge tetrahydrofuran copolymer III to 
sustain conductivity of the liquid crystal (Ic) phase into the crystal (c) phase. New results 
describe the replacement of the ionophobic mesogenic block CmOl by the more mechanically 
flexible C1802. 'LiNMR indicates high Li mobility in CI802 :LiBF4 but lower levels of 
conductivity (3 x 10"4 S cm"1 at 20°C) than in CmOl copolymers were observed on slow cooling 
from the isotropic through Ic and c states. 

1. Introduction 

1.1 Amorphous polymer electrolytes 

'Conventional' solvent-free polymer electrolytes are generally amorphous rubbery 
solids and typically based upon poly(ethylene oxide) -(CH2-CH2-0-)- (PEO) 
modified so as to suppress the tendency for either the polymer or its complex with a 
lithium salt to crystallise1. Such modification may commonly involve skeletal 
branching2'3 or the synthesis of a 'comb' structure whereby oligoethoxy chains are 
affixed to a high molar mass, flexible backbone of a linear polymer such as 
polyphosphazene4. In either case, the interaction of several sequential ether oxygens 
with the cation of a salt such as LiBF4, LiPF6 or Li(CF3S02)N effects dissolution of 
the salt. Such systems are readily cast into flexible films 50-100|xm in thickness that 
may be laminated with thin lithium films and a composite cathodic substrate {e.g. 
LiCo02, graphite and binder) to compile a lithium battery. 

However, by the late 1980s it had become apparent that although the required 
level of conductivity (ca. 10"3 S cm"1 ) for lithium batteries of adequate power were 
achievable at temperatures above ca. 60°C ambient conductivities of these solvent-
free systems (ca. 10"5 S cm"1 ) were inadequate. Constraints on ion mobility arise 
from the interactions of cations with the polyether matrix and the requirement for 
the thermal generation of free volume and of microbrownian motion of the polymer 
chains. This enables the disintegration of the multiple oxygen Li+ coordinating sites 
and the creation of new ones. Furthermore, being an organic medium of 
comparatively low dielectric constant (e = 5) there is a pronounced tendency for 
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ions to aggregate and these have been studied in some detail in polymer 
electrolytes5. Figure 1 schematically illustrates some ionic states in PEO-based 
systems. Alongside the single ion sites stabilised by interactions with three or four 
oxygens, ion aggregates are coupled to sections of chain conforming (often helical) 
to segments of the well-known crystalline stoichiometric PEO : Li salt structures6 

(see Fig. 1(a)). However, aggregates uncoupled to the chains are also present and 
these include neutral quadrupoles (b) and ion pairs (c) as well as charged species 
such as the triple ion (Li2A)+. 

Anion e.g. BF4 

CF3S02)N~ 

© Li+ 

oxygen 

Figure 1. Schematic representation of ion coordination within an amorphous PEO-based 
electrolyte, (a) an organised microcrystalline group coordinated to the polyether; (b) an 
uncoupled quadrupole ion aggregate; (c) a dipole ; (d) a charged triple ion. Arrows indicate 
plausible ion manoeuvres. 

These small aggregates, incorporating no more than two large anions, should 
possess a retarding influence on further crystalline growth arising from extra 
coulombic stability conferred by the close contacting cation and anion. Such close 
contact is prohibited in the extended crystallite owing to the large radius ratio. The 
closer approach, measured by Honig and coworkers7 using microwave spectroscopy 
in the vapour phase, amounts to ca. 20% reduction in internuclear distance in Lil, 
for example, and will bring about a proportionate increase in inter-nuclear 
coulombic attraction with respect to the local interactions in the crystal. 

In the dynamic equilibrium between these various states, chain-coupled 
associates and aggregates are plausibly the strongest constraints on ion mobilities. 
However, the uncoupled aggregates both neutral and charged may possess the 
greatest freedom to migrate having a much reduced polarizability relative to the 
small single Li+. As a way forward it therefore seemed appropriate to devise a 
system in which coupled interactions between salt and polymer are inhibited and 
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interactions involving uncoupled aggregates are promoted. If, at the same time, the 
uncoupled aggregates were sited within extensive channels the requirement for 
conformational change in the creation and disintegration of sites is removed. 

1.2 Low-dimensional polymer electrolytes 

With the above qualifications in mind we have in recent years8"10 been investigating 
the copolymer systems I, which are essentially 'blocky' in structure, of general 
formula 

0-(CH2)m-H 0-{CH2)m-H 

The number of carbons in the n-alkyl side chains, m, may be 16, 18 or mixtures of 
18 and 12. The segments are abbreviated CmOn, where n is the number of skeletal 
oxygens within each segment. In our investigations thus far the copolymers usually 
comprise CmOl and Cm05 blocks and are denoted Cm0105(p%) where the molar 
proportion of Cm05 units is p%. 

Coalescence of the sidechains in an hexagonal crystalline (c) phase or a liquid 
crystal (Ic) phase above side chain melting (30 - 50°C) brings about self-
organisation into channels as shown schematically in Figure 2. These structures are 

(a) (b) 

Figure 2. Schematic representations of lithium salt complexes with (a) Cm05 and 
(b) CmOl based upon SAXS and WAXS experimental data and molecular 
dynamics modelling. Small black-filled circles are oxygens. 
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generally well-defined c -» Ic (smectic) transitions, the morphology being evident 
from striking 'broken fan' textures. The schematic representations are also based 
upon SAXS data which show well-defined long spacings between 33 A and 45 A 
(the shorter spacings for CmOl and its salt mixtures), a single WAXS peak below 
the side chain melting temperature corresponding to an hexagonal side chain lattice 
(4.1 A), and molecular dynamics modelling of C1601: salt and C1605: salt 
systems. These confirm the side chain coalescence and the distinctly different roles 
played by the two kinds of block. The tetraethoxy loops of Cm05 encapsulate 
cations bringing about ion separation, whereas the single skeletal oxygen of CmOl 
promotes ion aggregation. However, it will be apparent that the complete separation 
of like-charged ions in the Cm05 schematic Figure 2(a) must engender 
unrealistically high coulombic repulsions and is almost certainly an inadequate 
representation. The high coulombic energies would be alleviated by a degree of 
exchange between the cationic and anionic channels. This is currently being 
explored using solid-state NMR and will be discussed in a future publication. 

1.3. Self-organisation from 3-component blends. 

The formation of extensive channels or laminar cavities depends upon the 
successful self-organisation of a stable liquid crystal (Ic) phase at temperatures 
above the side chain melting temperatures in lithium salt complexes of I. Thus, 
optimum conductivities are observed from impedance measurements between 
conductive glass (ITO) electrodes after slow cooling from the isotropic (iso)^>lc 
transition observed at ~110°C in the hot-stage polarising microscope. However, 
cooling into the c state causes shrinkage and in 2-component systems gives rise to 
inter-crystalline gaps which prohibit ion transport causing the conductivity to fall at 
ambient temperatures. The introduction of a second linear polymer II - [- (CH2)4 -
O - ]-23 - (CH2)i2 - and/or III C18H37-[-(CH2)4-O-]_50-Ci8H37 to serve as an ion-
conducting bridge or 'glue' within the intercrystalline spaces formed as I cools 

Figure 3. Microphase structure of polymers I : I I : III after heat treatment 
(deblending) Li salt not shown. 
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apparently sustains the high level conductivity of the Ic phase (10"4 - 10"3 S cm"1) 
down to ambient temperatures8"10. Thus self-organisation in 3- or 4-component 
systems also involves microphase separation of the channel-forming polymer I 
from a blend with II and/or III (see Fig. 3). 

The block copolymers Cm0105(p%) consist of a major proportion of the rigid 
skeletal segments CmOl (70 - 85mol %) and a minor proportion of the cation-
encapsulating helical sequences of Cm05. The tendency to blocky sequencing 
results from the heterophase polymerisation and differences in reactivity of the 
glycols. Tetraethylene glycol diffuses more slowly into the phase-separated 
polymeric reaction product. However, blocks are also promoted by sequential 
addition of the glycols during a 'single pot' reaction. 

The rigid (mesogenic) CmOl sequences supposedly promote the formation of 
extensive channels or 2-dimensional laminar cavities in the Ic phase along which 
the ions and aggregates are mobile. The low dielectric constant and oxygen-
deficient CmOl environment should promote neutral aggregation confirmed9 by the 
very low conductivity of the homopolymer complex CmOl : LiBF4 (1 : 0.1) where 
the numbers in parenthesis are approximate weight proportions giving saturated salt 
content (1 : 0.5 molar ratio for CmOl). Neutral aggregates may perhaps be limited 
in size to LiA and Li2A2 by the lateral dimensions of ca. 10A of the channels or 
cavities as suggested by small-angle x-ray scattering910 as well as by the extra 
stability of 'contacting ions' described above. 

A principal role of the Cm05 segments is to engender ion separation so that 
neutral aggregates may be 'doped' by Li+ to Li2A

+ and Li3A2
+. Lithium conduction 

may then proceed by 'hopping' along the rows as discussed below. The lifetime of 
'free' Li+ within this environment is as yet unclear as is the state and mobility of the 
counter-anions. (The latter may undergo local manoeuvres to attend the cation 
hopping) A solid-state 19F NMR study of Li+ and BF4~~ is in progress and will be 
published presently. 

A second role of the Cm05 blocks may also be to function as 'pillars' defining 
the separation of the CmOl material. The tetraethoxy loop encapsulating the cation 
with its counteranion alongside should amount to approximately 10A across (Figure 
2). This is evident9'10 from SAXS as the increase in long spacing as C1605 is 
introduced in copolymerisation with C1601. Thus, in C1601: LiBF4 (1 : 0.1) the 
long spacing increased from ca.33A to 45A following the introduction of 40mol % 
of Cm05 segments. Furthermore, although salt-free Cm05 is a flexible polymer, 
complex formation increases the rigidity of the polymer, as shown by the increase 
in side-chain melting temperatures, and so contributing to the stability of the Ic 
phase. 

However, although Cm0105 polymers are effective mesogens they form hard, 
mechanically rigid materials at ambient. In contrast with conventional amorphous 
polymer electrolytes these low - dimensional systems require structural 
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modifications to 'soften' them for film formation and to conform to electrode 
interfaces. Furthermore, the rapid polymerisation of ethylene glycol with the 1,3-
bis(bromomethyl)-5-alkoxybenzene monomers readily yield high molar mass 
Cm02 materials which could form the basis of larger scale preparations. In this 
paper we therefore present new observations on the conductivities and properties of 
C180205 copolymers in which we examine the possibility that C1802 sequences 
can adopt the role of CmOl blocks, functioning as the mesogenic component in the 
block copolymers I. 

0 - ( C H 2 ) I B - H 0-(CH2)i8-H 

I I l^ 

V o 

2. Experimental 

1, 3-bis (bromomethyl) -5- octadecyl -oxybenzene (i) was prepared as described 
elsewhere9. C180205(p%) copolymers were prepared by stirring equimolar 
quantities of (i), tetraethyleneglycol and finely-divided KOH in dimethylsuphoxide 
/tetrahydrofuran (50/50) at 60°C under argon for 48 hours. Equimolar quantities of 
(i) and ethylene glycol were then added to the mixture and stirring continued for a 
further 48 hours. The precise composition of the copolymer was difficult to predict 
but the molar ratios of tetraethylene glycol / ethylene glycol were chosen so as to be 
ca. 10% in excess of the desired copolymer composition, p. The copolymers were 
purified by quenching the reaction mixture in water, further washing in dilute acetic 
acid and finally in methanol. The copolymers were finally dissolved in CHC13, 
filtered and the solvent removed under vacuum. The copolymer compositions were 
verified using 'H NMR as described previously9 and the molar masses (<M„> 
between 15k and 70k) were determined by gel permeation chromatography. The 
block copolymer III C18H37-O-[-(CH2)4-O-]_50-C18H37 (<Mw> = 4000) was 
prepared by stirring polytetrahydrofiiran (<Mn>=1688) with excess (2.5 mol) of 
octadecyl bromide at 75°C. The sample was fractionated from methanol/water. 

Preparation of mixtures: The components were dissolved in CH2C12 / acetone 
(50/50) (-10% solution) and the solvents removed by freeze drying from liquid N2 

to yield fine powders. The powders were then fused under vacuum at 50°C. 
General procedures: Dimethyl sulphoxide (DMSO) was dried and distilled 

before use. Other reagents were used without further purification. 'H NMR was 
performed using a Bruker AC250 and GPC was carried out using a Hewlett-
Packard 1090 liquid chromatograph. DSC was performed on a Perkin Elmer Pyris 1. 
Conductivity measurements were carried out using a Solartron 1287A EI / 1250 
FRA (lHz-lMHz, lOOmV amplitude) using indium-tin oxide (ITO) coated glass 
electrodes (resistance 40Q, subtracted from impedance minima) with a cellulose 
acetate or polyethylene spacer in an evacuated chamber. Optical microscopy was 
performed using an Olympus BX50 microscope fitted with a 'Coolsnap' digital 
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camera. 7Li NMR linewidth measurements were performed at the EPSRC NMR 
Facility at the University of Durham, UK. 

3. Results and Discussion 

3.1. Thermal analysis 

Table 1 shows thermal data for the salt-free copolymer series 
C1805-—C180205—-C1802. The salt-free side chain melting temperatures range 
between 41.8°C and 49.4°C. Although the extreme polymers in the series are not 
fully homopolymeric and include 9.3 mol% and 12.5 mol% of C1801 segments 
respectively (C1801 melts at 52.6°C) the 10 degree range in melting temperatures 
demonstrates the influence of 'free' tetraoxy ethylene segments on polymer 
flexibility when uncoordinated by Li+. 

Table 1. Thermal (DSC) data for C180205(p%) copolymers and 3-component 
complexes with polymer III and LiBF4 

p (mol% of 
C1805) 

0* 
7.5 
13.6 
24.8 
39.6 
70.5 
1005 

Salt free polymers I 
C180205(p%) 

T /°C AH /(kJ/mol) 
49.4 
47.1 
46.6 
45.6 
44.0 
41.0 
41.8 

36.0 
35.0 
36.2 
36.2 
36.9 
36.3 
35.1 

I within complexes 
I:III:LiBF4(l : 0.6 :-0.2) 
T/°C AH/(kJ/mol) 
(49.1) 
48.9 
52.4 
53.0 
54.0 
50.9 

(52.8) 

(32.0) 
18.5 
18.4 
20.9 
20.9 
15.3 

(25.6) 
•contains 12.5 mol%of C1801; () two-component I : LiBF4 (1 : 0.12) complex 
% contains 9.3 mol% of C1801; () two-component I : LiBF4 (1 : 0.2) complex 

Also given in Table 1 are data for I within the 2- and 3-component systems of 
the above copolymers I with an ABA copolymer of poly(oxytetramethylene) end-
blocked with -C18H37 (III) and LiBF4 in the weight ratios 1 : 0.5 : ca.0.2. The LiBF4 

salt content was chosen so as to be equimolar with the repeat unit of copolymer I. 
These data are the second thermal cycles after heating to 100°C in the first. Each 
system shows two endotherms. The higher temperature endotherm may be readily 
assigned to side chain melting in the copolymers I and the lower to copolymer III. 

The effect of complex formation with the Li salt is to raise the side chain 
melting temperatures of I, except for the C1805-free sample and only 1-2 degrees 
for 7.5% C1805 system. The salt clearly has a more profound effect on C1805 
melting. The 2-component C1805 : LiBF4 system melts at 52.8°C so that the 
temperatures of the copolymer I : LiBF4 endotherms are close to each other. The 
enthalpies of the salt-free copolymers I are very similar over the copolymer series 
amounting to 35-37 kJ mol"1 of repeat unit. The two component complex with the 
C1805-free polymer also has a melting enthalpy close to the salt-free copolymer in 
accord with the structure Fig. 2(b). However, enthalpies of the copolymers 
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incorporating C1805 within their complexes are significantly lower. Thus the 
thermal data suggests a weaker influence of salt with C1802 segments than with 
the C1805 segments as previously reported for CmOl systems. Although the 
overall distribution of salt between copolymers I and III is not yet clear, the salt in 
I may be preferentially associated with the C1805 segments. 

Although not shown in Table 1, polymer III had a second cycle peak melting 
temperature of 38°C which is ca. 3 degrees below its first cycle endotherm peak 
temperatures. This may suggest, that in the first cycle blend of the two polymers, 
III is stabilised by involvement of its -Ci8H37 termini with the side chains of I. After 
heating to 100°C this stabilisation is lost following microphase separation. 

T/«C 

3.2. Conductivities of 2-component systems 

Figure 4 shows log a versus 1/T for the 2-component system C1805 : LiBF4 (1 : 
0.2). The plot shows a small degree of irreversibility but the conductivity falls as 

the temperature falls below the sidechain 
melting temperature (~50°C). The 
conductivity of the corresponding 
stoichiometric C1802 : LiBF4 (1 : 0.12) 
complex was found to be too low to 
measure by impedance spectroscopy over 
the full range of temperature up to 110°C. 
These observations reflect the 
conductivities of the 2-component C160n 
(n = 1 to 5) : LiBF4 series reported 
previously9 for which the conductivities 
generally decreased in the order C1605 = 
C1604 > C1603 > C1602 > C1601 and 
the conductivity of the CI601-Li salt 
system was also too low to measure by 
impedance spectroscopy. These trends are 
readily accounted for in terms of the 
extent of ionisation of the lithium salt 
induced by the skeletal ether segments in 
the polymers. The larger tetraethoxy and 
triethoxy segments in C1805 and C1804, 
respectively, create oxygen-rich 
environments within the helical loops 
which readily coordinate Li+ when the 

alkyl side chains coalesce. The cation-anion separation permits electrical current. 
On the other hand, weak ion interactions with the single oxygens of C1801 and 
C1802 promote cation-anion association into neutral aggregates LiBF4, Li2(BF4)2. 

2.9 a i 
103K/T 

Figure 4. Log a versus 1/T for CI805 : 
LiBF4(l :0.2). • , first cycle; A, 
second cycle; dashed line, approximate 
result for C1802 : LiBF4 (1 : 0.12). 
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3.3. Solid -state 7Li NMR 

A solid-state NMR study of these systems is in progress. However, we meanwhile 
note an important result on the poorly ionising C1802:LiBF4 (1:0.12) complex. 
Whilst conductivity measurements suggest little independent mobility of ionic 
states in this system, solid-state 7Li NMR reveals considerable lithium mobility 
down to sub-ambient temperatures. Figure 5(a) shows the 7Li NMR band shapes for 
second cycle cooling down to sub-ambient temperatures. The band shapes are 
complex but may be resolved into Gaussian and Lorentzian components. The half-
height line widths for second and subsequent thermal cycles are plotted versus 
temperature in Figure 5(b). Like the conductivity data (see below) the first heating 
cycle produced broad, scattered 7Li NMR signals consistent with changing 

(b) 

~10 0 -10 .2o°C 20°C 60°C 100°C 

vu/kHz T/°C 

Figure 5.7Li NMR data for C1802 : LiBF4 (1 :0.12) 
(a) Experimental signals for second cooling at -10°C, 35°C and 55°C; 
(b) Line-widths at half-height; • , second heating;Q , second cooling; • , third heating; O, third cooling. 

morphology and salt-redistribution during the first heating (deblending). However, 
the narrow linewidths of the second cooling and subsequent cycles show high 
lithium mobility down to -20°C. The NMR and conductivity data for CI802 : 
L1BF4 (1 : 0.12) complex may perhaps be reconciled if confined columns of neutral 
aggregates disproportionate, for example 
Li2(BF4)2 • Li2(BF4)2 • Li2(BF4)2 -» Li2(BF4)2 • Li+ [Li(BF4)2]~ • Li2(BF4)2 

->Li3(BF4)2
+ • [Li(BF4)2r • Li2(BF4)2 

Such confined ion pairs should have neutral response to an electric field but the 
dynamics of the disproportionation processes taking place between the neighboring 
aggregates will be observed in the 7Li NMR signal. However, these columns of 
highly mobile aggregates should provide a substrate for mobile charges if they were 
to become positively charged by Li+ doping from nearby Cm05 segments e.g. 
2Li+ + LiA • LiA • Li2A2 • Li2A2 ->. Li2A

+ • Li A • Li3A2
+ • Li2A2 

-> LiA • Li2A
+ • Li2A2 • Li3A2

+-

(a) A' •10°C 

I 
35°C 

55°C 
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The lifetime of 'free' Li+ and the state and mobility of anions is as yet unclear. A 
solid-state 19F and 7Li NMR study is in progress and will be published presently. 

3.4. Conductivities of 3-componentsystems 

0 100 200 300 400 

H 1 1 H -H 1 1 I-
29 ai 
103K/T 

0 

-20000 i 

-1500O 

-10000 

-5000 

0> 

(b) 

500 1000 1HX 

10000 

Z ' / f i 

Figure 6. Conductivity data for C180205(p%) : III: LiBF4 systems. 
(a) p = 24.8. Q, A and O are for first, second and third heating cycle, respectively, (b) and (c) are 
impedance planes at 50 °C for first heating and second cooling cycles of (a), (d) is third cooling 
cycle of (a) at temperatures •, 20°C;0,40°C; *, 60°C. (e) detail of (d). (f) p = 39.6. (g) p = 13.6. 
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Figures 6 show log a versus 1/T plots for 3-component systems I : I I I : LiBF4. In 
all cases the conductivities of the initial blended mixtures are very low but after 
heating to 110°C (~T/c^ «„) during cooling and subsequent heating cycles the 
materials undergo a transformation to a new state having conductivities between 
10"4 and 1(T3 S cm"1 with low temperature-dependence down to ambient. The 
impedance planes at 50° C for the system in Figure 6(a) (p = 24.8) are shown in 
Figs 6(b) and (c) and the impedance planes at 20°C, 40°C and 60°C from the third 
cooling cycle (upper) conductivity plot in Fig. 6(a) are shown in Fig. 6(d). The high 
frequency detail of Fig. 6(d) is shown in Fig. 6(e). The dramatic changes in 
behaviour apparently arise from structural transitions in the materials brought about 
on cooling through the isotropic -> Ic transition followed by slow cooling (0.3°C 
min"1) through the Ic phase. The course of the transition is illustrated by comparing 
the impedance plots for first, second and third heating cycles. The corresponding 
changes in morphology between the first and third cycles are shown in Figure 7. 
The development of the more conductive morphology is apparent in the appearance 
of the finer birefringent texture after heating to 110°C. Supposedly, the lamellae 
become aligned in the Ic phase such mat the interdigitated side chains lie along the 
substrates (electrodes) so that the ion-containing channels or 2-dimensional cavities 
are favourably oriented 

Figure 7. Textures of C180205(25%): III : LiBF4 at room temperature before heating (left) and after 
cooling from 110°C. Photographed with identical conditions between crossed polars. 

normal to them. However, experimental support for this conjecture is yet to be 
obtained. 

Whilst the three 'central 'compositions shown in Figure 6 demonstrate 
significant transitions to the high conductivity regime, the 'outer' systems given in 
Table 1, p = 7.5 and 70.5, gave plots which declined progressively to low ambient 
conductivities (-10"6 S cm"1) after 3 thermal cycles. 

However, the results reported here, whilst demonstrating the transition to the 
higher conductivity regime previously observed with CmOl copolymers, suggest 
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that the C1802-based systems have levels of conductivity slightly lower than we 
have observed in C1801-based systems and the transformation to the higher level 
of conductivity is rather slower. This suggests that C1801 is the more effective 
mesogenic segment in the self-organisation process and so new copolymers 
incorporating this segment whilst retaining flexibility are being investigated. 
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Abstract 

Polymer electrolytes may in some aspects be compared to traditional low 
permittivity liquid electrolytes. The solvation process of a salt involves a competition 
between interionic and ion-dipole forces. For liquid electrolytes a dissolved ion is 
surrounded by a primary solvation sheath which is carried along with the moving ion. 
This means that the interaction between dipoles of the solvation sheath and free dipoles 
is of great importance for ionic transport. For polymer electrolytes we do not have a 
primary solvation sheath in the traditional sense since the surrounding dipoles are parts 
of the polymer chain and thus limited to only a local movement. Ionic transport is in 
this case involved with a rearrangement of the nearest surrounding dipoles. That is, 
while an ion is moving the coordinated dipoles are continuously replaced by other 
dipoles and this thereby provides a possibility for the ion to move. Ion transport is 
therefore possible in spite of the coordination to dipoles which are restricted to a more 
limited region. Since this study is limited to low permittivity solvents we know that the 
salt does not dissociate completely. Ion pairs, triplets and even larger ionic species exist 
in equilibrium with dissociated ions. For a 1,1-electrolyte ion pairs are the most 
obvious dipoles with dipole moments probably larger than the (low permittivity) 
solvent dipoles. This is seen as a rapid increase followed by a saturation of the static 
permittivity, sg, with increasing salt concentration. The static permittivity mirrors the 

dipolar properties of the material where mainly ion pairs and solvent dipoles contribute. 
In this paper ionic association and transport is discussed in terms of dielectric 
properties, conductivity and thermal properties for polymer electrolytes with and 
without filler materials. 
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FERROELECTRIC COMPOSITE ELECTROLYTES 

AMREESH CHANDRA a'", PRAMOD K.SINGH " AND SURESH CHANDRA " 
a Physics Department, Banaras Hindu University, Varanasi - 221005, India 

b Max Planck Institute for Polymer Research, Mainz, Germany 
Email : sureshchandra_bhu@yahoo.co.in 

H+, Na+ and Li* ion conducting polymeric composites have been prepared by using 
two different Sr2+-doped BaTi03 ferroelectric ceramics as dispersoids viz. (i) 
Ba,,«8Sr„i2TiO, having TC~90"C, abbreviated as BST 90 and (ii) Ba«.7„Sr(UI,Ti03 having 
TC~30"C abbreviated as BST 30. The dielectric constants of BST 90 at 20 "C and its 
dielectric phase transition temperature Tc (where E is highest) are respectively -1100 and 
-5500 while for BST 30 the corresponding values are -2400 and -7500. The values of 
cr at 20"C for BST 30 dispersed samples for all compositions have been found to be higher 
than those having BST 90 as dispersoid because of the higher dielectric constant of the 
former. Further, studies on the temperature dependence of conductivity show that the 
enhanced conductivity passes through a peak at the respective Tc's, where the dielectric 
constant of the dispersed ferroelectric is highest i.e. at 30 "C and 90 "C respectively for 
composites containing BST 30 or BST 90 as dispersoid. 

1. Introduction 

Attempts to develop polymer electrolytes with high ionic conductivity are 
extensively being made because of their applications in fuel cells and polymer 
batteries. Polar polymers (like polyethylene oxide, PEO) complexed with suitable 
salts have proved themselves as strong contenders for such applications. Most of the 
polymer-salt complexes showed room temperature conductivity <10"5 S cm"1. 
However, this value falls short of ideal requirements for fuel cell or battery 
applications. One would like to have conductivities of the order of 10''-10"3 S cm"1 

for efficient electrochemical devices. Therefore, many efforts have been made to 
improve the value of ionic conductivity of such polymer electrolytes. Some of the 
early efforts in this direction are to use: polar polymers of different chain lengths or 
plasticizers to increase the amorphicity of the polymeric membrane or 
copolymerisation to modify Tg etc. [1,2]. More recent approach is to form 
'composites' by dispersing inert (insulating) fillers. Generally, insulating fillers like 
A1203, Zr02, Sn02, etc. have been used. The addition of fillers leads to the 
formation of additional dissociated charge carriers near the electrolyte-insulating 
filler interface [3] or modification of the ionic mobility near the interface. Recently, 
we [4] have suggested that dielectric constant of the dispersoids would also play a 
role in the creation of additional dissociated charge carriers near the interface 
resulting in enhanced conductivity. The role of dielectric constant of the dispersoid 
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has been shown earlier [4] only for one complex of a proton conducting polymer 
electrolyte. This paper is a more comprehensive report extended over composites of 
Na+ conducting polymer electrolyte PEO:NaI, H+ conducting polymer electrolyte 
PEO:NH4I and Li+ conducting polymer electrolyte PEO:LiBF4. Following 
experiments have been carried out to show the role of dielectric constant of the 
dispersoid in modifying the conductivity of the composites: 

(i) Ferroelectrics with almost similar structural features but different dielectric 
constants (due to different amounts of substitutional dopants) have been used 
as dispersoids. The ferroelectric system chosen is Sr+ - doped BaTi03. In 
particular, we have used BaoggSro.̂ TiC^ and Ba0.7oSr0.3oTi03 with dielectric 
constants of 1100 and 2400 respectively at 20 °C. Composites with different 
amounts of dispersoids have been prepared and their room temperature 
conductivities have been compared. 

(ii) Another manner in which we can create a different dielectric constant 
environment in the ionic matrix of the composite is to vary the temperature. 
The ferroelectrics are known to pass through a dielectric phase transition at 
their Curie temperatures, Tc. For example, Ba0.8gSro.i2Ti03 (BST 90) has 
TC~90°C and the value of Tc for Bao.7oSr0.30Ti03 (BST 30) is TC~30°C. 
Therefore, we expect an abrupt change in the conductivity of composites with 
BST 90 at ~90°C and at ~30°C with BST 30. This aspect has been verified by 
studying the temperature dependence of conductivity of composites with the 
above ferroelectrics as dispersoids. The results are discussed below. 

2. Experimental 

PEO (Mol. Weight ~ 5 x 105) was dissolved in dehydrated methanol and 
stirred thoroughly for complete dissolution. The complexing salt solutions of NH4I 
or Nal or LiBF4 in 80:20 wt% ratio of PEO:salt was added and stirred on magnetic 
stirrer for complexation for 4-6 hours. The stirring was further continued at -40 °C 
after adding the dispersoid BST 90 or BST 30 in desired ratio till the solution 
became highly viscous. This was poured in polypropylene petridishes to obtain 
composite membranes of (PEO:NH4I) + x BST or (PEO:NaI) + x BST or 
(PEO:LiBF4) + x BST. 

The method of preparing BaySr|.yTi03 (y = 0.88 and 0.70) is similar to that 
described by us earlier [4]. In brief, a mixture of the solutions of Ba(N03)2 and 
Sr(N03)2 in desired ratio of Ba:Sr was co-precipitated with (NH4)2C03 to obtain 
the precursor material BaySr^yCCv This was filtered/dried. Then, the 
stoichiometric amount of Ti02 was added with the dried filtrate and ball milled. 
Subsequently, this mixture was calcined at -1150 °C for 6 hours which gave 
powdered BaySr!.yTi03. Pellets of these (with PVA as binder), on further sintering 
at 1300 °C for 6 hours, resulted in dense BaySri.yTi03 ceramic. This was powdered 
and used as dispersoid for obtaing polymer composite membrane as described 
above. 
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The ionic conductivity was evaluated by the standard method of complex 
impedance plot. The impedance was measured in the frequency range 40 Hz to 
100 kHz using LCR Hi Tester (HIOKI, Japan, model 3520). 

3. Results 

It is well known that the conductivity of the composites depends upon the 
amount of dispersoid. Therefore, to demonstrate the role of dielectric constant of 
the dispersoid on the conductivity in composites, we prepared composites with 
different dielectric constant dispersoids for a large number of compositions 
(PEO:salt) + x BST 30 or BST 90 having values of x as 0, 1, 2, 3, 4, 5, 6, 7, 8, 10, 
12, 14, 16, 18 and 20 weight percent. The measured values of conductivity are 
given in Table 1. It is obvious that for composites of each polymer electrolyte 
system, the values of conductivity of composites with BST 30 (e = 2400) are 
higher than those with BST 90 (with z = 1100). This clearly shows the role of 
dielectric constant in enhancing the conductivity of composite polymer 
electrolytes. 

Table 1 : The conductivity at 20 "C (in S cm"') of composites of PEO:LiBF4 

(80:20), PEO:NH4I (80:20) and PEO:NaI (80:20) polymer electrolytes dispersed 

with BST 30 and BST 90 having dielectric constants of 2400 and 1100 respectively 

wt% 
of 

BST 

0 

1 

2 

3 

4 

5 

6 

7 

8 

10 

12 

14 

16 

18 

20 

PEO:LiBF„ 
composite dispersed 

with 
BST 30 

1.4 x 10* 

2.5 x 10* 

2.7 x 10* 

-
1.5 xlO"5 

-
4.3 x lO-* 

-
3.0x10* 

2.6x10* 

3.5x10* 

7.3 x 10* 

1.8x10-' 

2.8x10* 

1.6x10* 

BST 90 

1.4 x 10* 

1.6x10* 

1.8 x 10* 

-
7.8x10* 

-
2.8 x 10* 

-
2.6x10* 

2.3 x 10* 

2.1 xlO* 

3.5 x 10* 

3.2x10* 

2.6x10* 

1.4x10* 

PEO:NH„I 
composite dispersed 

with 
BST 30 

6.4x10"'' 

1.8 x 10* 

1.0x10-' 

1.8x10-' 

-
1.1 xlO* 

-
9x 10-7 

-
1.7x10* 

7x10* 

-
-

1.2x10* 

1.1 x 10* 

BST 90 

6.4 x lO ' 7 

9 x 1 0 ' ' 

3 x 10* 

9 x 1 0 * 

-
7.3 x lO ' 7 

-
7 x 10-7 

-
8 x l 0 " 7 

3 . 4 x 1 0 * 

-
-

9.2 xlO"7 

8.6 x 10"7 

PEO:NaI 
composite dispersed 

with 
BST 30 

1.5 x 10"7 

2.4 x lO"7 

5.2 x lO ' 7 

1.2 x 10* 

4.6 x 10'7 

-
3.7 xlO"7 

-
4.1 x lO-7 

6.3 x lO"7 

1.6x10* 

5.3 x lO"7 

-
-

2.7 xlO"7 

BST 90 

1.5 x 10"7 

2.0 x lO'7 

3.2 x lO"7 

9 x l 0 " 7 

3.9 xlO"7 

-
3.2 x lO'7 

-
3.1 xlO"7 

3.3 x lO'7 

9.5 xlO"7 

3.8 xlO"7 

-
-

1.8 x lO'7 
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According to the electrolyte dissociation theory, the dissociation of salts 
(responsible for the generation of ionic charge carriers) depends upon the 
dissociation energy (U) and dielectric constant of the medium (which, in turn, 
leads to larger effective field). The number of dissociated charge carriers (n) are: 

f U } n = n0 exp 
V ekT J 

As consequence of the above relation, the values of n will be more for iiigher 
values of s as observed by us and discussed above. 

To reinforce the above conclusion, we carried out measurement of 
conductivity on a particular composite (with the same dispersoid) at different 
temperatures. The ferroelectric dispersoids BST 30 or BST 90 have strong 
temperature dependence of dielectric constant with their respective dielectric 
constants peaking at Tc's of 30 °C or 90 °C, respectively [4]. Therefore the a vs. 
temperature plot will be a reflection of a vs. dispersoid dielectric constant plot. 
The Figure 1 and Figure 2 show the values of conductivity of (Polymer 
electrolyte) + 3 wt% BST 30 and (Polymer electrolyte) + 3 wt% BST 90. It is 
clear that the conductivity peaks at ~ 30 °C with BST 30 and at ~ 90 °C with BST 
90 which are the respective Tc's at which the dielectric constants of these 
ferroelectrics have highest values of 7500 (as against the room temperature value 
of 2400) and 5500 (as against the room temperature value of 1100). 

1E-3T 

^ 1E-4-
r— 
I 

E 
o 

CO, 

e 
1E-5-

1 E - 6 - ) r 1 1 1 1 1 1 1 1 1 1 1 1 

2.8 2.9 3.0 3.1 3.2 3.3 3.4 3.5 

103/T(K"1) 

Fig.l: Temperature dependence of conductivity of composites having 3 wt% BST 
30 as dispersoid in different polymer electrolyte matrices viz. PEO:Nal (A) , 
PEO:LiBF4 (•) and PEO:NH4I (•). 
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0.01 

1E-3 

E o 

1E-4 

1E-5 

With BST 90 

103/T(K"1) 

Fig. 1: Temperature dependence of conductivity of composites having 3 wt% BST 
90 as dispersoid in different polymer electrolyte matrices viz. PEO:NaI (A), 
PEO:NH4I (•) and PEO:LiBF4 (•) in 80:20 ratio. 

In conclusion, it can be said that a high dielectric constant dispersoid is to be 
preferred in developing composite electrolytes having relatively higher 
conductivities. 
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This paper deals recent studies on molecular design and utilization of boron 
compounds in polymer electrolytes. Well designed boron compounds have been used 
as dissociative lithium salts or anion receptors for enhancement of ionic conductivity 
and lithium ion transference number. Boron-containing polymers have not only anion 
trapping ability but also improving effects on properties of interface between 
electrolytes and electrodes. Special ion conduction phenomena in polymer electrolytes 
have been found using insoluble lithium orthoborates or a boric ester with crown ether 
substituents. Relationships between structures of boron compounds and properties of 
polymer electrolytes are discussed, and future directions of investigation on boron 
compounds for high-performance polymer electrolytes are outlined. 

1. Introduction 

With the aim of avoiding leakage of electrolyte and severing fire in lithium 

rechargeable batteries, the solid polymer electrolytes have aroused interests to 

be used as the safer alternatives to liquid electrolytes. However, the problem 

is remained in the ionic conductivity of polymer electrolytes at a low 

temperature. Many attempts have been undertaken by modification of the 

structures of polymer electrolytes in order to enhance ionic conductivity. 

However ionic conductivity has not been enough for charge-discharge 

performance below room temperature and lithium ion transference number is 

usually low for modified polymer electrolytes. 

For application in lithium rechargeable batteries, it is important for poly-

electrolytes to possess the good conductivity and the high cationic transference 

number as well. High lithium ion transference numbers have been obtained by 

incorporation of borates or boroxine rings as anion receptors into polyethers. 

Boroxine polymers are also good additives to reduce the interfacial resistance 

between polymer electrolytes and electrodes. Single ion conducting polymer 

is an ideal electrolyte because constant currents are maintained during charge-

discharge process, but it tend to exhibit low ionic conductivity due to strong 
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ion pairing between mobile lithium ion and counter anion fixed to the polymer 
backbone. Some excellent single ion conducting polymer electrolytes 
containing lithium orthoborate structures have been reported. 

Recently, an insoluble lithium orthoborate with weak interaction between 
lithium ion and counter anion has been designed and synthesized. The mixture 
of insoluble salt and a polymer exhibited unusual ion conduction. This 
specific ion conduction gives a new concept for polymer electrolyte. Special 
phenomena of ion conduction have been also found in polymer electrolytes 
containing a new additive of a boric ester with crown ether substituents. 

Well designed boron compounds will be useful for the development of 
high-performance polymer electrolytes. 

2. Lithium orthoborates 

Recently, highly dissociative lithium salts have been reported as shown in 
Fig. 1. Electron withdrawing groups on boron atom are effective to enhance 
dissociation of the salts. LiBOB la1' and tetrakis(trifluoroacetatoxy) borates 
lb2) have been attracting attentions as lithium salts in liquid and polymer 
electrolytes3'. Lewis acidic boron compounds such as BF3 can react with 
anion to promote dissociation of lithium salt such as lc.4) 

Lithium orthoborates are also obtained by reaction of LiBH4 with protonic 
compounds. Ate complex lithium salts containing electron withdrawing 
groups and oligoether chains on anion centers were synthesized as ionic 

CF, 

Li oWo Lr c*T0~r°Tc" Li+ T#T 
9=0 

1 a " CR, 1b2' 1c4' 

"3x? -frxv, Li+ CF5BT4 

id 5 ' 1oa, if 

Fig. I Boron based lithium salts 
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liquids which exhibited high ionic conductivity and lithium ion transference 
number (Fig. 2).8) These salts were effective to enhance lithium transference 
number of polyether-salt systems.9) 

2ROH XH 
LiMH4 • LiMH2(OR)2 LiMX2(OR)2 

-78°C, THF -78°C, THF 
2: M = B, 3: M = Al 
X = CF3COO, C6F50 
R = (CH2CH20)nCH3 

n = 3,7.2, 11.8 

Fig. 2 Synthesis of liquid lithium salts 

Although boron atom has formally negative charge in the lithium borates 2, 
it is shown that the boron atom has a positive charge from the optimization 
calculations in MOP AC. Therefore, lithium ion is not attracted to the boron 
atom but interacts with the oxygen atoms bound to the boron atom because 
partial negative charges are located on oxygen atoms. Since negative charges 
on oxygen atoms in borate 2 are smaller than that for aluminate 3 (Fig. 3), 
borates exhibited higher conductivity than aluminates. From these results, it is 
important to reduce negative charges on electronegative atoms bound to the ate 
complex center. 

Lithium borates and lithium aluminates were mixed to get hybrid salts. 
Higher ionic conductivities were observed for hybrid salts than for pure 

(a) 
0.96 I ., 0 41 <b> 0.47 CX3-" ""I I"' " * 6=0-' 0.37 

\ o* 0.44 \ 6< 0.37 

\ l \ l 
CH3(OCH2CH2)30—AT—O—(CHaCHjOfeCHa CHatOCHjCH^O—B- O—(CHjCHjOfeCHa 

C=0 .0.55 C=0 -0.46 

CF3 CF3 

(C) 0.45 
CB3 

C = 0 < -0.49 

\ O •« 0.43 
\ l 

CH3(OCH2CH2)30—B" O—(CH2CH20)3CH3 

Li* ? \ 
C=0 - 0.45 
CHa 

Fig. 3 Partial charge of oxygen atoms and ate complex center atoms from optimization 
calculations in MOPAC (PM5) 
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salts.I0) Solid-state polymer electrolytes based on mixed lithium salts with 
poly-(ethylene oxide) (PEO) as polymer matrix have been produced. Good 
mechanical properties, improved ionic conductivities, and excellent interfacial 
performances were observed for the mixed salt systems.11' 

3. Single-ion conducting polymer electrolytes 

Single-ion conducting polymer is an ideal electrolyte for rechargeable 
batteries but the ionic conductivity is usually very low due to strong ion 
pairing between lithium ion and counter anion which is fixed to polymer chain. 
As mentioned above, single ion conducting polymer electrolytes with weak 
interaction between lithium ion and counter anion can be designed using 
orthoborate structures with electron withdrawing groups. Polyanionic 
electrolytes 4a with LiBOB salt structures were designed and synthesized12' 
Ionic conductivities of the polyelectrolytes 4a are found to be high (105 Scm"1 

at r.t.) relative to those of most dry single-ion conducting polymer electrolytes. 
Borate complex polymers 4b-B containing fluoroalkane dicarboxylate as 

an electron withdrawing group and oligoether groups were synthesized.13' 
Ionic conductivity of the borate polymer containing long ether chains was high 
(105 Scm"1 at r.t.). Aluminate polymers 4b-A showed lower conductivity than 
borate polymers 4b-B. PEO (20wt %) was added to the lithium borate 
polymers in order to improve mechanical properties. Self-standing films were 
obtained and exhibited high single-ionic conductivity.14' 

o o 

H 
V° 

- f o ' V 0 - C H 2 C H 2 - ( O C H 2 C H 2 ) M ) , 

L i+ 0(CH2CH20)nCH3 

M'-OC(CF2)3CO-

I O 0 
0(CH2CH20)nCH3 

A:M=AI, n=3, 7.2, 11.8 
4 a B:M=B, n=3,7.2, 11.8 

4b 

Fig.4 Single-ion conducting polymers 
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4. Anion trapping polymer electrolytes 

Lewis acidic boron atom is suitable to form an anion receptor group. I5) 

Boroxine compounds16' and borosiloxane polymers17' acted as effective anion 

receptors in polymer electrolytes. In order to enhance lithium ion 

transference number, anion receptor groups have been introduced to polymer 

chains. Anion trapping polyethers 5a with boroxine rings as anion 

receptor groups were synthesized and exhibited high lithium transference 

numbers.18' The mixture of boroxine polymer and PEO forms mechanically 

strong films.19' Other anion trapping polymers 5b20', 5c21' and 5d22' 

containing boric ester groups as anion receptors were reported. 

0-(CH2CH20)nMe 

O O 

& O 0-(CH2CH2OW 

5 a 

<j>-(OCH2CH2)m-

o'S) 
| | B^ ^B 

- & ° 0-(OCH2CH2)m-

0-(CH2CH20)n-BC_ 

-Q, A X>-
";B-(OCH2CH2)n-0 0-(CH2CH20)„-Bs 
0 O-

5b 

-(CHzCH)„-

aOCHzOtyn-B, 

5c 

/ y > B - 0 | C H 2 C H - O J - B ^ / 
\\_^ 

5d 

Fig. 5 Anion trapping polymer electrolytes 

Large interfacial resistance between PEO polymer electrolyte and 

electrode such as lithium metal anode or a cathode is usually observed. 

Boroxine polymer (5a) was an effective additive to depress the interfacial 

resistance between polymer electrolytes and electrodes.23' This results in good 

charge-discharge performance of lithium secondary batteries.24' 
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5. Polymer electrolytes composed of insoluble salts and polymers 

Usually solubility is required for salts in electrolytes. Recently, we 
reported that the composites of an insoluble lithium salt with polymers 
exhibited unusual ionic conductivity. Lithium tetrakis(pentafluorobenzene-
thiolato) borate (LiTPSB) was designed to have weak interaction of lithium 
ion with counter anion as a estimation by optimization calculations in MOPAC 
(Fig. 6). On the other hand, LiTPOB has negative charges on oxygen atoms 
which interact with lithium ion. LiTPSB was simply synthesized by reaction 
of LiBH4 with C6F5SH. Although LiTPSB was insoluble in any solvents and 
polymers, it's composite films with PEO25' or poly(fluorocarbon)26) exhibited 
ionic conductivity (Fig. 7). 

F,-0.16(F,, F2, F3) 

-0.68 (B) ifjZ2 

F F 

Fi-O.ietF,, F2, F3) 
F - l i ^VF , 

F_F 

0.54(B) 

-0.37(0) p J l y - F 

F 

TPOB 

Fig. 6 Partial charges in TPSB anion and TPOB anion 
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Fig. 7 Temperature dependence of ionic conductivity for LiTPSB / PEO (salt 50 wt%) ( A ) 
and LiTPSB / PVDF (salt 50 wt%) (+). 
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It is estimated that lithium ion transport is promoted in flexible interfacial 

PEO phase with low glass transition temperature for polymer electrolytes 

containing LiTPSB (Fig. 8). 

PEO phase 

T"K W ^ 
F. 

F (I 

•<K^ 

#. -f- fc 'H 
Interfacial conducting phase 

Li salt 

Fig. 8 Ion transport in the interfacial region suggested for polymer electrolytes based on 
insoluble LiTPSB and PEO. 

Higher ionic conductivity was obtained for LiTPSB in polymer gel 

electrolyte.27' Ate complexes with four imidazoyl groups (Im) were also 

insoluble. Lithium tetraimidazoyl aluminate, LiAHrot was insoluble salt but 

it's composite with PEO exhibited ionic conductivity.28' Boron analogue was 

not obtained as a pure salt by the similar procedure. 

6. Crown ether substituted boric ester 

Crown ethers are known to be effective additives to enhance ionic 

conductivity of PEO electrolytes but the increase of ionic conductivity is 

usually less than one order. Recently, we found that crown substituted boric 

ester has a special effect for PEO electrolyte. Time dependence of ionic 

conductivities for LiCF3S03 - PEO electrolytes are shown in Fig. 9. When 

boric ester TCB containing three 14-crown-4 groups was added to LiCF3S03 -

PEO electrolyte, ionic conductivity at room temperature was increased from 

10~8 Scm"1 order to 10"7 Son"1 order. During storage of the electrolyte film 

under dry conditions at ambient temperature, the ionic conductivity gradually 

increased and 10"5 10"7 order of high ionic conductivity was obtained after 300 

hours.29' On the other hand, 14-crown-4 or linear origoether substituted boric 
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ester enhanced ionic conductivity of PEO electrolyte, but constant 

conductivities were observed during storage. 
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w -60 

-7.0 

-8.0 

! ' • : . 

- • • • • • • • 

o o^ 

CH 2 

O 

TCB 

100 200 300 
Storage time (h) 
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Fig. 8 Storage-time dependence of ionic conductivity for additive-CF3S03Li / PEO 
electrolytes (EO / Li = 20 /1) at 30 °C 
Additive (7 wt%): • TCB, • B[0(CH2CH20)3CH3]3, • 12-crown-4, - No additive 

Lithium ion transference number of LiCF3S03-PEO electrolyte was also 

increased from 0.2 to 05 by addition of TCB. The reason for the large increase 

in ionic conductivity and lithium ion transference number of PEO electrolyte 

has not been clear but these novel phenomena are interesting for progress in 

the field of solid polymer electrolytes. 

Conclusion and outlook 

As mentioned in this review, boron compounds have made significant 

progress in solid polymer electrolytes. Molecular design of boron compounds 

is very important for their application to electrolytes because various organic 

and inorganic groups can be introduced on three coordinated neutral boron 

atom or four coordinated anionic boron atom. Further studies will be 

continued to develop polymer electrolytes using new boron compounds for 

large improvement of ionic conductivity, ion transference number, 

electrochemical stability, and interfacial resistance. In addition, detail studies 
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on ion conduction phenomena and battery performance for boron based 

polymer electrolytes are also important. At present, we have no polymer 

electrolyte whose properties are enough for lithium secondary batteries. 1 

hope that research on novel and well designed boron compounds may be of 

value in achieving the goal of polymer electrolyte. 

I would like to thank Dr. Takahiro Aoki and Mr. Akira Hujimori for their 
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Scientific Research (B) (No. 16350099) from the Ministry of Education, 
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ABSTRACT 

In the present study the nano sized Ti02 has been dispersed into the gel polymer electrolyte 

70PVAc:20DMF:10UClO4 at different concentrations by solution casting technique. XRD results reveal 

the dispersion of rutile phase nanoTi02 filler particles in the gel polymer matrix. The FTIR spectra show 

the interaction of Li* ion with the ester and carbonyl oxygens of PVAc and also with Ti02. The ac 

impedance analysis reveals the distribution of relaxation time in all the compositions of composite 

polymer matrix. The conductivity of 70:20:10 (PVAc:DMF:LiCI04) gel polymer electrolyte has been 

found to be 2.53 x 10"5 Scm'' which increases to the maximum of 3.23X10"1 Scm"1 with the dispersion of 

15 m% Ti02 filler at ambient temperature. 

1. Introduction 

Polymer electrolytes resulting from the complexation of low lattice energy salts 

with solvating polymers have generated a widespread and sustained interest with in 

the scientific community. Gel polymer electrolytes exhibit high ionic conductivities, 

however the mechanical properties of these electrolytes are not sufficient enough for 

practical applications. The recent attention to gel polymer electrolytes is thus 

focused on high ionic conductivity and mechanical properties. Therefore a new 

method of introducing inert ceramic grains such as A1203 Ti02 Si02 Ce02etc, into 

the polymer matrix has been developed. The particle size and the nature of the filler 

play a fundamental role in improving the polymer electrolyte properties. The 

reduction of the ceramic particle size from microns to nanometer leads to a further 
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increment in the conductivity and allow one to synthesize lightweight composites 

which can be processed easily. These polymer electrolytes are finding variety of 

applications in all solid state electrochemical devices such as batteries, fuel cells, 

sensors, electrochromic display devices, pace makers, coulometer and analog 

potential memories etc. 

2. Experiment 

The nano composite polymer electrolytes were obtained by the dissolution of 

PVAc and DMF followed by the addition of salt LiC104 Finally the inert nano filler 

Ti02 was added. The suspension obtained was stirred until visibly homogenous and 

then cast in petridishes and the solvent was allowed to evaporate in air at room 

temperature. The films were further vacuum dried to remove any traces of acetone. 

This procedure provided mechanically stable and flexible films. The particle size of 

the dispersed nano filler (500-900nm) has been confirmed from Laser granulometry 

and SEM[l].The FTIR spectra was recorded using SHIMADZU 8000 

Spectrophotometer in the frequency range 400-4000 cm"1. Powder X-Ray diffraction 

(XRD) patterns were recorded at room temperature on a Philips X'Pert PRO 

diffractometer equipped with an X'celerator detector, using the Cu Ka radiation in 

the 20 range from 5 to 90°. The impedance of the film was studied over the 

frequency range 42 Hz to 5 MHz in the temperature range 303 K to 343 K using 

computer controlled HIOKI LCR meter 3532. 

3. Results and discussion 

3.1 FTIR Analysis 

In the present study FTIR spectra is used to establish the interactions among 

polymer, plasticizer, salt and PVAc+DMF+LiC104 with various concentrations of 

Ti02. The spectra of all these complexes has been presented in Fig 1 (a-g). The 

vibrational bands at 2923, 2865and 1375 cm'1 in pure PVAc are ascribed to CH3 

asymmetric stretching, symmetric stretching and symmetric bending vibrations. The 

vibrational bands at 1245 and 1730 cm"' of pure PVAc are ascribed to C-O-C 

symmetric stretching and C=0 stretching frequency [2]. The band assignments for 

DMF have already been reported in the literature [3]. As per the reports the bands 

observed in the polymer electrolyte fig(l.c) at 2857, 1439 cm"' are ascribed to C-H 
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stretching and CH3 asymmetric deformation mode of DMF respectively. Also the 

vibrational bands observed at 1676, 1507, 1388 and 659 cm"' are ascribed to C=0 

stretching, C-N stretching, C-H bending and 0=C-N stretching modes of DMF 

respectively. The vibrational bands at 1620, 1320, 1070, 940 and 750 cm"1 are 

ascribed to LiC104 [2]. The vibrational band at 637.91 cm"' of pure Ti02 is ascribed 

to Ti=0 stretching vibration. 

The vibrational band at 940 cm"' of pure LiC104, [Fig 1 (a)] gets shifted in the 

polymer complexes and all other bands of LiC104 were found to be absent in the 

polymer complex indicating the dissociation of salt into the polymer matrix. The 

stretching frequency at 1730 cm"' which corresponds to C=0 stretching of pure 

PVAc, [Fig 1 (b)], gets shifted to lower wave number (1720-1710 cm"') in the 

complexes. The shift observed in the carbonyl stretching frequency of the complexes 

indicates interaction of the Li+ ion with the carbonyl oxygen of the polymer. The 

addition of LiC104 causes a small decrease of the C-O-C stretching down to lower 

wavenumbers due to the coordination of the ester oxygen with the lithium cation, 

[Fig 1 (c)]. 

v^~rr^ I 
3000 2000 1000 

Waveuuiitber (rin1) 
4000 3000 2000 

Wavenumber (cm ) 

Figure I FTIR Spectra of (a) LiClOj, (b)PVAc, (c) PVAc:DMF:LiCl04 (dTi02 and 

(e-g) composite PVAc:DMF:LiClOj :TiO, 

The stretching frequency at 1676 cm"' which corresponds to C=0 stretching of 

pure DMF gets shifted to lower wave numbers (1670-1660 cm"1) in the composite 

polymer electrolytes indicating the interaction of the Li+ with carbonyl oxygen of 

DMF. The 0=C-N stretching mode at 659 cm"' is sensitive to the salt present in the 

sample. The shifting and the appearance of the new band at 720 cm"' is attributed to 
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the interaction of Li+ with 0=C-N group of DMF. The splitting of the C-N 

symmetric stretching vibration of the plasticizer into a doublet at 862 and 884 cm" is 

the evidence for the plasticizer-polymer interaction [Fig 1 (c)].The peak observed 

around 673.91 cm"1 is attributed to T i O stretching of pure Ti02, get shifted to lower 

wave number (673- 670.96 cm"') in the composites, [Fig. 1 (e, f, g)]. This indicates 

the interaction of Li+ with the Ti02.The broadening and shifting of the vibrational 

bands correspond to pure PVAc, DMF and Ti02 in the composite polymer 

electrolyte systems imply the weak interactions of Li+ with the polymer, DMF and 

Ti02. 

3.2 X-Ray Diffraction analysis 

In order to investigate the influence of the concentration of nano Ti02 filler, 

XRD studies were performed for pure PVAc, PVAc+DMF+LiC104 Ti02 and for 5 

m% and 20 m% of Ti02 complexes and they are shown in [Fig. 2 (a-e)]. The 

diffractogram shown in [Fig. 2 (a)] clearly indicates two broad peaks at 20 = 14.8°, 

21.6 ° which are ascribed to pure PVAc which reveals the amorphous nature of the 

polymer. From [Fig. 2 (b)] the diffraction peak at 28 =14.8° found in pure PVAc was 

found to be absent in the PVAc+DMF+LiC104 plasticized system. Also the 

diffraction peak at 29 = 21.6° has been slightly shifted in the plasticized system, due 

to the interaction of polymer with the plasticizer which is in good agreement with 

the FTIR results. The diffraction peaks of pure LiC104 at 26 = 18.392°, 21.90°, 

23.2°, 31° and 32° (PCPDF-30-0751) [4] were found to be absent in the polymer 

complex indicating the complete dissociation of the salt in the polymer and also the 

complexation. [Fig 2 (c)] shows the powder X-ray Diffraction pattern, recorded at 

room temperature of the synthesized Ti02 powder [1,5]. From [Fig 2 (d-e)] the 

diffraction peak at 29 = 27.5°, 36.5°, 54.5°, 56.8° and 69° are attributed to Ti02 

(PCPDF- 34 - 0180) [6], which indicates the dispersion of the nano filler particles in 

the composite polymer electrolytes. The intensity of peaks corresponding to 29 

values of the Ti02 were found to be increased in the [Fig 2 (e)] indicating the higher 

concentration of the filler (20 mol% - Ti02).ln the composite polymer complex 

some less intense peaks were observed around 20 = 9.5° and 44.32° corresponding to 
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LiC104. All the remaining peaks for LiC104 are absent in the complex indicating the 

complete dissociation of the salt and hence the complexation. 

(O Ti02 
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Figure.2 XRDpattern of(a) PVAc, (b)PVAc:DMF:LiCl04. (C )Ti02 and (d.e) composite 

PVAc:DMF:LiClOt :Ti02 

3.3 Impedance analysis 

The complex impedance plot (Z' vs Z") for all the samples at 303K [fig.3] show 

two well defined regions : (i) the semicircular portion at high frequency region 

arising from a parallel combination of the bulk resistance and bulk capacitance of 

the electrolyte (ii) the linear region in the low frequency side is due to the effect of 

blocking electrodes. By knowing the value of bulk resistance along with the 

dimensions of the sample, the ionic conductivity has been calculated and has been 

given in Table. 1. From Fig.3, it was observed that the diameter of the semicircle is 

high for the plasticized system and it gradually decreases with the addition of Ti02 

filler particles. From the impedance results the highest conductivity of 3.23 x 10"4 

Scm" at room temperature has been observed for the composite with 15m% of Ti02. 

The complex impedance plot for this polymer electrolyte at various temperatures 

(303-343K) is shown in Fig. 4. From the impedance response behaviour the 

disappearance of high frequency semicircle as the temperature increases led to a 

40 
2(e) 
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conclusion that the current carriers are ions and this leads one to further conclude 

that the total conductivity is mainly as the result of ion conduction [7]. 

Z'Ohm z o h m 

Fig.3 Impedance plot for all the Fig.4 ColeCole plot for composite with 

samples at 303K l5m%ofTW2 at various temperatures 

3.4 Temperature dependent Ionic conductivity 

The temperature dependence of electrical conductivity of the polymer films is 

shown in Fig.5. The non- linearity in the plot indicates that the ion transport in 

polymer electrolytes is dependent on polymer segmental motion [8]. 

Table] : Conductivity, Hopping frequency .Relaxation Time for all the samples 

Composition 

PVAc:DMF: 

LiC104: Ti0 2 

70:20:10 

70:20:10:5 

70:20:10:10 

70:20:10:15 

70:20:10:20 

Conductivity (Scm"') 

303K 

2.5 x 10"5 

3.2 xlO"5 

1.0 x 10"" 

3.3 x 10-4 

7.1 xlO"5 

323K 

1.2xl0-4 

1.9xl0"4 

l . lx l0 ' J 

1.5xl0"3 

1.6xl0"3 

343K 

9.38x10-4 

9.47xl0"4 

4.9xl0"3 

7.47xl0"3 

2.66xlO-J 

Hopping 

frequency wp Hz 

303K 

4.58 xlO 6 

6.22x10" 

2.48 xlO 7 

7.67 xlO 7 

1.74 x 107 

Relaxation 

Time T sec 

303K 

1.18 xlO"5 

8.38 x 10"" 

2.36x10"" 

1.69x10" 

2.64 x 10"" 

Thus the result may be more effectively represented by the Vogel-Tamman-

Fulcher (VTF) equation 

CT = AT""2 exp [-E./K (T-Tg)] (2) 

where A-fitting constant proportional to the number of charge carriers. Ea-pseudo 

activation energy, K-Boltzmann constant and T0-equilibrium temperature of the 

system corresponding to zero configuration entropy. Tg-the thermodynamic glass 

transition temperature of the system. Fig.6 shows the variation of conductivity with 

Ti02 concentration for different temperatures. The enhancement in the ionic 
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conductivity with the increasing concentration of Ti02 may be due to Ti02 which 

interacts with either of both the anion and cation thereby reducing ion pairing and 

increases the free charge carriers. The same type of behaviour has been reported in 

A1203 dispersed PEO-LiTFSI based polymer composites [9]. 

100K/T (K1) 
Fig.5 Temperature dependen I ionic con ductivity Fig 6 Dependence iifmnie cinicluclivily on filler evneenlriiliiii 
r o r i l l l i m p l e . for I'VAc • IMF • UC104 polymer c.mple, ,,l dlffere,,, lempernlnre, 

A further increment in Ti02 concentrations results in a decrease in conductivity 

which may be due to the restricted ionic and polymer segmental mobility in a rigid 

matrix at room temperature. As the temperature increases the charge carries are 

thermally activated and the free volume increases and more vacant sites are created 

for the motion of ions, which in turn enhances the conductivity. 

3.5 ac Conductivity analysis 

The variation of the ac conductivity with frequency for different Ti02 

concentration with polymer electrolytes at 303K is shown in Fig.7. The frequency 

dependent ac conductivity of the polymer electrolyte is described by Almond and 

West formalism [10], 

o (co) = odc +Acon (3) 

where A and n are material parameters, 0<n<l, adc is dc ionic conductivity and co is 

the angular frequency. The plot shows three regions: The first one is the low 

frequency dispersion region observed which can be ascribed to the space charge 

polarization at the blocking electrodes. The second region corresponds to the 

frequency independent plateau region. The conductivity is found almost frequency 

independent in this region and the extrapolation of the plot to zero frequency gives 

the value of dc conductivity at all temperatures. The high frequency conductivity 

dispersion is prominent at lower temperatures. As temperature increases, the 

frequency independent conductivity region decreases and thus the polarization effect 
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becomes prominent. From the plot it is observed that the conductivity increases from 

2.5xlO"5Scm"' to 3.23xl0'4 Scm"' with increase of Ti02 concentration up to 15 m% 

and after which the conductivity ceases which is in good agreement with the 

impedance analysis. 

Flo (7) Variation of conductivity with frequency F i f l (8) variation of conductwity aa a function of frequency for the 
(or all the aamplea at 303K aample with 15m* of TK32 at different temperaturei 

The possible decrease in the ionic conductivity at 20 m% Ti02 can be attributed to 

the restricted motion of ions in the rigid polymer matrix. Fig.8 shows the 

temperature dependent conductance spectra of 15 m% Ti02. As temperature 

increases, more and more charge accumulation occurs at the interface between 

electrode and electrolyte, which leads to a decrease in the conductivity at low 

frequencies. According to Almond and West formalism, the hopping frequency of 

charge carriers (cop) is found from, 

cop = 2 adc (4 ) 

The hopping frequency calculated for PVAc:DMF:LiGC>4 and 

PVAc:DMF:LiC104 doped with different concentrations of Ti02 have been tabulated 

in Table-1. The maximum hopping rate 7.67 x 107 Hz is observed for the sample 

with 15 m% Ti02 and PVAc:DMF:LiC104 and it is found to have the minimum 

hopping rate of 4.58xl06 Hz at room temperature. 

3.6 Dielectric Studies 

The frequency dependence of the dielectric permittivity curve for all samples at 

different temperatures is shown in Fig 9. The dielectric constant decreases with 

increase of frequency followed by an intermediate plateau and it gets saturated at 

higher frequencies. The high value of dielectric permittivity at low frequencies can 

be attributed to the accumulation of charge carriers near the electrodes [11]. The 

higher values of s' for 15 m% Ti02 (higher conductivity) is due to the enhanced 
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charge carrier density at the space charge accumulation region, resulting in a rise in 

the equivalent capacitance. As the temperature increases the dielectric constant e' of 

the sample gets increased. The intermediate plateau is observed in all samples, and 

this step like behaviour in the dielectric constant coincides with the transition 

frequency region from ac to dc conductivity [12]. At higher frequencies, the 

dielectric constant decreases due to the high periodic reversal of the applied field. 

Fig. 10 shows the variation of dielectric loss (s") with frequency at different 

temperatures for 15 m% of Ti02 system. From the plot the peak observed at high 

frequencies is due to p-relaxation and this relaxation processes may be caused by 

movement of the side chains [13]. It is also observed that as the temperature 

increases there appears a second relaxation peak which may be attributed to motion 

of the main chain which is pronounced in the low frequency range [13]. 

F l g . l l Pint of T i n B vs Log. , . for i l l the s i m p l e s »t J(|JK 

The variation of dissipation factor, tan 5 = e'7 £', as a function of frequency is 

given in Fig 11 for all compositions at room temperature. Well defined peaks 

observed in the plot corresponds to the dielectric relaxation phenomena. This low 

temperature relaxation peak may be attributed to the side chain motion (P-relaxation) 

in the polymer electrolytes and is in good agreement with the peak observed in the 

imaginary part of the dielectric permittivity. The position of peak shifts to higher 

frequencies with increasing concentration of Ti02 which implies the fact that more 

sites are created for ion hopping as the filler concentration increases and hence a 



468 

decrease in the relaxation time. The relaxation times calculated from the plots are 

show in Table. 1. 

4.Conclusion 

The nano composite polymer electrolytes have been prepared by solution 

casting technique. From the FTIR analysis it is evident that there exits a weak 

interaction of Li+ with polymer, plasticizer and Ti02 . From the XRD results, the well 

defined peaks for Ti02 in the composites reveals the dispersion of the nano filler in 

the polymer matrix. From the impedance analysis it has been found that the high 

ionic conductivity of 3.23xl0"4 Scm"1 at 303K is obtained for the composite with 

15m% Ti02 . This enhancement in conductivity is due to the dispersion of nano Ti02 

filler which creates free pathways for the ions to move. The dielectric relaxation 

studies reveals two peaks in the imaginary part of the relative permittivity. 
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ABSORPTION INTENSITY VARIATION WITH ION 
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The validity of the extended version of Beer's Law, that the integrated absorption of the 
5S(CF3) mode in PEO:LiCF3S03 is independent of CF3SO3" ion association, is tested and 
found to be valid. An infrared absorption marker, AsF6- is found to be effective for the 
quantitative comparison of absorption intensity in different samples. 

1. Introduction 

Polymer electrolytes are ion conducting solid phases formed by dissolving salts 
in ion-coordinating macromolecules. Poly(ethylene oxide), PEO, complexed 
with lithium salts are the most often studied examples of polymer electrolytes. 
Here, we extend previous work [1-7] focusing on PEO with LiCF3S03, lithium 
triflate (LiTf). 

The molecular-level understanding of the ionic conductivity mechanism in 
polymer electrolytes is poor, although it is known that ionic association, cation-
polymer interactions, and polymer segmental motion play critical roles. Local 
structures identified by X-ray diffraction and vibration spectroscopy have 
provided valuable insight about cation-anion association and cation-polymer 
interactions. Here, we extend vibration spectroscopic studies to give a 
foundation for quantitative studies of ionic association and polymer 
configurations. 

Quantitative comparisons of vibration spectra of polymer electrolytes have 
been hampered by the lack of standards. It is difficult to quantitatively compare 
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different samples because measuring sample thickness to better than 10% when 
the sample is less than 10 um thick and not uniform is extremely difficult. 
Temperature dependent experiments can be further complicated by changes in 
sample thickness with temperature, especially if the sample is melted. Thus, only 
relative intensity changes for samples are commonly compared [1-8]. For more 
complete analyses including more quantitative information, some marker that 
enables relative thickness to be measured between samples is needed. We have 
found such a marker, actually a series of markers depending on the particular 
experiment. These are the XF6" ions where X = P, As, Sb. These ions have a 
strong v3 mode between 640 cm"1 and 750 cm"1 depending on ion, that allows 
easy measurement of the absorption at molar concentrations of less than 
0.002 [8-10]. 

Our aim, when beginning this study was to examine the validity of Beer's 
Law in an extended form. It is clearly true that the absorption intensity for a 
given mode is proportional to the concentration of that species within a sample. 
As all absorptions are a mixture of molecular motions, there is no guarantee that 
the mixture will not depend on the local environment, in this case ionic 
association. There are some modes where the absorption intensity clearly 
depends on environment, e.g. the v, mode for these ions which is completely 
forbidden as an infrared absorption in high symmetry cases, and becomes 
allowed if the symmetry is broken by ion association. Burba [8] has shown that 
the PF6" ion sometimes shows a v, absorption when it is a contact-ion pair in 
solution while showing no absorption without the ion association. Others have 
commonly uses relative intensity of split lines, e.g. the triflate 5S(CF3) mode, to 
infer relative concentrations of ionically associated species [1-7]. This analysis 
has depended on an, until now, unverified extended version of Beer's Law that 
the absorption intensity of the studied mode is independent of ion association for 
the case under study. This is not always the case. 

Here we examine the triflate 6S(CF3) mode as a function of temperature and 
of triflate concentration in PEO. If the sample is highly crystalline, dramatic 
changes in triflate ion association are possible when the PEO melts [4]. We 
exploit this fact, while using an AsF6" marker, to test the validity of the extended 
version of Beer's Law for the triflate 5S(CF3) mode. 
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2. Experimental Procedure 

2.1. Sample Preparation 

In order to produce samples of PEOiLiTf that could be quantitatively analyzed at 
different ether oxygen to LiTf concentrations and at different temperatures, a 
large quantity of PEO:LiAsF6 at 500:1 was first prepared. Low molecular 
weight, 2,000 Da, PEO was chosen to minimize hysteresis and maximize cation-
anion association changes with temperature. This PEO was dried for 48 h at 
10"2 mBarr and 45-50°C. Then 10 g was dissolved in acetonitrile with sufficient 
LiAsF6 to give an ether oxygen to AsF6" ratio of 500:1 and stirred for at least 
24 h. The solvent was then extracted to yield quantitatively marked PEO, 
portions of which were used for all subsequent sample preparation in this study. 
We chose LiAsF6 as a marker because the AsF6' ion has a very strong, constant 
intensity, v3 absorption at 700 cm"1 (see Fig. 1), which is isolated from all PEO 
and triflate absorption bands. 

Weighed amounts of the AsF6" marked PEO were dissolved in acetonitrile 
with appropriate amounts of LiCF3S03 to give ether oxygen to triflate ratios of 
x:l where x = 10, 15, 20, 30, and 40 and again stirred for at least 24 h. The 
resulting viscous solution was cast thinly on a single ZnSe window and mounted 
in a Bruker IFS66V vacuum FTIR spectrometer. In the spectrometer under 
vacuum at 10 mBarr, the sample was heated to 80°C, held there for 1 h, and 
cooled back to room temperature. This procedure was used to insure that the 
samples had no residual morphological effects from the solvent casting, and no 
residual water. A single window was chosen to minimize Fabry-Perot artifacts 
and to enhance water extraction. We found by testing that only small changes in 
sample thickness occurred upon subsequent heating and cooling, even above the 
melting point of PEO, 60°C. 

All sample preparation outside the spectrometer was performed in a glove 
box under inert Ar atmosphere. 

2.2. Data Collection 

Infrared absorption spectra were collected at a resolution of 1 cm"1 using the 
IFS66V FTIR spectrometer and a temperature controlled transmission cell. For 
each concentration including the neat marked PEO, PEO:LiAsF6 at 500:1, 13 
spectra were obtained as a function of temperature. These were at room 
temperature (23-24°C), every 10°C to 80°C going up in temperature. The 
temperature sequence was then reversed going down in temperature. We were 
especially interested in recording the spectral changes associated with the 
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crystalline PEO melting at 60°C. As the absorption of the ZnSe windows is 
temperature dependent, a separate background spectrum was used for each 
temperature. 

2.3. Data Analysis 

For our data analysis procedure, we wished methods that are as independent of 
the baseline and undesirable artifacts as possible. In particular we desired a 
procedure for scaling the data that depended as much as possible on the data 
itself rather than somewhat arbitrary choices of curve fitting. The procedure that 
we devised is described and illustrated here. 

b. After 

680 700 720 740 760 

Frequency cm" 
Figure 1 .Spectra of (PEO:LiAsF6):LiTf showing the effectiveness of the scaling procedure. 

Data from 500 cm"1 to 800 cm"1 of interest here was extracted from the 
complete spectra. Example data including the v3AsF6 and the 5SCF3 bands is 
shown in Fig. la for different concentrations and temperatures. Here the 
difference in absorption for the v3AsF6 band for different samples is clearly seen. 

To obtain a measure of this absorption intensity that is relatively 
independent of the baseline, a numerical derivative of the data was taken as 
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shown in the inset to Fig. 2. The same difference in absorption is evident here. 
Such derivative data was extracted for each set of absorption data. This data was 
then all averaged to give the overall average of the derivative data. Each curve 
was then plotted versus this average data to generate the relevant scale factors as 
shown in Fig. 2. 

-i—|—i—|—i—|—i—|—i—|—i—|—i—|—i—|—i—r 

-0.010 -0.008 -0.006 -0.004 -0.002 0.000 0.002 0.004 0.006 0.008 

Average \'3AsF6 Absorption Derivative 

Figure 2.Scaling procedure example showing linear fits to numerical V3AsF6 derivatives of the two 
data sets from Fig. 1 giving scale values for each data set. Inset: numerical derivatives of the data in 
Fig. 1. 

The best-fit lines are also shown with their appropriate equations including 
calculated standard deviations for each of the parameters in Fig. 2. The scale 
factor is the slope of the line and is uncertain by less than 1% in the examples 
here which is typical of all the data. Maximum statistical uncertainties are 
somewhat larger than 1% but less than 1.5%. Major sources of systematic 
uncertainty are the slight shifts in line position for different data sets and residual 
background effects that are not included here. 

These extracted scale factors were then applied to the original data so that 
each data set had the same intensity for the v3AsF6 line as the averaged data. The 
results of this scaling are shown in Fig. lb. It is clear that this scaling procedure 
has been very successful. 
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To reduce the effects due to the background PEO and to demonstrate the 
effectiveness of the scaling, the scaled spectrum of the neat marked PEO at each 
temperature was subtracted from the PEOiLiTf spectra for that temperature. In 
the resulting spectra, the region between 685 cm"1 and 715 cm"1 shows no 
evidence of the v3AsF6 line; the resulting data are consistent with noise. The 
resulting 6S(CF3) modes were numerically integrated from 742 cm"1 to 772 cm"1 

to give the total scaled intensity for this mode for all concentrations and 
temperatures shown in Figs. 3 and 4. 
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Figure 3.Total integrated 8SCF3 absorption intensity versus LtTf concentration relative to 
PEO:LiTf 10:1 at all temperatures. The solid line is a least squares linear fit to the data, and the 
dotted lines are 95% confidence levels. The data is consistent with Beer's Law. 

3. Results 

The total intensities for the 5S(CF3) extracted as described in the previous section 
are plotted versus the concentration relative to the highest concentration 
PEO:LiTf studied, 10:1 ether oxygen to Tf, in Fig. 3 along with the linear least-
squares fit to the data. Confidence limits at 95% are also shown as dashed lines. 
The data is consistent with the extended form of Beer's Law; the absorption 
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intensity is independent of ionic association and proportional to concentration. 
Differences in the data for the different temperatures seen in Fig. 3 are probably 
due to the systematic effects discussed in Sec. 2.3. 
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Figure 4. Spectra of 5SCF3 absorption and integrated absorption for PEO:LiTf 40:1 at 50°C. The 
relative concentrations of free (labeled f)» contact ion pair (labeled p), and aggregate (labeled a) 
triflate species are clearly different for the case going up in temperature and the case going down in 
temperature. The total integrated intensities are essentially identical. 

Further evidence for the applicability of Beer's Law for the 5S(CF3) mode 
independent of ion association is available for specific temperatures near 60°C, 
the melting point of PEO as there is hysteresis in its melting and 
recrystallization. In Fig. 4 considerably more aggregate species, the line just 
above 760 cm"1 labeled a, is seen when the temperature is increasing, "up", than 
when it is decreasing, "down". Consistently, the free, labeled f, and contact-ion 
pair, labeled p, lines are greater when the temperature is decreasing. Even though 
the integrated intensity difference between increasing temperature and 
decreasing temperature is almost 50% near 758.5 cm"1, the total integrated 
intensity is constant. Similar invariance of integrated intensity with differing ion 
association is seen for every case where significant hysteresis is seen in the data. 
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4. Conclusion 

The intensity of the 6S(CF3) mode for CF3SO3" is independent of Li+ association 
for PEO:LiCF3S03 in agreement with an extended version of Beer's Law. As 
this manuscript goes to press, confirming evidence for this conclusion has been 
found for LiTf solutions in liquid diglyme[l 1]. 
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Ionic transport in usual polymer electrolytes involves both cations and anions. In order 
to separate their respective contributions, cationic (Li+, Na+, K*), or anionic (CI", Br", I", 
BF4", (CF3S02)2N") single-ion conducting ionomers (U or t = 1) were synthesized. In 
both cases, the counter ion is grafted to the macromolecular skeleton in the same 
synthesis step of cross-linking of the polymer. Experimental results for conductivity 
variations as a function of pressure (1 - 5000 bar) and temperature (20 - 140° C) show a 
great similarity for cationic and anionic ionomers. To interpret qualitatively the 
experimental results, a microscopic model is proposed. Charge carriers formation would 
result from the dissociation of the grafted salts. Their mobility would proceed by a "free 
volume" mechanism. This model introduces two local variations in volume, namely the 
local variation of volume associated with the dissociation process and the critical free 
volume necessary for the ionic migration. The interpretation of our results according to 
this model shows that the volume associated to the dissociation process is negative and 
can be attributed to a local reorganisation of the macromolecular chains around the 
dissociated charged species. The critical free volume for ionic migration is positive and 
larger than the "dry" ionic volume, confirming the participation of the polymer chain 
segments in the ionic transport. 

1. Introduction 

Salt-polymer complexes are extensively studied for potential applications as 
electrolytes in lithium batteries. The polymer matrix, generally made of 
poly(oxyethylene) (POE), acts as a solvent for a lithium salt. The lithium salts can 
be lithium halogenides, lithium triflate LfCFsSCV or lithium 
trifluoromethanesulfonylimide Li+N(CF3S02)2", (LiTFSI). In such a polymer 
electrolyte, both the anion and cation are simultaneously mobile. Transport number 
measurements show that the anionic conductivity is generally higher than the 
cationic one [1-5]. 

To separately study anion and cation migrations, we have synthesized purely 
cationic and anionic ionomers in which the counter ions are grafted and then 
immobilized on the macromolecular chain. Their conductivities are measured over 
the glass transition temperature in a pressure range from 1 to 5000 bar and a 
temperature range from 20 to 140°C. 

2. Experimental 

Firstly, a pre-polymer is obtained by the polycondensation reaction between 
a, co dihydroxyoligopolyoxyethylene (PEG) (Mw = 1000) and an unsatured dihalide 
isobutenyl compound, 3-chloro-2-chloromethyl-l-propene [6]. Linear chains of the 
pre-polymer are then obtained in which polyoxyethylene segments, each containing 
about 23 oxygen atoms, alternate with unsaturated isobutenyl group. Afterwards 
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cross linking of the polymer is performed. The cross-linking may occur directly 
between unsaturated isobutenyl group (Fig. la) but also with the simultaneous 
grafting of an alkali N,N-diallyl amido-1-tetrafluoroethane sulfonate salt for cationic 
ionomers (M+ = Li+, Na+, K+), or of a diallyldimethylammonium salt RN+X" (X" = 
CI", Br", I", BF4", (CF3S02)2N) for anionic ionomers as represented in Fig. lb and lc. 
The concentration in ionic groups is expressed as the ratio O/M or O/X for cationic 
or anionic ionomers. Polymer synthesis and grafting processes were detailed in 
previous papers [7]. The glass transition temperature Tg of the ionomers, determined 
by DSC, lies between 220 to 240 K with no significant dependence on the nature or 
the concentration of the grafted salt. 

a) 
• HO-(CH2-CH2-Oln- CH, C H , - 0 (CH2_ CH2-Ota 

A / 2 

C 

c 

/ \ 
-IO CH3- CH2)I,0-CH, CII,-0-<CI12_ CH2- 0)„ 

b) c) 
HCMCH;_ CHI-OI„ CH, CH, O (CH;_CH2-0)„ IHMCHj-CH2-0),r CH, CH,—O (CH2-CH2-0)„ . 

" \ / " \ / ^ 

= V - C H 3 
yN-^-CF-S03-M 

l()CH;-C:H;)i,l)-CHj CH,-0-(CH2 CH: OI„ -«OCH2-CH2)0O-CB2 CI^—O—<CH2-CH2-Ohi 

Figure 1. Pre-polymer cross-linking : a) directly between two isobutenyl group; b) and c) with the 
grafting of a cationic or an anionic salt. 

The conductivity as a function of pressure (1 - 5000 bar) and temperature (20 -
140°C) is determined by impedance spectroscopy in the frequency range 5 Hz-13 
MHz. The experimental set up and experimental procedures have been described in 
previous papers [7-9] . 

3. Experimental results 

3.1 Conductivity variations with temperature 

At a constant pressure, in the range of 1 - 5000 bars, the conductivity data expressed 
as the oT product as a function of reciprocal temperature define curves suggesting a 
VTF behaviour as it is generally the case for amorphous salt-polymer complexes 
[10] or glass forming melts [11, 12] studied above their glass transition temperature 
Tg-

The VTF dependence of conductivity with temperature, T, is usually represented 
by the relationship: 

oT = Aexp( ) (1) 
R<T-T0) 
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where A is the pre-exponential term, R the ideal gas constant and B has the 
dimensionality of an energy. According to the free volume approach, To is the ideal 
glass transition temperature, lower than the glass transition temperature Tg 

determined by DSC. 
Determination of the three parameters A, B, T0 from experimental data is 

inaccurate when the fitting procedure allows the simultaneous variations of the three 
parameters. For this reason, a constant T0 value, T0 = 195 K, about 35°C below the 
mean value of Tg, has been chosen allowing the determination of the two parameters, 
A and B, by the best fit with experimental data with Eqn. 1. Values of A are found 
between 10 to 103 S.cm'.K and B ~ 0.1 eV as usually observed on salt polymer 
complexes [13]. No significant differences in these values are observed between 
cationic and anionic ionomers. 

3.2 Conductivity variations with pressure 

For all the studied ionomers, the conductivity strongly decreases with pressure. In 
Fig. 2, conductivity variations for Na+ and CI" ionomers with pressure are 
represented. The observed linear dependence of logarithmic variation of electrical 
conductivity versus pressure allows a volume AV to be calculated by the following 
relationship: 

(d\no\ AV* 
\ dP ) T ~ RT 

T = 298K 

0 /Na = 2Z9 

0 1000 2000 3000 4000 5000 
P (bars) 

Figure 2. Isothermal conductivity variations with pressure for Na+ and CI" ionomers. 
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At room temperature, the conductivity decreases by about one order of 
magnitude when pressure increases from 1 to 4000 bar. Consequently, 4F*is 
positive and is of the order of several tens of cm'.mol"1 as observed for other ionic 
conductive polymers [14, 15]. Since for the ionomers studied, the conductivity does 
not follow an Arrhenius type law at constant pressure, we cannot qualify A V* as an 
activation volume and we will identify it as an "apparent activation volume" t±V app. 

The calculated variations of AV app. with temperature are shown in Fig.3a and 3b 
for different cationic or anionic ionomers. A continuous and important decrease in 
AK app with temperature is observed. This behaviour is similar to the variation of the 
apparent activation volume with temperature observed in glass forming molten salt 
mixtures [16]. 

a) 

320 340 
T(K) 

Figure 3. Variations with temperature of the "apparent activation volume" AV"app for some a) cationic 
ionomers, b) anionic ionomers. 

4. A model for ionic transport in salt-polymer complexes 

The physical meaning of A and B parameters in Eqn. 1 can be deduced from a 
microscopic interpretation of ionic transport in polymers above Tg proposed in an 
earlier work [13]. Due to their low dielectric constant, salt polymer complexes are 
considered as weak electrolytes in which charge carriers are generated by partial 
dissociation from the polymer matrix. The mobility of these charge carriers would 
proceed by a free volume mechanism as it is observed for many ionic melts. The 
resulting conductivity ais expressed by the following expression 

a = Fnini (3) 
where F is the Faraday constant, nt is ionic charge carriers concentration and ,u, is 
their mobility. In the polymer matrix, a charge carrier can be presented as an anion 
or a cation leaving its normal site near its grafted counter ion to occupy a position in 
a neighbouring site, forming a charged defect comparable to an interstitial pair for 
ionic crystals. This charged defect could then migrate by an ionic transfer from one 
grafted counter ion to another. Charge carriers concentration is a function of the free 
energy, AG, = A//, +7AS, required for the charged defect formation and the salt 
concentration n in the ionomer : 

n, =«exp( '-) 
2RT 

(4) 
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The free volume model [17, 18] and Brownian movement equations, lead to the 
following expression for the mobility: 

' 6RT V/ 

where v0 is the attempt frequency and d the jump distance of a charge carrier. The 
exponential term expresses the probability for the charge carrier to have access to 
the critical free volume Vf required for an elementary displacement. Vf is the mean 
value of the available free volume in the ionomer. An increase in pressure will 
decrease this available free volume Vf and, according to Eq. 5, will reduce the ionic 
mobility \i{ and consequently the ionic conductivity. 

As suggested earlier [19], the dependence of Vf on pressure can be deduced 
from the simple assumption that the Vf dependence on temperature and pressure 
follows a state equation similar to ideal gas. This state equation, where the usual RT 
factor is replaced by R(T-TQ), can be justified by the fact that the free volume 
disappears below the ideal glass transition temperature T0 , then : 

PVf=R(T-T0) or Vf = R(? ~T^ (6) 

Associating (3), (4), (5) and (6), the following equation for the oT product is 
obtained: 

cfT = ^ - ^ - v0 exp(- - ^ - ) exp( '- ) (7) 
6R ° 2RT v R<T-T0) 

AH 
Expression (7) can be reduced to a VTF equation if exp( '-) does not vary 

2.RT 
significantly in the investigated temperature range (300 < T < 400 K) compared to 

V'.P 
the exp( - ) term. By identification with Eq. 1, 

R(T-T0) 
. F2nd2 AS,, ... 

* — « - * „ « * — ) (8) 
p 2 j 2 

The pre-exponential factor v0 can be estimated from reasonable values of n 
6/? 

and V0 . For the attempt frequency V0, the usual value 1013 Hz for an ionic 
oscillator, can be chosen. The O/X composition scale for salt-polymer complexes 
does not allow to estimate the concentration n of salt molecules by unit volume. In 
order to propose an order of magnitude, the density of a CI" conductive membrane 
for O/Cl = 8.1 has been measured. The obtained experimental value, 1.52 g.cm"3, 
leeds to a « value equal to 1021 cm"3 and a mean distance d of 10 A between two 
grafted counter cation sites (d «» ]/n'/3). These assumptions allow to estimate the 

value of logio v0 which is close to 4.5. Such a value corresponds to those 
6R 

observed for solid electrolytes in which the charge carriers migrate in a rigid matrix. 
Experimental values of logio/4 are lower than the calculated ones and this difference 
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can be attributed to the (—-) term. From this difference one can evaluate AS, 
2R 

negative values varying from -40 to -120 J.K"1.mol"1, which is of the order of 
magnitude for an ionic dissociation with a strong interaction of ions with the solvent 

[13, 20]. Differentiation of Eqn. 7 allows to express 1 as a function of V. 

and the activation volume AV, related to the charge carrier formation by ionization. 

It is defined by AV, = '-
[ dP ,T 

I 

dlna 
dP 

By identification with Eqn. 2 we obtain 
AC . 
RT 

AV, 
R(T-T0) 2RT 

AV 

that means 
R(T-T0) 2RT 

T 
v̂ 2

 +viT_T 

(9) 

(10) 

(11) 

5. Comparison with experimental results and conclusion 

For a more quantitative verification of Eqn. 11 one may notice that AV vp 

dependence versus T / (T-T0) is expected to be linear. This linear dependence of 
AV app versus T/ (T-T<j) is shown in Fig. 4a and 4b for different cationic or anionic 
conducting ionomers. The slopes can be identified as Vf and AV, can be deduced 
from the extrapolation to 77 (T-T0) -» 0. At this point, it should be emphasized that 
calculated V*f and AF, values greatly depend on the chosen value for the ideal glass 
transition temperature. These calculated volumes tend to increase with a lower value 
of the parameter T0. 

For T0 = 195 K, corresponding values for AF/ and Vf for different charge carriers 
are reported in Table 1. The same table includes the anionic molar volumes 
calculated from the Pauling ionic radius for halogens anions and alkali cations or 
molecular modelling [21] for TFSI" and BF4" anions. 

Table 1 : Local variations of activation volume AF/ associated with the dissociation process and critical 

free volume Vf for ionic migration. V,„„ is the volume of the "dry" cation or anion. 

A.V; cm3/mol 
Vf1 cm3/mol 
Vie, cm3/mol 

0/Li = 31.2 
-6 
8.1 
0.8 

0/Na = 22.9 
-12 
10 
2.3 

0/K = 18.2 
-1 
12.9 
5.9 

AK; cm3/mol 
^9*cm3/mol 
Vie* cm3/mol 

0/CI = 27.4 
-57 
19 

14.9 

0/Br = 32.4 
-71 
23 

18.9 

O/I = 33.2 
-30 
14 

26.7 

0/BF4 = 31.5 
-119 

35 
30.7 

O/TFSI = 31.4 
-44 
17 

49.4 
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For all ionomers, AV< has a negative value, which can be explained by a local 
volume contraction associated with the solvation of the charged species after 
dissociation (interstitial pairs and grafted counter ion). This solvation may increase 
the local order explaining the negative and high values for the dissociation entropy 
AS,. For all ionomers studied, except TFSr and T, V', is higher than the proper 
volume of the isolated ion. This difference can be qualitatively interpreted by 
assuming that the moving species is not only the charged carriers but also their 
global solvation shells formed by the interaction with the oxygen ligands of the 
polyether chains. This difference which is higher for cationic ionomers can signify a 
stronger interaction of the cation with the macromolecular chain compared with the 
anion. 

a) b) 

2 2.5 2.9 
• '\ T/(T-T0) 
0 0.5 1 l..« 2 2.S i 

T/iT-Toi 

Figure 4 : Dependence of the "apparent activation volume" AV"app as a function of T/(T-T0) to determine 

the dissociation activation volume AV, and the critical free volume Vf for a) cationic ionomers. and for 

b) anionic ionomers. (T0 = 195 K) 

These lower interactions between the anions and the macromolecular chains 
make the anionic migration easier and would explain its higher transference number 
compared to the associate cation when a lithium salt is dissolved in a polymer 
solvent without grafting [2, 3, 19, 20]. For the anions I" and TFSI", the activation 
volume is found lower than the anionic volume, this particularity probably resulting 
from the deformability of these two anions. 
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Polyurethane gel electrolytes with various solvents such as propylene carbonate (PC), 

propylene carbonate - ethylene carbonate (PC-EC) and y-butyrolactone - ethylene carbonate 

(GBL-EC) were synthesized and studied by different characterization tools. Impedance 

spectroscopy and nuclear magnetic resonance spectroscopy (NMR) provides the insight on 

ionic mobility in the gel electrolyte. The syneresis effect was studied by observing the weight 

loss as a function of time. Morphology of the gel electrolyte was investigated by ESEM. 

Among the various compositions, the maximum conductivity was observed for 35%PU-

60%EC/GBL-5%LiClO4. The maximum conductivity of gel electrolytes was found to be 3.98 

x 10"3 S/cm at the room temperature, which is higher than that reported in the domain of 

published literature for the thermoplastic polyurethane family. Moreover, merely 3.5% weight 

loss was observed for the period of 30 days. The 3.5% wt solvent loss has negligible effect on 

the conductivity of the gel electrolyte. Test cell was fabricated using polyurethane gel 

electrolyte and discharge characteristic was studied. 

1. Introduction 

Polymer gel electrolytes are receiving considerable attention in electrochemical 
applications such as rechargeable lithium batteries and electrochromic displays, 
owing to their high ionic conductivity1. These electrolytes are obtained by 
incorporating a large quantity of liquid plasticizer and/or solvents in a polymer 
matrix as a host that is capable of forming a stable gel" . Polymeric materials with a 
polar group, such as poly(ethylene oxide), poly(acrylonitrile), poly(methyl 
methacrylate), poly(vinyl chloride) and poly(vinylidene fluoride), have been widely 
used as host polymers in gel electrolytes5. 

In recent years, significant interest has been shown on gels with thermoplastic 
and cross-linked polyurethane as hosts because their structures and properties can 
be varied over a wide range6"8. The variety in the reactants, namely polyols and 
diisocyantes, provides the degree of freedom in designing the polyurethane. In 
polyurethane matrix, diisocyante acts as a hard segment, which accounts for the 
good mechanical properties of the material, while the soft segment, polyol, assists in 
the transportation of lithium ions9. Moreover, by fixing the reactants, the properties 
can be further fine tuned by changing its composition10'11. However, the 
thermoplastic polyurethane gel electrolytes show poor mechanical properties at 
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higher temperature12. Cross-linked polyurethane could solve the problem of 
mechanical stability, gels with controlled thickness are difficult to obtain12. 

In order to achieve controlled thickness and good mechanical properties at 
higher temperatures, triol based partly crosslinked polyurethane (PU) gel electrolyte 
with single and mixed solvents say ethylene carbonate - propylene carbonate (EC-
PC) and ethylene carbonate - y-butyrolactone (EC-GBL) are reported in this work. 
The conductivity of this gel electrolyte is higher than that of any other thermoplastic 
polyurethane reported till date13"15. The effect of concentration of liquid electrolyte 
on glass transition temperature (Tg), conductivity, ionic mobility, structure and 
morphology of the electrolytes are discussed in detail. Fabrication and performance 
of test cells with gel electrolytes are discussed. 

2. Experimental 

Polyurethane matrices with different compositions were synthesised from MDI 
(Huntsman, India) with an average molecular weight of 4500 and polyoxyethylene 
triol (Huntsman, India) with an average molecular weight of 5500. MDI and 
polyoxyethylene triol was vacuum dried at 75 °C for 24h, prior to the synthesis of 
polyurethane gel electrolyte. The liquid electrolyte was prepared from propylene 
carbonate (PC) (Spectrochem, India) and LiC104 (Aldrich). The molar ratio of 
carbonyl group in PC to the cation in LiC104 was fixed at 1:12. At this molar ratio, 
maximum conductivity of the liquid electrolyte could be achieved and hence was 
chosen for our study16. The same composition holds true for the mixed solvents, 
which has equimolar ratio between them. 

Polyurethane gel electrolyte was synthesized by adding polyoxyethylene triol 
followed by MDI to the liquid electrolyte at room temperature. The solution was 
mixed thoroughly and kept at room temperature for 24h to complete the 
polymerization leading to the gel formation. The gel electrolytes thus obtained were 
kept in an oven at 50 C for 12h to remove the excess solvent. Polyurethane gel 
electrolytes with different compositions were synthesized. The maximum uptake of 
PC in a self-standing polyurethane gel electrolyte was found to be ~60-wt%. Among 
the various compositions of polyurethane gel electrolytes, the polyurethane matrix 
with 1:4 volume ratio of polyoxyethylene triol and MDI only shows the desired 
properties such as homogeneity and are self-standing. Hence further studies such as 
thermal analysis, electrical conductivity measurements were carried out on 
polyurethane of this composition as a host and varying PC content. For mixed 
solvents, only polyurethane with higher intake of liquid electrolytes was chosen. 
The compositions of these electrolytes are given in table 1. 
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Table 1: Composition of PU based polymer gel electrolytes 

Code 

PU1 
PU2 
PU4 
PU6 
PU8 
PU10 
PU12 
PU-PC-EC 
PU-EC-GBL 

Polymer 
(PU) 
64.13 
61.96 
56.52 
51.09 
45.66 
40.22 
34.78 
34.78 
34.78 

Solvent 
(PC) 
33.00 
35.00 
40.00 
45.00 
50.00 
55.00 
60.00 
60.00 
60.00 

Salt 
(LiC104) 
2.87 
3.04 
3.48 
3.91 
4.34 
4.78 
5.22 
5.22 
5.22 

Thermal analysis of the polymer gel electrolytes was carried out with 
NETZSCH 200PC Differential Scanning Calorimeter (DSC). The samples sealed in 
aluminum pans were scanned from -125 to 150 C at the heating rate of 10 C min" . 
Above 150° C, the gel electrolytes undergo continuous loss of solvent 
accompanying a baseline drift in the DSC curve. 

Frequency dependent conductivities of these gel electrolytes were measured 
with an Alpha high resolution analyzer coupled to a Novocool temperature control 
[Novocontrol Gmbh, Germany] system in the frequency range of 10"' Hz to 10"7 Hz 
and the temperature range of -80 to +50°C in steps of 10°C. Gels of uniform 
thickness were placed between two gold electrodes to ensure the good contact 
between the gels and electrodes. 

Dynamic mechanical analysis was carried out on rectangular samples having 
dimensions (~ 15x2x1 mm) using Tritec 2000 DMA (Triton Technology, UK) 
under tension mode using a dynamic frequency of 1 Hz from -100°C to room 
temperature at a heating rate of 4.0 °C/min. 

Experiments of small angle X-ray scattering on polymer gel electrolytes were 
performed in pinhole geometry, using SAXS camera (Anton Paar GmbH). The Cu 
Koc line was used as incident radiation from PANalytical X-ray source at 40 kV 
(40mA). Image plate reader, (Packard Bioscience, Inc) was used to record the 
scattering rays. The scattering intensities were presented as a function of the 
magnitude of the scattering vector q = (4iz/X) Sin 9, where X is the wavelength of 
the radiation and 29 is the scattering angle. 

The Li NMR spectra and the diffusion coefficients were measured by a Bruker 
Advance 400WB spectrometer. The diffusion coefficients of the cations were 
measured by the Pulse Field Gradient-Spin-Echo (PFG-SE) method for the Li NMR 
signal of the sample. The surface morphology of the polymer gel electrolyte was 
examined by using Philips environmental scanning electron microscope (ESEM) 
model XL-30. The transmittance of polymer gel electrolytes was measured with 
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SHIMADZU UV 160A UV-Visible spectrophotometer in the wavelength range of 
200 to HOOnm. 

The discharge characteristics of the cells were studied using 6514 Keithley 
electrometer. The electrolyte was sandwiched between the lithium sheet anode and 
graphite cathode. The cathode and anode were pressed to improve the contact and 
compactness of the cell. 

3. Results and Discussion 

3.1 DSC Studies 

Figure 1 shows the DSC spectra of PU gel electrolytes with different amount of 
liquid electrolytes. DSC spectra for all the compositions are featureless upto 150°C 
except for the Tg. Absence of any crystalline or melting peak in the temperature 
range -125 to +150°C indicates that the gels are highly amorphous in nature. The 

-ioo -a) o so 100 
Temperature (°C) 

Figure l: DSC curve of PU based polymer gel electrolytes 

Tg value of the polyurethane gel electrolytes decreases with increase in PC content 
as shown in table 2. Among these compositions, the gel with 60-wt% PC (PU12) 
showed the lowest Tg - 97 °C which is closer to that of the corresponding liquid 
electrolyte i.e., -104°C. The Tg of PU12 is atleast 30 °C lower than the value 
reported by Yoshimoto et al.'3 for a thermoplastic PU gel. The glass transition of 
mixed solvents almost falls near to the gel electrolyte with PC solvent. 
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3.2 Ionic Conductivity 

Ionic conductivity of the PU based polymer gel electrolytes was obtained from AC 
impedance analysis. Figure 2 shows a typical Cole-Cole plot for PU12 gel 
electrolyte. The inset represents the corresponding equivalent circuit. The 
components in the equivalent circuit, CI is attributed to the double-layer 
capacitance at the lectrode/electrolyte interface, Rl and C2 are attributed to the bulk 
electrolyte resistance and capacitance, respectively. The equivalent circuit was 

R, C, 

__pMMfr_ 

jj. 

* °l 

I (s P D 223 K 

\ I ft B * 233 K 
id T^g 0 243 K 

A 253 K 

0 4 8 

Impedance Z ' (103 Ohms) 

Figure 2: Cole-Cole plot for PU12 

12 

found to be applicable to all gel electrolytes and at all temperatures. The DC 
conductivity of the polymer gel electrolyte is calculated from the bulk resistance Rl. 
Table 2 shows the DC conductivity of the single and mixed solvents based polymer 
gel electrolytes at room temperature. The maximum conductivity of 3.98x 10'3 S/cm 
was achieved for the composition of PU-EC-GBL at room temperature, which is an 
order higher than the value reported by Yoshimoto et al., Tian et al. and Wen et 
al.13"15. 

-2 

E u 

O) 

o 

1000/T (K1) 
Figure 3: Arrhenius plot of polymer gel electrolytes. Solid lines are VTF fit to the data 
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Figure 3 shows the variation of the DC conductivity with inverse temperature 
for different composition of gel electrolytes with single solvent. The variation fits 
well with VTF relationship17. The relationship is given as a = AT""2 exp (-B/T-T0) 

Here A is a constant which is independent of temperature, B is the pseudo 
activation energy which is related to polymer segmental motion, T0 is the ideal glass 
temperature may also be compared with the Tg obtained from DSC. The results of 
the regression and the DSC data of the gel electrolytes are tabulated in table 2. The 
VTF equation was found to provide a good fit and describes the transport properties 
in a viscous matrix18. 

Table 2: VTF fit data and Tg from DSC for PU based gel electrolytes 

Code 

PU1 
PU2 
PU4 
PU6 
PU8 
PU10 
PU12 
PU-PC-EC 
PU-EC-GBL 

CTDC at RT 

(S/cm) 
6.578xl0"6 

2.919xl0"5 

7.891xl0"5 

5.134xl0"4 

9.813xl0"4 

1.560xl0"3 

2.530xl0"3 

2.990xl0"3 

9.260xl0"3 

Ea 
(kJ/mol) 

5.37 
4.622 
4.206 
3.017 
2.785 
2.726 
2.319 
4.040 
7.570 

T0(K) 

160 
155 
151 
147 
139 
134 
128 
154 
134 

TR 

(K) 
208 
205 
199 
193 
185 
181 
176 
179 
177 

Figure 4 shows the variation of conductivity and activation energy with PC 
content in the gel electrolyte. The conductivity of the gel electrolyte increases with 
increase in PC content. The inflation rate of conductivity decreases gradually and 

1 0 ' I 1 1 1 1 1 1 1 2 
30 35 40 45 50 55 60 

Composition (Wt%) 

Figure 4: Variation of DC conductivity and Activation Energy with increase 
in PC composition of the gel electrolytes. Solid lines are guidelines to Eye 
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attains maximum value. The variation of conductivity with composition shows two 
distinct paths. The presence of two paths gives the insight of change in structure of 
gel electrolyte. The insight is well supported by the dynamic mechanical analysis of 
the polymer gel electrolyte. 

3.3 DMA Studies 

Figure 5 shows the variation of tan(5) with temperature. It may be noted that the 
tan(5) peak broadens at higher concentration of PC and narrows at lower 
concentration. When these values are plotted in master plot shown in figure 6, the 
structural change is observed in the polyurethane gel electrolyte upon addition of 
PC content, when PC content varied from PU4 to PU6. The structural change after 
certain concentration can be assumed from the conductivity is that the PC may be 
continuous in the gel electrolyte which provides easy channel for the lithium ion to 
migrate 

Temperature T/T 

Figure5: Variation of mechanical tan(5) with Figure 6: Master plot of mechanical loss tan(8) 
temperature measured at 1 Hz 

3.4 NMR Information 

In general, the line width of a NMR spectrum is a measurement of ion mobility in 
the system. The faster the ion migrates the narrower the line width of the spectrum. 
Figure 7 shows the 7Li spectra at 303K for the gel electrolytes PU (a), PU-PC (b) 
and EC-EBL (c). All the samples show three components; a broad one having 
~3000Hz, and a narrow peak having two overlapping components at its up-field side. 
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Figure 7: Li NMR spectra for PU based gel electrolytes 

The broad one grows much more for the mixed solvents. In these systems, there are 
three kinds of Li+ ions which correspond to each of the components in the NMR 
spectrum. The narrow peak is caused by the fast ion transport. The broad peak 
corresponds to the slow mobile ions. The NMR spectrum of the gel samples has the 
same profile of liquid electrolyte but with a chemical shift of 5ppm. This behavior 
shows that all the peak of the gel electrolytes are corresponding to the lithium ion in 
the solvent phase and not from the polymer matrix. PGSE-NMR method was used 
to determine the self diffusion coefficient of lithium ion. The conductivity was 
calculated from diffusion coefficient using Nernst-Einstein relation. The calculated 
conductivity is in excellent agreement with the conductivity of the gel electrolyte 
obtained from complex impedance spectroscopy which is shown in table 3. The 
comparable conductivities show that the movement of most of lithium ion in the gel 
is not influenced by the polymer matrix. 

Table 3: Observed and calculated conductivity of PU based gel 

Temperature 
(K) 

303 
313 
323 

PU-PC 
(xlO3 S/cm) 

Obs. 

2.53 
3.81 
4.72 

Cal. 

2.71 
4.19 
4.98 

PU-PC-EC (xlO3 

S/cm) 

Obs. 

2.94 
3.71 
4.95 

Cal. 

2.56 
3.20 
4.23 

PU-EC-GBL 
(xlO3 S/cm) 

Obs. 

3.98 
5.72 
8.31 

Cal. 

4.21 
6.28 
11.5 

3.5 Morphology Studies 

The cross sectional view of polyurethane based gel electrolytes is shown in figure 8. 
The fracture was done by freeze fracture technique 
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i.e., quenching the gel into liquid nitrogen. Figure 8a shows wrinkled cloth like 
morphology. In order to find whether the wrinkleness is because of vaccum in 
E S E M (1 Ton*) or inherent morphology, the sample is dipped in liquid nitrogen and 
immediately the morphology is recorded. Figure 8b confirms the wrinkleness is 
because of vacumm produced by E S E M . The micrograph also confirms that there is 
no phase separation between the polymer and the solvent, that may lead to pore 
formation, makes the solvent difficult to exude & o m the gel. 

Figure 8: E S E M Micrograph of PU-PC based ge! e!ectro!ytes 

3.6 *S?yyw%m E%y^% 

Gel polymer electrolytes may undergo solvent exudation upon long storage. This 
phenomenon, known as the syneresis effect, has been encountered in many gel 

? 
33 SO 

aa 20 -V^- PS-EC 
-*—S6-GBL 

8 13 1S 20 23 30 38 

Figure 9: Syneresis studies of P U based gel eiectro!ytes 
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polymer electrolyte systems19" . In order to investigate the solvent exudation upon 
long storage in PU gel, the weight loss and conductivity was measured as a function 
of storage time in open atmosphere. Figure 9 illustrates the decrease in weight with 
the function of time for all the composition of PU gel. The maximum weight loss 
was seen merely 3.5%) of PC. The absence of pores in the PU based gels suggest a 
strong interaction between the PU and PC makes the organic solvent difficult to 
exude from the polymer matrix. Figure 10 depicts the behavior of the conductivity 
with the function of time for PU12. The ionic conductivity remains nearly constant, 
which means there is very less effect on conductivity for a 3.5% weight loss. The 
addition of EC to the PU-PC gel electrolyte makes much stronger interaction while 
the addition of GBL leads to heavy loss of solvent because of its vapor pressure. 

10 15 20 

Time (in days) 

Figure 10: Variation of DC conductivity with the function of time on PU12 

3.7 Transmittance Studies 

The transmittance of polymer gel electrolytes for all the composition shows more 
than 90%o over the visible range. Figure 11 shows the UV-VISIBLE spectra for 
PU12 of 2mm thickness. Apart from high transmittance, the gel sticks well with the 
glass and metal surface. Because of these excellent properties it can also be used in 
electrochromic devices. 

3.8 Discharge Characteristics 

The discharge characteristic of electrochemical cell based on PU-PC is shown in 
figure 12. The discharge of the cells was studied at room temperature at different 
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current drains (0.02, 0.075 and 0.2 mA/cm). It has been observed that at 0.02 
mA/cm2 current drain, the voltage was constant for more than 3 hrs. The capacity 
and power density of the batteries will be calculated according to this drain current. 
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Figure 11. UV-VIS pattern of polyurethane based gel electrolytes 
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Figure 12: Discharge study of the cell with PU-PC gel electrolyte. 

4. Conclusions 

The ionic conductivity of PU based gel electrolyte is much higher (3.98xl0"3 S/cm) 
than the reported for thermoplastic PU gels at room temperature. The characteristic 
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of mixed solvents based gel electrolytes has similar effect of PC based gel 
electrolyte except the syneresis effect. Syneresis study shows there is a strong 
interaction between the PU and PC and it makes the organic solvent difficult to 
exude from the polymer matrix. Because of transparent nature and high ionic 
conductivity, PU gel electrolyte also has potential applicability in electrochromic 
devices. 
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The wide scattering of experimental data shows unambiguously that Nafion®l 17 conductivity is very sensi

tive to climatic conditions, temperature and relative humidity. Conductivity measurements have been car

ried out by impedance spectroscopy between 10°C to 95°C in a broad domain of relative humidity i.e. 10 to 

98%RH. These accurate data enable a power relationship to be proposed at constant temperature between 

conductivity and relative humidity. This suggests that the solvation process of a sulfonic group involves 

four water molecules. Assuming a protonic mobility weakly dependent on temperature, a solvation en

thalpy of a perfluorosulfonic acid group by water of-135 kJ-mof' is deduced from conductivity variations 

with the temperature. 

Keywords: proton conductivity; National 17; solvation; enthalpy. 

1 Introduction 

Nafion membranes and their analogues are extensively used as polymer electrolytes 

for electrolysis or in PEM fuel cells. These membranes are made of a hydrophobic fluori-

nated macromolecular skeleton with dangling perfluorosulfonic acid groups. The swelling 

by water is induced by these acidic side chains. The mobile charge carriers i.e. the protons 

are provided by the partial ionization of these acid groups. 

2 Experimental 

2.1 Membrane preparation 

Nafion®117 is purchased from Dupont de Nemours (Ref. Aldrich: 
274674-1EA) . M e m b r a n e samples of about 20 cm2 and about 180 um thick

ness (0.007 inch dry) are immersed in a 3 mol-L"1 solution of nitric acid for two hours to 

achieve the acidification of sulfonic groups. The acid excess is then extracted by Soxhlet 

using distilled water for one week. The membranes are balanced with distilled water for one 

week. Samples of about 1 cm2 are then taken for conductivity measurements. The low vol

ume of the samples, about 10 mm3 between the electrodes, has been chosen to allow a rela

tively fast equilibrium with partial pressure of water at different temperatures. 

The water diffusion coefficient D H 0 , depending on water content in Nafion® 117, is 

between 5 x 10-7 to 7.5 x 10-6 cm2s-l at 30°C''2. The time t necessary to reach equilib-
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rium in the sample volume can be estimated from the relation ^ « 1 where 1 is the 

radius of the electrode tightening surface. For 1=2 mm, t can be estimated between 2 and 

22 h. 

2.2 Conductivity cell 

The conductivity cell provides constant cell parameters with climatic conditions for a 

small membrane sample. The gold electrodes are circular with a small dissymmetric size 

(2.1 and 2 mm in diameter) to prevent them moving off-center. For the same reason, the 

gold cylindrical electrodes are embossed in Macor ceramic cylinders. The electrode dis

tance may be accurately adjusted and measured by the displacement of the ceramic cylinder 

in a metallic support. For a series of measurements on a sample, the cell parameter (about 

0.64 cm"1) is determined from a previous calibration by immersion of the cell in a 

0.1 mol-L"1 KC1 solution at 20°C. 

2.3 Climatic chamber 

The climatic chamber (Votsch VC 4018) allows the relative humidity to be stabilized in 

a temperature range from -40°C to 180°C. The temperature was limited between 10°C and 

95°C range in which RH can be adjusted between 10 and 98%. 

2.4 Impedance measurements 

The conductivity measurements were carried out using a Hewlett Packard 4192A LF 

frequency response analyzer. Impedance measurements between the different cells are 

automatically driven by an Agilent 34970A Switch unit equipped with 34901A 20 channel 

card. The spectra were recorded between 5 Hz and 13 MHz. At low impedances of the 

sample, the resistive contribution of the set up to the overall resistance (leads and connec

tions) may range from 1 to 10% of this value. For this reason, the impedances measured are 

corrected from the set up impedance measured in the same frequency range. This imped

ance can be represented below 4 MHz by an inductance of 5 u,H associated to a resistance 

of 1.3 O. in serie. The resistance of the membrane is taken at the minimum in the electro

chemistry Nyquist plot, which is usually between 104 and 106 Hz. 

3 Results and discussion 

For more clarity, the variations of conductivity as a function of T and RH have been 

separately represented in figure 1 and 2 respectively. 
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Nafion®! 17 conductivities as a function of the temperature at constant RH values. 
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Figure 2. Isothermal values of Nafion®l 17 conductivities as a function of RH. 

These conductivity values are obtained with a total uncertainty of 30% in the broad 

domain of data. This new database can be used as a data chart to study the impedance of 

Electrode Membrane Assembly and the water content in working (drying, flooding, cells 

modelling interest). 
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3.1 Isothermal conductivity variations with partial pressure of water 

The significant influence of partial pressure of water on conductivity a must be empha

sized. This dependence appears more clearly in figure 3 which plots log a as a function of 

logRH. 

M 
O 

1,5 1,6 1,7 1,8 

log(RH) 

1,9 

Figure 3. Isothermal values of log a versus log RH of Nafion®! 17. For clarity, not all data are represented. Iso

thermal straight lines obtained from the best linear fit correspond to a temperature difference of 20°C. 

In this representation, experimental data define approximately straight lines whose slope 
d( loga) 

* 2 . This behaviour can be simply interpreted assuming a low partial ioniza-
d(logRH) 

tion of the sulfonic group, with the water adsorbed in the membrane according to the equi

librium: 

- S O J H + + p H 2 0 ^ - S 0 3 n H 2 0 + H + m H 2 0 (1) 

In this relationship, n and m are the number of water molecules associated with a sul

fonic group and a proton after ionic dissociation. The total number of water molecules im

plied in this solvation equilibrium is p = m+n. In this process, the electrostatic attraction be

tween an - SO 3 anion and a proton is compensated by hydrogen bonds and ion dipole in

teractions formed with water molecules. Assuming a partial dissociation of the sulfonic 

group, the following relationship links the components of equilibrium (1): 
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- S O " n H , O H + m H , 0 
K » ' ; = i » 1 ( 2) 

PS2o(T) 

In this equation, K(°>v is the solvation constant of-S03H group at temperature T and 

PH 0 (T) the partial pressure of water in equilibrium with the water adsorbed by the mem

brane. If the concentration of ionized species remains low, their activities may be consid

ered as proportional to their concentration. Since — SO JnHjO = H + m H 2 0 the concen

tration of solvated protons H + m H 2 0 is proportional to Pjj 0 ( T ) . If we assume that the 

solvated proton mobility remains constant at a constant temperature, the conductivity is 

proportional to the number of solvated protons. The solvation constant K^-)" may then be 

considered as proportional to the proton conductivity o: 

|2 

* sol 
H + m H , 0 

KS01V(T)=J '- (3) 
P£2o(T) 

2 2 

K
 s°lv (T) oc — = 5L= (4) 

P£ ; 0 (T) (%RH-PH-'0)£ 

where P ^ o is m e partial pressure of water in equilibrium with liquid water. 

Finally, isothermal values in log o are proportional to log RH according 

to log O oc — • log RH + cons tan t since at a constant temperature PH 0 is proportional to 

RH. The slopes of the straight lines represented in figure 8 suggest — w 2 then p » 4 . 

According to our hypothesis, it means that four water molecules are involved in the 

solvation process of a sulfonic group. At this point, it is not possible to estimate the number 

of water molecules, n and m, associated to the anion or cation. Interestingly, a previous 

work on proton transfer in Nafion®l 173 concluded on a vehicular mechanism for which the 

proton is strongly linked to about 3 water molecules in highly humidified Nafion®l 17. Tak

ing into account this result, it would mean that in the solvation equilibrium suggested in (1), 

n and m would be respectively 1 and 3. 

3.2 Conductivity variations with temperature 

Considering again equation (3): 

| H + m H 2 o | 2 | H + m H , 0 | 2 

K s o l v(T) = J L = J J_L_ ( 3 b l s ) 

P > ( T ) ( " / o R H - P " ) ? 
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lnK^ 0 , v =ln 
| H + m H 2 0 | 

( % R H - P „ ^ ) ? 
(5) 

Assuming now a proton mobility weakly temperature dependent as usual in aqueous 

solution4 variations of conductivity with temperature can be attributed mainly to variation 

in charge carriers concentration. Consequently: 

ln(Kf ) = = ^ 

with p = 4 as previously determined. 

22 

AH„ 

RT 
-oc In-

( % R H - P « ) ? 

OH 

20 

16 

14 

12 

10 

40% RH 
60% RH 
80% RH 
98% RH 

• 100% RH 

(6) 

0,0026 0,0028 0,003 0,0032 0,0034 0,0036 

Figure 4: In-
(%RH-P»'0)} 

at constant RH values versus the reciprocal of absolute temperature. For 

clarity, not all data are represented. 

In figure 4 are reported In 
e/.RH-p„"')} 

as a function of the reciprocal of absolute 

temperature T. Experimental data define straight lines from which we can estimate a sol

vation enthalpy AHsolv=-135 kJmol-1. This value is of the expected order of magnitude 
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for a solvation process5"7. ASsolv cannot be determined since the mobility of the proton 

charge carrier in Nafion® is not known. 

4 Conclusions 

Accurate conductivity measurements on Nafion® 117 allow to establish a quantitative 

relationship between isothermal protonic conductivity data and the relative humidity 
p/ 

(ooc ( R H ) / 2 ). This dependence can be interpreted by the variation in the concentration 

of protonic charge carriers with the amount of water adsorbed by the membrane. These 

protonic charge carriers would stem from the partial dissociation of the sulfonic groups 

grafted to the macromolecular skeleton. The parameter p is identified with the number of 

water molecules necessary for the solvation of a sulfonic group. In the present case, our 

experimental results suggest p ~ 4. From conductivity dependence with temperature, an 

exothermic solvation enthalpy of-135 kJmol-1 is estimated. 
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Abstract 
Efforts have been made here to develop a proton conducting composite polymeric gel 

electrolyte, namely, PEG-PVA-(NH4CH2CC>2)2 system and investigate its ion conducting behavior. The 
gel samples with varying PVA concentration have been prepared in 1 M solution of (NHtCH2C02)2 in 
Dimethyl Sulphoxide used as casting solvent. The XRD of samples exhibit crystalline nature of 
composite gel electrolytes which increases with increase of PVA concentration in the gel .Shift in 
endothermic transitions of constituents and corresponding broadness in DSC thermograms of as 
synthesized samples have been attributed to the formation of composite gel electrolytes. The room 
temperature ionic conductivity of gel electrolytes (3.5X1CT4 S. cm'')have been found to be comparable 
to that of liquid electrolytes(5.52xl0"4 S. cm"1). Temperature dependence studies of ionic conductivity 
reflects VTF character of gel electrolytes 
Keywords: Polymer electrolytes, ion conductors, composites, gels 

1.0 Introduction 

Polymer Electrolytes have become attractive electrolyte materials for different 
electrochemical applications in the past two decades on account of certain distinct 
properties like ease of fabrication, mouldability into any shape and size etc [1]. It is 
well known that ionic conductivity in solid polymer electrolytes is essentially 
confined in the amorphous phase and so conductivity values are quite low as 
compared to liquid electrolytes. A number of approaches have been tried over the 
years to augment the ionic conductivity in these polymer electrolytes besides 
developing new electrolyte systems including dispersal of inorganic/organic fillers 
in the polymer matrix to form composite polymer electrolytes [2-4]. In the past 
decade, few systems like polyacrylamide (PAAM) and polyvinyl alcohol (PVA) 
based composite polymer electrolytes have been reported wherein ionic 
conductivity and mechanical integrity improves considerably [5-7]. Among the 
other approaches, gel formation techniques have become popular in recent years, 
as they offer an approach to attain high conductivity value approaching that of 
liquid electrolytes alongwith good elastomeric and adhesive properties[3]. These 
gel polymer electrolytes have enough mechanical strength, but there still remains 
the exudation problem of liquid electrolyte due to phase separation between 
polymer matrix and encapsulated liquid electrolyte. Recently, use of modified 
copolymers with two or more functional monomers have been suggested as a 
solution to this leakage problem and improvement of mechanical strength 
[8].Some of the reported gel system belonging to this category are poly(VC-AN), 
poly (MMA-VC), poly(styrene-AN), poly (styrene-butadiene) [8-11].With in this 
framework, an attempt has been made in the present work to develop a 
Polyethylene glycol based polymer composite gel electrolyte, namely, Polyethylene 
glycol- Polyvinyl alcohol -(NH4CH2C02)2 system. This system has been studied on 
account of the fact that both Polyethylene glycol (PEG) and polyvinyl alcohol 
(PVA) are separately reported to form highly amorphous complexes/ gels with 
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salts and acids [11-14 J.Further these polymers possess properties of forming good 
miscible blends[15]. 

2.0 Experimental 

2.1 Synthesis 

In the present investigation, PEG ( MW - 10,000), Aldrich make; PVA (average 
MW -85000- 146000),Aldrich make; (NH4CH2 C02)2, AR grade, Rolex chem make 
and aprotic solvent dimethyl sulfoxide (DMSO) AR grade, sd fine chem make were 
used for synthesis of composite gel electrolyte. PVA was dispersed in different 
stoichiometric ratios in PEG dissolved in IM of liquid electrolyte of 
(NH4CH2C02)2 in DMSO. Addition of polymers to liquid electrolyte was carried 
out very slowly for formation of homogeneous gel. After syneresis, gels in form of 
thick films were taken out and dried at room temperature for few days to obtain 
stable gel electrolytes. The resulting gel films were stored carefully to avoid further 
exudation of solvent 

2.2 X-ray diffractogram 

XRD pattern of as synthesized comports gel electrolytes were obtained on Rigaku 
International Corporation make diffractometer ( model RU-3HR) with Cu-Ka 
(>L=1 .544 A) radiation to assess their complexation behaviour and morphology. 

2.3 DSC studies 

Differential scanning calorimetry of pristine materials as well as few gel 
electrolyte samples were performed on a Dupont series 2000 thermal analyser, 
USA,with a scanning rate of 5K.min"' in a nitrogen purged cell in the temperature 
range 298-523K to assess their thermal behaviour and morphology. 

2.4 Electrical measurements 

The gel electrolytes were sandwiched between two platinum electrodes and 
electrical conductivity measurements were performed on an Hoiki make LCR meter 
(Model 3520) in the frequency range 40Hz -100kHz at various temperatures 
ranging between 287 K and 373 K. 

3.0 Results & Discussion 

3.1 XRD Analysis 

Fig 1 depicts the XRD patterns of pristine materials PEG, PVA and 
(NH4CH2C02)2 together with that of PEG: PVA blend (65:35 wt. ratio). (PEG: 
(NH4CH2C02)2: PVA) composite gel electrolytes for two concentrations of PVA. 
XRD patterns of pristine polymers and 65:35 wt. ratio pure blend (curve a, b, c) 
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b 

exhibit occurrence of back ground modulation generally observed in the case of 
polymeric systems. The relatively sharp characteristic peak at 20=19.6° and 
shoulder at 29=9° (curve-c) related to DMSO casted PVA and two closely spaced 
peaks around 20=21° and 22° related to pure PEG (curve-b) were noticed [11, 16]. 
In case of PEG: PVA blend (curve c), a relatively intense peak at 20= 11.6° was 
observed (curve-d) and not assignable to components. The appearance of this peak 

Can be correated to formation of 
miscible blend resuting from 
interaction among component 
moreover, appearance of peak at 
lower 20 value is probably 
account of better solvation of 
components as solvent swollen 
characteristics of PVA and 
plasticization property of PEG 
is well known [17,18].When 
PVA is added to pristine PEG: 
(NH4CH2C02)2 gel electrolyte to 
form composite gel system, a 
broadening in peak related to 
pure polymer is noticed together 
with occurrence of an intense 
sharp peak superimposed on the 
broadening together with a 
shoulder around 20=26° 
Comparison of XRD patterns of 
pristine materials with this XRD 
curve suggests that the 

T 
g 

Fig.l. X-ray diffractogram of (a) 
(NH4CH2C02)2(b) Pure PEG (c) DMSO casted 
PVA film along gel film containing (d) 
PEG:PVA Blend (e) 20wt% (f) 30wt% PVA 

observed intense peak is not assignable to any of the peak of pristine materials. 
However, the kink around 26° can be correlated to the presence of salt in traces as 
no other peaks of salt (curve-a) could be observed in XRD pattern. These results 
indicate formation of a microcrystalline composite gel system through strong 
interaction among components. As evidenced from diffractogram, crystallinity is 
seen to improve with increase of PVA content Closer 

Table 1 .Crystallte size and d-spacing of composite gels along with salt 

Sample 

Pure PEG 
PVA film casted in DMSO 
PEG:PVA Composite 
Gel electrolyte containing 20 wt% PVA 
Gel electrolyte containing 30 wt% PVA 

20 
(degrees) 
22 
19.6 
11.2 
19.7 
19.6 

Crystallite 
Size L (A) 
5.7 
21.2 
16.06 
10.62 
22.15 

d-Spacing 

(A) 
4.04 
4.52 
7.89 
4.52 
4.45 
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examination of diffractograms also reveal the presence of salt in traces (appearance 
of weak XRD peak related to salt at 26=26.22° and 28.36°)at higher PVA content. 
The crystallite sizes related to pure PEG were evaluated using the well known 
Scherrer equation [19] to assess the morphology of gel electrolytes and listed in 
table 1. It is being noticed that as the fraction of PVA in the pristine gel enhances, 
though there is insignificant change in 26 value and d spacing, crystallite size 
decreases significantly. Such a shift in 26 values could be associated to interaction 
among components and formation of PVA: (NH4CH2C02)2 complexes. 

3.2 DSC studies 

One of the pertinent factors for miscibility of polymers to form compatible blends 
is that one of the components should be highly crystalline while the other be highly 
amorphous.[15].Within this framework, Polyethylene glycol which is mostly 
crystalline is expected to show compatibility with amorphous polyvinyl 
alcohol.Fig2, which depicts DSC profiles of few gel composites prepared by 
soaking ammonium succinate electrolyte, ascertains this hypothesis. The observed 
low temperature endothermic transitions around 333K can be correlated to complex 
crystalline part of PEG which has a melting point of 336K. Further it is noticed 
from the given DSC profiles that upon increase of PVA content (till 30wt%) in 
composite gel, this endothermic transitions shifts towards lower temperature 
before vanishing at 30wt% PVA content. Shifting of the peak can be attributed to 
increase in intra molecular and inter molecular coordinations between coordinating 
sites on different polymer chains caused by salt ions acting as 

transient crosslinks [11]. The 
disappearance of this melting 
isotherm corresponding to PEG also 
suggests complete miscibility of PEG 
with PVA leading to formation of 
single phase system. The occurrence 
of endothermic transition in the 
temperature range 423-445K exhibits 
the presence of unsolvated salt for all 
compositions of composite 
electrolyte. This argument is in 
correlation in with the DSC curve for 
pure salt (curve a) and in accordance 
with XRD results. All the DSC 
thermograms show a broad 
endothermic transition above 448K. 
This transition can be considered as a 
consequence of mixing of thermal 
transitions related to evaporation 
temperature of the solvent DMSO 

Fig. 3.DSC thermograms of(a)pure PVA (b) 
(NH4CH2 C02)2 and gels containing (c)20wt% 
(d) 25wt% and (e) 30wt% in composite 

(466K) and complex crystalline part of PVA owing to interaction between PVA 
and the salt. PVA has been known to form complexes with ammonium salts and 
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give rise to protonic conduction [12]. As a result of this complexation, the melting 
isotherm shifts toward lower values while the isotherm related to DMSO does not 
change. Consequently, the broadening of peak beyond 448K seems to reduce 
considerably upon increase in PVA content in the composite thereby making the 
transitions sharper. Presence of DMSO and complexation of PVA with ammonium 
succinate is thus concluded from the occurrence of transition above 448k. The 
increase in enthalpy of melting related to PVA for the composite gel with increase 
of PVA content shows increasing crystalline nature of gel films. 

3.3 Conductivity Studies 

The first step in the development of highly conductive polymeric gel is to 
synthesize a non aqueous electrolyte based on a polar solvent having high dielectric 
constant, low viscosity, high boiling point and low melting point. DMSO is one 
such solvent possessing these properties [16] and so used in the present work. The 
optimum art (=3.7xl0"3s.cm"') was obtained for IM solution and so used here for 
preparation of composite gel electrolytes. 

The observed conductivity 
behavior (fig.3) for as synthesized 
composite gel electrolytes shows a 
small drop in ionic conductivity 
with increase of PVA content up to 
35 wt%. This feature is in contrast 
with the conductivity behaviour of 
composite solid polymer 
electrolytes where significant 
change in conductivity wit filler 
concentration has been reported. 
[5,7]. Rather, it resembles to that 

- 0 5 10 ,5 20 25 30 35 40 45 ° f V™1™ PO^enC gel 

PVA (ww.) electrolytes containing lithium 
Fig3. Variation of conductivity with increase in PVA s a l t s I3>5]- T n u s lt ls conjectured 
content in composite gel from the observed conductivity 
behavior that PVA is essentially increasing the microviscosity of the gel system. 
This in turn lowers the ionic mobility of the composite system and so the ionic 
conductivity in accordance with Walden's rule given by the relation, 

CT=ne2/67trr| (1) 
where n is charge carrier concentration ,r) the viscosity and r the radius of mobile 
ion .Small variation of ionic conductivity upto 35wt% PVA concentration suggests 
its limited active role in the composite gel and thought of as PVA is only improving 
the morphology of the electrolytes besides holding the liquid electrolyte on account 
of its solvent swollen characteristics [18] .Another plausible reason for small dip in 
ionic conductivity with increasing PVA concentration can be associated to micro 
crystalline nature of composite gel in the presence of filler PVA as also evidenced 
in XRD studies (Table-1). When PVA is admixed in excess of 35wt% a significant 
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fall in ionic conductivity is noticed which can be attributed to ion association effect 
observed for PVA based composite polymer electrolytes [19]. 

3.4 Temperature dependence of conductivity 

Figure-4 shows the temperature dependence of conductivity of few synthesized 
composite gel electrolytes. The temperature dependence studies indicate that the 
change in conductivity is very small within an order of magnitude in the studied 
temperature range signifying liquid like ion transport. Conductivity variation with 
temperature for all the composite gels correspond to a VTF type behavior, 
described by the relation, 

a =a0exp ("B/T_TO) (2) 
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Fig 4. Temperature dependence of conductivity of gels containing (o) 10 wt% (*) 20wt% (-) 25wt% 
(A) 30wt% (x) 35wt% PVA in composite gel 

where o0 is the pre exponential factor, B a constant related to activation energy and 
T0 (=Tg-60°) is quasi equilibrium glass transition temperature. Such a behaviour 
can be attributed to the fact that DMSO is present in the gel films and it provides 
conducting pathway for the mobile carriers beyond the critical temperature. The 
activation energies alongwith pre-exponential factors for temperature below T0 

have been listed in table 2. Extremely low Ea values show liquid like ion transport 
in these gel films. 
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Table 2 Values of a„ and Ea for gel films in the arrhenious region 

PVA concentration 
composite gel (in wl 

10 
20 
25 
30 
35 

n 
%) MScm1) 

0.74 
7.16 
16.9 
2.96 
0.45 

Ea (eV) 
0.20 

0.26 
0.30 
0.26 
0.21 

To(K) 

364 
360 
362 
357 

Conclusion: 

A new type of polymeric gel electrolyte based on polymer composites have been 
reported in the present work. The studies have been focussed on composite system 
PEG-PVA-(NH4CH2C02)2 The XRD and DSC studies reveal complexation of salt 
and polymer with increasing crystillinity (lowering in the degree of crystillinity 
related to PVA and extremely small value of crystallite size) upon addition of 
polymer. Experimental investigations on PEG-PVA-(NH4CH2C02)2 system reveal 
formation of a compatible blend based gel electrolyte having an ionic conductivity 
approaching to that of liquid electrolytes (3.7 x 10"3S cm"'). The conductivity has 
been reported to decreases very slowly with PVA concentration (up to 35wt% 
PVA) suggesting the role of PVA as that of active filler improving the morphology 
of the system. Temperature dependence of conductivity seems to follow VTF 
relationship with extremely low activation energy (< 0.3 ev ). 
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Chemically crosslinked composite membranes consisting of polyvinyl alcohol) (PVA) and 

silicotungstic acid (STA) have been prepared by solution casting method and evaluated as 

proton conducting polymer electrolytes. The proton conductivity of the membranes were 

investigated as a function of blending composition, crosslinking density and temperature. The 

conductivity mechanism was investigated by using Impedance spectroscopy in the region 

between 40 Hz and 10 MHz. Membranes were also characterized by FTIR spectroscopy to 

confirm the crosslinking reaction and differential scanning calorimetry (DSC) to assess the 

thermal stability. Membrane swelling decreased with increase in crosslinking density 

accompanied by improvement in mechanical properties. The proton conductivity of the 

membranes were of the order of 10'3 S/cm and showed similar resistance to methanol 

permeability than Nafion 112 under the same measurement conditions. 

1. Introduction 

Polymer electrolytes have received extensive attention, especially for polymer 
electrolyte membrane fuel cells (PEMFCs) operating at temperatures above 100 °C. 
As alternatives to the currently available perfluorosulfonic acid (PFSA) membranes, 
the newly developed polymer membrane electrolytes can be classified according to 
the way they are prepared. Most of the conventional polymers can be modified by 
attaching charged units within their structures and in this way obtain the ionic 
conductivity. The charged unit is commonly an anion, typically sulfonate (-S03-) 
as in the sulfonated hydrocarbon polymers, e.g. polysulfone (PSF) [1], 
polyetheretherketone (PEEK) [2] and polybenzimidazole (PBI) [3-6]. 

The second method is to incorporate a polymer matrix with solid inorganic 
compounds, the so-called inorganic-organic composites or hybrids. Typical 
polymers in this group include polymers without functional groups such as 
polyethylene oxides (PEO) [7] and PBI [8-10] and polymers with functional groups 
such as Nafion [11], sulfonated polysulfone (SPSF) [12], sulfonated 
polyetheretherketone (SPEEK) [13]. The solid inorganic compounds include oxides 
such as amorphous silica and inorganic proton conductors such as zirconium 
phosphate (ZrP), (Zr(HP04)2nH20), phosphotungstic acid (PWA), 
(H3PWl2O40-nH2O) and silicotungstic acid (SiWA), (H4SiWl2O40«H2O). 

The third method is via chemical interactions between basic polymers and 
strong acids [14-16] or polymeric acids [17]. Earlier studies employed basic 
polymers such as PEO, polyvinyl acetate (PVAc), polyacrylamide (PAAM) and 
polyethyleneimine (PEI). Most of these acid doped polymers exhibit proton 
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conductivity less than 10~3 S cm1 at room temperature. High acid contents result in 
high conductivity but sacrifice mechanical stability, especially at temperatures 
above 70-80 °C. In order to improve the conductive, thermostable and mechanical 
properties of the acid/polymer membranes, cross-linked polymers (e.g. PEI [18]), 
thermally stable polymers (e.g. polyoxadiazole (POD) [19] and PBI [14-16]) and 
introduction of inorganic fillers or/and plasticizers [8,20] have recently been 
investigated. 

In this work we have explored the suitability of polyvinylalcohol (PVA) for 
preparing inorganic-organic composite membranes by incorporating silicotungstic 
acid in the polymer matrix. PVA is a possible candidate because of its good 
chemical stability, film forming ability and high hydrophilicity and availability of 
crosslinking sites to create a stable membrane with good mechanical properties and 
selective permeability to water. PVA is water-soluble polymer that readily reacts 
with different cross-linking agents to form gel. PVA is also biocompatible and 
biodegradable and is widely used in medical, cosmetic, and packaging materials. 
For PVA, several cross-linking methods have been published for different uses, for 
example, chemically cross-linked PVA are prepared by glutaraldehyde. PVA shows 
excellent insulation performance as a polymer material for pure dry materials; its 
conductivity can reach 10 I0-10 14 S cm . In these materials, the doping impurity 
ions act as the primary electric carrier. PVA membranes have also been used in 
alcohol dehydration to break the alcohol-water azeotrope [21,22] and due to its high 
selectivity for water to alcohol, it can effectively reduce the methanol crossover 
through the membrane when used in direct methanol fuel cells (DMFCs). In-situ 
crosslinking of the hydroxyl functional groups available in PVA can effectively 
control the water uptake and hence the degree of swelling of the membranes. 
Optimizing the crosslinking density of the membranes can provide membranes with 
good mechanical property and will also solve the problem of acid leaching from the 
membranes under hydrated conditions by effectively immobilizing the acid within 
the polymer matrix due to formation of crosslinked networks. Composite 
membranes with different wt % of silicotungstic acid and crosslink density were 
prepared and characterized by ATR-FTIR, Impedance spectroscopy (IS), methanol 
permeability measurements and differential scanning calorimetry (DSC) to 
determine their suitability for use as proton conducting polymer electrolytes for fuel 
cell applications. 

2. Experimental 

2.1 Materials and membrane preparation 

PVA (Mw: 1,25,000 & degree of hydrolysis approx. 88%), and Glutaraldehyde 
(GA) (25% content in water) were obtained from s.d. fine-Chemicals Ltd. (Mumbai, 
India). Silicotungstic acid (STA) was obtained from Sisco Research Laboratories 
Pvt. Ltd (Mumbai, India). To prepare 5 % (w/v) solution, PVA was dissolved in 
water at 80 °C with continuous stirring. To 20 g of 5 wt % PVA solution, desired 
amount of STA was added and the resulting mixture was stirred until a 
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homogeneous solution was obtained. To this solution desired amount of the GA 
crosslinking agent was added and the solution was further stirred for few minutes. 
After that the homogeneous solution was poured into petri dish and allowed to dry 
at room temperature. 

2.2 Infrared spectroscopy 

Attenuated Total Reflection (ATR)-FTIR spectra in the range of 4000-400cm"' of 
the polymer electrolyte films were measured with FTIR Spectroscope (NEXUS-870, 
Thermo Nicolet Corporation) running Omnic software, and a uniform resolution of 
2 cm"1 was maintained in all cases. 

2.3 Impedance Spectroscopy 

Conductivity measurements were made at room temperature after equilibrating the 
membrane in deionized water for 24 h. The membrane was sandwiched between 
stainless steel electrodes; ac impedance spectra of the membranes were obtained by 
using Agilent 4294A Precision Impedance Analyzer under an oscillation potential of 
10 mV from 40 Hz to 10 MHz. The conductivity was calculated from the bulk 
resistance obtained from the high frequency intercept of the imaginary component 
of impedance with the real axis. 

2.4 Methanol permeability measurement 

Diffusion coefficient measurements were performed using an in house built 
diffusion cell having two compartments which were separated by the membrane 
situated horizontally. Prior to measurements, the membranes were equilibrated in 
aqueous methanol solution 50 % v/v for 24 hours. The methanol concentration of 
the receptor compartment was estimated using a differential refractometer (Photal 
OTSUKA Electronics, DRM-1021); the differential refractometer is highly sensitive 
to methanol. The change in refractive index of the diffusion samples were averaged 
over 52 scans in the differential refractometer to determine the change in refractive 
index. 

2.5 Differential Scanning Calorimetry 

A Perkin-Elmer DSC-6 was used for studying the melting and crystallization 
behavior of the polymeric membranes. The temperature and energy scales were 
calibrated with the standard procedures. The melting studies were performed in the 
temperature range of-30 to 200°C at the heating rate of 10°C/min in N2 atmosphere. 
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3. Results and discussion 

3.1 Infrared Analysis 

2500 2000 

Wsrenumbers (cm-1) 

Fig. 1 ATR-FTIR spectra of PVA-STA composite membranes with a crosslinking density of 
(a) 2. 33 mole % (b) 3. 73mole % respectively 

The ATR-FTIR spectra of the composite membranes with different degree of 
crosslinking are shown in Fig. 1. The bands in the IR spectrum of the membranes 
correspond well to those of STA, showing the typical features of Keggin anions. 
The four absorption bands at 779, 880, 920, 978 cm"1 are assigned to the v (W-Oa-
W), v (W-Ob-W), v (W-Oc-W), v (W-Od-W) respectively. The spectra of PVA-STA 
composite membranes with different compositions (not shown here) shows an 
increase in intensities for the peaks assigned to STA as the amount of the 
heteropolyacid is increased. Fig. 1 shows the spectra of PVA-STA composite 
membranes of different crosslinking density. A decrease in the absorbance of the 
peak at 3300-3400 cm"1 arises due to disappearance of the hydroxyl groups upon 
reaction with the aldehydes. An increase in the absorbance of the peaks between 970 
and 1385 cm"1 arises due to formation of an acetal ring and ether linkages as a result 
of the reaction between the hydroxyl groups and the aldehyde. 

3.2 Ionic conductivity Analysis 

AC impedance was performed to determine the conductivity (a) of these composite 
membranes. The result was plotted as a Cole-Cole plot to show the real/imaginary 
parts of the impedance at various frequencies. A typical Cole-Cole plot of a 
composite membrane sandwiched between stainless steel electrodes is shown in 
figure 2. The profile shows that the impedance decreases with increasing frequency. 
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It indicates that the interfacial impedance decreases with increasing frequency, 
which is attributed to double layer formation and charge transfer reaction. The bulk 
resistance is obtained when the impedance approaches pure resistance at higher 
frequencies and the conductivity of the membrane is determined by o = (1/Rt,) (1/A), 
where Rb , 1 and A represent bulk resistance, membrane thickness and area of the 

I 

200 
r (Real) Ohm 

Fig. 2 Cole -Cole plot of the composite membrane, impedance frequency from 40 Hz to 10 MHz 

- 30%-STA-2.33 rrcle% 

- 30%-STA-3.73 rrole% 

- 10%-STA-0.932 rrole% 

- 30%-STA-0.932 mDle% 

- 50%-STA-0.932 rrole% 
20 40 60 80 100 

Temperature (Degree Celcius) 

Fig. 3 Variation of conductivity with temperature for the composite membranes 

electrode, respectively. The variation of conductivity with temperature for the 
different composite membranes is shown in figure 3. The Arrhenius plots of the 
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temperature dependency of the conductivity exhibits convex upward curved 
profiles; therefore, experimental data have been fitted with the Vogel-Tamman-
Fulcher (VTF) equation for conductivity for such electrolytic materials (not shown 
here). The VTF equation is a = a„exp [-B/(T-T0) where the constants , o„ (Scm"1), B 
(K) and T0 (K) are adjustable parameters. Heteropolyacids exist in a series of 
hydrated phases, i.e. the structural unit of STA is H4SiWl2O»0 77H2O, where the 
number of water molecules, n, might be in a range of 0-30, depending strongly on 
the temperature and RH. In the hydrated composite membranes the proton 
conduction are likely to happen by vehicular mechanism, rather than by Grotthuss 
mechanism, resulting in a long range conductivity, with protons percolating through 
the sample. 

3.3 Methanol Permeability 

The methanol permeability through the PVA-STA composite membranes, were 
measured as a function of both STA content and crosslinking density of the 
membrane. For comparision, methanol permeability of Nafion 112 was measured 
under the same experimental conditions. The methanol permeability of Nafion 112 
at room temperature was found to be 1.10 x 10"6 cmV. For the PVA-STA 
composite membranes, the methanol permeability increased with STA content of the 
membrane owing to the hydrophilic nature of the doped silicotungstic acid. 
However a decrease in methanol permeability was observed with increase in cross 
linking density of the membranes. Therefore it can be concluded that the effect of 
crosslinking in PVA-STA composite membranes overcomes the swelling effect due 
to hydrophilic nature of doped STA. The methanol permeability values were found 
to vary in the range from 1.21 x 10"6 to 2.49 x 10"6 cmV1 for these composite 
membranes. The lowest value of methanol permeability of 1.21 x 10"6 cmV was 
observed for the membrane with 30 wt % STA content and a crosslinking density of 
1.4 mole %. 

3.4 Differential Scanning Calorimetry 

DSC was used to examine the effect of silicotungstic acid doping and crosslinking 
density on the glass transition temperature of these composite membranes. Figure 4 
shows the DSC thermograms of the composite membranes. The glass transition 
temperature of the composite membrane with 30 wt % STA content is 63 °C and 
increases to 74 °C with increase in acid concentration to 50 wt %. This indicates that 
the complexation of the heteropolyacid in the polymer matrix partially arrests the 
local motion of the polymer segments resulting in increase in glass transition 
temperature of the composite membrane. However, the glass transition temperature 
initially decreases with increase in crosslinking density but increases at higher 
crosslink densities. This is an interesting behavior that can be explained by 
considering the factors affecting the glass transition temperature of crosslinked 
polymers. These factors are main chain rigidity, crosslinking density and the 
chemical structure of the cross-linker. In case of PVA the hydroxyl groups 
contribute to the stiffness of the polymer via hydrogen bonding. When the 
hydrophobic cross-linker is introduced, the number of hydroxyl groups available for 
hydrogen bonding decreases thereby decreasing the stiffness. An important property 
derived from the chemical structure of the cross-linker itself is its flexibility. In our 
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case, the cross-linker consists of a sequence of three methylene groups. This has the 
effect of increasing the flexibility in the individual polymer chains and leads to a 
lower glass transition. This means that the expected initial increase in Tg due to the 
formation of the chemical network is insignificant when compared to the decrease in 
Tg ought to the weakening of the physical network and to the plasticizing effect of 
the introduced flexible moieties. The Tg of the composite membranes with cross 
linking density of 0.0932 mole % is almost same as that of the composite membrane 
with a crosslinking density of 3.73 mole % and is around 63 °C. 

— i 1 1 • 1 > 1 — • 1 • 1 

-20 0 20 40 60 80 100 

Temperature in °C 

Fig. 4 DSC thermograms of the composite membranes 

4. Conclusion 

The AC electrical response of the PVA-STA crosslinked proton conducting 
composite membranes has been investigated by using Impedance Spectroscopy in 
the frequency range 40 Hz-10 MHz, between 25 and 90 °C. The highest proton 
conductivity of 1.64 x 10"3 Son"1 was obtained for the membrane with 50 wt % STA 
content with a crosslinking density of 0.932 mole % at 70 °C. FTIR results proved 
the formation of crosslinked networks. Additionally these composite membranes 
have good mechanical and thermal stability. Furthermore, the PVA polymer used is 
biodegradable, non hazardous and environmentally benign. The present 
investigation suggests that these composite membranes if optimized may serve as a 
potential alternative proton conducting membrane for polymer electrolyte 
membrane fuel cell applications. 
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ABSTRACT 

A new polymer electrolyte, based on poly (ethylene oxide) complexed with Na4P207 is 
investigated. (PEO)n:Na4P207 polymer metal salt complexes with different n = [ethylene 
oxide]/ Na ratio (80,100,120,160 and 200) are prepared by solution casting method. 
Dissolution of the salt into the polymer host is investigated by X-ray diffraction, 
differential calorimetry and Scanning electron microscopy techniques. The formation of 
the complex has been confirmed by (i) the broadening and reduction in the intensity of 
the Bragg peaks (ii) the reduction in the percentage of crystallinity by DSC and (iii) the 
increase in the glass transition temperature of the polymer with addition of the salt. 
Maximum reduction in crystallinity from 76.1 % to 56.2 % is observed for 
(PEO)i2o:Na4P207 system. Qualitative analysis of FTIR spectra in the range 3000-500 
cm"1, reveals broadening of the bands corresponding to the C-O-C symmetric stretching 
modes around 840 cm"1 and 1057-1160 cm"1. These conformal changes have inferred the 
coordination of the ether oxygen of the PEO with the metal salt ion. Compositional 
dependence of conductivity studies show a maximum value of 7.58 x 0"7 S/cm at 351 K 
for 0:Na = 120.Conductivity of the above electrolytes proceeds via an activated 
conduction mechanism with two activation energies, 0.62 eV and 0.78 eV above and 
below the softening of the polymer. The electronic transport number measured by dc 
polarization technique shows that, the conducting species are ionic in nature. 

1. INTRODUCTION 

Solvent free metal salt complexes belong to the class of superionic materials called 
polymer electrolytes. These materials are extensively studied in recent years and 
potentially used in solid state electrochemical devices such as secondary batteries, electro 
chromic display devices etc [1]. Polymer electrolytes are particularly attractive because 
of their flexibility, ease of processing into thin film of large surface area, electrochemical 
stability and volumetric stability over repeated charge discharge cycles of the device. 
In order to achieve a well complexed polymer metal salt complex system, choice of 
polymer as well as the metal salt plays a key role and only a few very common guidelines 
are available for choosing the polymer host and the metal salt [2, 3]. The choice of 
polymer host mainly depends on the factors [4] such as (i) presence of a sequential polar 
group with large sufficient electron donor power to form coordination with cation (ii) low 
hindrance for bond rotations, favoring easier segmental motion and (iii) suitable distance 
between coordinating centers, in order to form multiple intrapolymer ionic bonds. It is 
found that the anions with larger radius possess least lattice energy and those with low 
charge density have least tendency to form tight ion pairs. Therefore the most common 
anions, aiding the complexation include, I", SCN", C104", CF3S03", BF4", AsF6" etc. 
However the coordination of cation with the functional group of the polymer and stability 
of the complexation depends on Hard Soft Acid Base (HSAB) principle [1, 2], In this 
context, a large number of polymer hosts such as Poly (ethylene oxide), Poly(propylene 
oxide), Poly(ethylene inline) have been reported complexing with various alkali metal 
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salts. The polymer, poly (ethylene oxide)( PEO), receives much attention as the host 
polymer, because of its ability to dissolve high concentration of a wide variety of metal 
salts, better electrochemical stability and flexibility as compared to the other polymer 
hosts [5]. The choice of the cation is restricted to a group of small ions, because of the 
scope of the electrolyte in device application, and hence the size of the anion finds 
important role in fulfilling the criteria of lattice energy. On the basis of these factors, 
solubility of the various alkali metal salts in PEO, has been well reviewed in the literature 
[3,4 ]. 
Recently, we have reported complex formation of sodium metaphosphate with PEO, 
viz.,(PEO)n:NaP03 [6] . As on date no report seems to be available on PEO complexing 
with alkali metal salt with multivalent anion. In this context, we have further 
investigated complex formation of sodium metal salt with a multivalent anion viz., 
sodium pyrophosphate (Na4P207) with the polymer host PEO. (PEO)„:Na4P207 polymer 
metal salt systems (n = 80,100,120,160,200) have been prepared and the complex 
formation has been investigated through X-ray diffraction, differential scanning 
calorimetry and scanning electron microscopy and fourier transform infrared 
spectroscopy (FTIR) techniques. The conductivity of these systems and transport 
number measurements were also studied by ac impedance spectroscopy and dc 
polarization techniques. 

2. EXPERIMENTAL 

PEO (Mol wt. 4 x 106, Aldrich) was dried under vacuum at 50 C for 10 h prior to use. 
Anhydrous Na4P207 was obtained on heating the Na4P207. 10H2O (Merck) salt at 150 C 
for about 24 h. Appropriate quantities of PEO and of anhydrous sodium orthophosphate 
were estimated, in order to prepare polymer metal salt complexes with ether oxygen to 
sodium ion concentration (0:Na) ratio of 80,100, 120, 160, 200. Each of these 
compositions was dissolved in acetonitrile (AR grade) and stirred continuously using a 
magnetic stirrer for approximately 24 h. The resulting homogeneous viscous solution was 
poured into a PTFE petri dish and vacuum dried at 50 °C for 48 h in order to remove all 
the traces of solvent. 
X-Ray diffraction patterns of the anhydrous Na4P207 salt, PEO and polymer electrolytes 
in the form of film were obtained by PANalytical X-ray generator in the 29 range 10° to 
60 using Cu-Ka radiation. All the measurements were taken under identical condition 
for unambiguous comparison. Thermal behavior of the complexes has been studied using 
NETZSCZ DSC ( 200 Phox ), over the temperature range of -100 to 100 °C. Polymer 
samples of about 5-6 mg were sealed in aluminum pans and experiments were carried out 
under nitrogen gas atmosphere. Surface morphology of gold coated polymer films has 
been carried out using JEOL Scanning Electron Microscope (JSM 840). FTIR absorption 
spectra were recorded by a Perkin-Elmer spectrometer in the frequency range 3000 cm"1 

to 500 cm" at a resolution of 2 cm"'. The impedance measurements were performed using 
a Keithley 3330 impedance analyzer in the frequency range 40 Hz to 100 kHz and the 
impedance data has been collected through a GPIB (IEEE-488) interface bus. 

3. RESULTS AND DISCUSSION 
3.1 Characterization of the polymer electrolytes - XRD ,DSC and SEM studies 

A comparison of XRD pattern of Na4P207 salt, PEO and polymer metal salt complexes 
with different 0:Na ratio are shown in Fig 1. Pure PEO shows two broad peaks around 
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20 and 23 , indicating the semi crystalline nature of the polymer. XRD pattern of the 
complexes showed broadening and reduction in the intensity of the PEO peaks. This can 
be attributed to enhancement in the amorphous phase, due to the destruction of the 
ordered arrangement of the polymer side chains. In addition, low intense peaks 
corresponding to the strong lines of the Na4P207 are observed. 

1 

J l 

P E O :Na P O 
200 4 2 7 

P E O :Na P O 
120 4 2 7 A—.._^JA. . .,,.. 

P E O 

4 0 SO 

29 (deg) 

Fig. I. XRD patterns of PEO, Na4P207 and (PEO)„:Na4P207 polymer electrolytes 

Table 1 shows the thermal properties of the polymer metal salt complexes. The value of 
glass transition temperature (Tg) is found to increase with increase in salt concentration. 
The increase in the value of Tg can be attributed to the reduction in polymer chain 
flexibility due to the interaction of the ether oxygen of the polymer chain and the Na+ ion. 
The melting points of the polymer electrolytes are found to vary over a range of few 
degrees with respect to that of pure PEO (63.7 C). This indicates the presence of 
crystalline regions of various degrees of perfections in the complexed samples [7]. The 
polymer-salt interaction occurring, due to the addition of salt causes disorder in oriented 
crystalline rich phase. The crystallinity of polymer metal salt complex is calculated from 
the equation 

XC= U^~ 0) 



525 

where A//m is the enthalpy of melting of the sample and AHPE0 is the enthalpy of 

melting of 100 % crystalline PEO, 213.7 Jg"1 [8]. 
At the lower concentrations of the salt (high O/Na ratio) the change in crystallinity is 
least affected. Crystallinity of the composition with O: Na = 120 has reduced to a 
minimum of 44.9% compared with 63 % for the polymer host. On further increase in the 
salt concentration crystallinity increases and this can be attributed to the crystalline rich 
phase with uncomplexed salt. 

Table 1 Thermal properties of the PEO and and (PEO)n:Na4P2C>7 polymer electrolytes 

0:Na ratio 

Pure PEO 

200 

160 

120 

100 

80 

Tg(°C) 

-61.1 

-54.2 

-53.6 

-52.5 

-51.0 

-49.3 

Tm (C) 

63.7 

60.2 

64.1 

62.6 

61.9 

60.9 

Crystallinity 
(%) 
63.1 

56.6 

54.7 

44.9 

50.4 

53.0 

Fig 2a-2d shows scanning electron micrograph of the pure PEO and (PEO)n: Na4P207 

metal salt complexes. The micrograph of the pure PEO shows bright and dark regions in 
the form of stripes, which corresponds to the crystalline and amorphous phase of the 
polymer film. On addition of the salt the dark region corresponding to the amorphous 
phase increases, indicating enhancement in the amorphous phase. At higher salt 
concentration (O: Na = 80), micrograph shows a region of uncomplexed salt, as well as 
amorphous rich region. On further decreasing the salt concentration, amorphous rich 
phase and uniformly arranged spherulitic nuclei like structure was observed. 

3.2 Infrared spectroscopy studies: 

On addition of salt into the polymer host, the cation of the metal is expected to coordinate 
with the ether oxygen of the polymer, resulting in complextaion. This type of interaction 
will influence the local structure of the polymer back bone and certain infrared active 
modes of vibration will become affected. In this context, infrared spectroscopic studies 
will give the evidence of the complextaion. FTIR spectra of pure polymer, Na4P207 and 
polymer electrolytes with different 0:Na ratio are shown in Fig 3. Spectral features of the 
polymer electrolyte systems are found to be similar to that of pure PEO. Prominent 
changes were observed in the following spectral region indicating the compelxtaion. (i) 
In the spectral range 1050 -1160 cm"1, significant changes have been observed in width 
and intensity of the vibrational bands of PEO, with the addition of Na4P207 at different 
concentrations. These conformal changes correspond to C-O-C symmetric vibrational 
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modes[9,10] - These confbrmal changes, corresponding to those 1R active vibrationai 
bands involving ether oxygen, indicate the compilation of alkali metai ion to the ether 
oxygen (ii) The width of the strong absorption band of O-H stretching modes seen in the 
region 23500-2930 cm ^ decreases with increasing sait concentrations, (iii) The rest of the 
bands in the above range are found to be similar to that of PEO, confirming that the 
guche C O - C O confirmation of pure P E O remains unaffected on cemplexation. Similarly, 
the vibrational bands seen in the range 1242-1280 cm"^ assigned to the C H 2 wagging 
modes and those observed in the range 992-1012 cm * assigned to CH2 rocking remain 
unchanged [9]. A detailed analysis has not been carried out because of poor resolution of 
the spectra. 

Fig.2 Scanning dectron micrographs : (a) pure PEO, (b) C:Na - SO (c) 0:Na= !20 (d) 0:Na - 200 
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Fig. 3.FTIR spectraof pure PEO, N i ^ O i and (PEO)„:Na4P207 polymer electrolytes 

3.3 Conductivity studies 

Conductivity measurements of the above polymer electrolyte samples have been carried 
out as a function of temperature. The samples were heated to 350 K and the 
measurements were carried out while cooling the sample. Conduction characteristics 
were investigated from the experimental data collected in terms of modulus of complex 
impedance I ZI and phase angle 0, as a function of frequency. Subsequently the values of 
real (Z') and imaginary (Z") part of the impedance were plotted on a complex plane. The 
impedance plots were analyzed using 'EQUIVCRT' non linear fitting programme to 
obtain the bulk resistance. Knowing the dimensions of the sample, conductivity has been 
calculated. 
The temperature dependent conductivity of polymer electrolytes of different 0:Na ratio is 
shown in Fig. 4. The plots show Arrhenius behavior with distinct change in the slope 
around 340 K, above which the polymer metal salt complex starts softening. This feature 
indicates that the polymer metal complex has crystalline phase throughout the 
temperature range. The plots are fitted to the relation 

a =a0exp 
KBTj 

(2) 
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Fig 4. Temperature dependent conductivity of different compositions .Inset: Conductivity as the function of 
composition at 450 K. 

using linear fit program, where o"0 is the pre exponential factor , Ea is the activation 
energy, KB is the Boltzmann constant and T is the absolute temperature. All the samples 
consistently show higher conductivity above the softening point with low activation 
energy, indicating that the amorphous phase is responsible for ionic conduction. The 
polymer electrolyte system (PEO)i2o:Na4P207 has exhibited a maximum conductivity of 
7.58 x 10"7 Scm"1 at 351 K, which is above the softening point of the polymer electrolyte 
system. This conductivity value clearly indicates an enhancement in the ionic 
conductivity compared to the value of polycrystalline Na4P207, reported to be less than 
10"9 Scm"1 at 473 K [11]. On further increasing or decreasing the salt concentration, the 
conductivity decreases (Inset of Fig 4). The activation energy for ion migration is found 
to be 0.80 eV and o.62 eV at below and above the softening point of polymer host 
respectively. In the case of polymer electrolyte systems, the elastomeric phase favors the 
migration of carrier ions via the micro-Brownian motion of polymer segments. Also the 
ions find easier path ways in interchain and intrachain polymer segments, favoring the 
enhancement in the conductivity [12]. 

3.4 Transport number measurement 

The sample has been placed between a pair of silver blocking electrodes and maintained 
at 345 K for two hours. On application of a 100 mV dc potential, to the above 
configuration, instantaneous initial current I0, was found to be 13 uA. After a long 
interval of 18 h, the cell got completely polarized, reaching a steady state current of 0.32 
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nA., the polarization current can be attributed to the migration of ions due to the applied 
field, which is balanced by diffusion, due to the concentration gradient. Thus the resulting 
steady state current is only due to electrons or holes and the electronic contribution is 
found to be 0.02. The ionic contribution evaluated through the equation [ 13], 

is found to be nearly equal to unity. 

CONCLUSIONS: 
Polymer electrolytes of PEO complexed with sodium pyrophosphate have been prepared 
by solution casting method and the complexation has been confirmed through XRD, 
FTIR and SEM studies. XRD results indicate dissolution of salt in the polymer host with 
an enhancement in the amorphous nature. The DSC results indicate a decrease in the 
crystallinity with increase in the salt concentration along with a increase in glass 
transition temperature. Scanning electron micrographs have distinctly shown semi-
crystallinity of the polymer host and enhancement in the amorphous phase upon 
complexation. Conformal changes in the IR active bands of the PEO, have indicated the 
coordination of the alkali metal ion with the ether oxygen of the polymer. Polymer metal 
salt (PEO)i2o:Na4P207, exhibiting amorphous rich phase has shown maxium ionic 
conductivity with an activation energy of 0.60 eV, above softening point of the polymer. 
Transport number measurement studies reveal ionic nature of the conducting species in 
the polymer electrolyte. 
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EXPERIMENTAL STUDIES ON (PVC+L1CIO4+DMP) POLYMER 
ELECTROLYTE SYSTEMS FOR LITHIUM BATTERY 
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Institute of Materials Science and Engineering, Wuhan University of Technology, Wuhan, 
430070,P.R.China 

Poly (vinyl chloride)(PVC)-based solid polymer electrolyte films with LiC104+plasticizer 
(dimethyl phthalate) have been prepared by the solution -cast technique. Various 
experimental techniques have been used, such as X-ray diffraction (XRD) and infrared 
spectroscopy (IR), a.c. impedance spectroscopy and transport number measurements, to 
characterize these polymer electrolyte films. The complexation has been confirmed from 
XRD and IR studies. A maximum room temperature conductivity (1.1 X lO^S/cm) has 
been observed for (PVC+LiClO4+DMP)(20:5:75) complex. The temperature dependent 
conductivity plots show Arrhenius behaviour. The activation energy is estimated and the 
results are discussed. The transference number data indicated that the conducting species 
in these electrolytes are the anions. Using this electrolyte, electrochemical cells are 
fabricated and their discharge profiles are studied under constant load. 

1. Introduction 

Solid polymer electrolytes, i.e. polymer salt complexes, are of technological 
interest due to their possible application as solid electrolytes in various 
electrochemical devices such as energy conversion units (batteries/ fuel cells), 
electrochromic display devices/smart windows, photoelectrochemical solar cells, 
etc. [1-6]. Among the polymer systems reported, poly (ethylene oxide)(PEO) is 
the most widely studied in terms of its complexation behaviour with several 
metal salts [7,8]. PEO/metal -salt complexes exhibit high ionic conductivities at 
(or) near ambient temperature and thus are attractive candidates for 
electrochemical applications. The poor mechanical strength of PEO electrolytes 
in the high conduction region is, however, a severe drawback. 

Poly (vinyl chloride) (PVC) is a commercially available, inexpensive 
polymer and is compatible with many plasticizers such as dibutyl phthalate (DBP) 
and dioctyl adipate (DOA). The resulting plasticized PVC has good mechanical 
strength and is widely used in the form of films, sheets and moldings for plastic 
leather and curtains, lead-wire coating, flooring, wallboard, etc. A reproduction 
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in the resistivity of plasticized PVC is sometimes required to obtain anti-
electrostatic properties. Elasticized PVC has been widely used as membranes in 
ion-selective electrodes [9-13]. Further, a PVC-based polymer electrolytes 
system plastcized by ethylene carbonate and propylene carbonate has been 
reported [14] as being applicable to lithium and lithium -ion secondary batteries. 
In this context, it is important to optimize the conductivity and electrochemical 
properties of plasticized PVC systems. 

In the present paper, we report a new polymer electrolyte (PVC+LiC104) 
system with DMP in various mole ratios for Li+ conduction. Investigations with 
X-ray diffraction (XRD), infrared spectroscopy (IR), and a.c. impedance 
spectroscopy are undertaken and measurements of electrical conductivity are 
reported. 

2. Experimental 

PVC (molecular weight: 1.5 X 105) and LiC104 were mixed with DMP in various 
weight ratios. Solution -cast films with thickness of 100 m were obtained by 
pouring the solutions of PVC and LiC104 in distilled tetrahydrofuran (THF) on 
Teflon bushes and then drying at room temperature (303K). The films formed 
were again dried in a vacuum oven at 323K at a pressure of 10"3 Torr for 24 h. 
The polymer films thus obtained were stored in a desiccator. The composition 
details of the samples are shown in the Table 1. 

Table 1 .Composition details of samples 

Sample 
A 
B 
C 
D 

PVC (wt%) 
20 
25 
35 
45 

LiC104 (wt%) 
5 
5 
5 
5 

DMP (wt%) 
75 
70 
60 
50 

The XRD patterns of the films were made with a HZG4/B-PC X-ray 
diffractrometer with CoKa radiation and graphite monochrometer. Fourier 
transform infrared (FT-IR) absorption spectra of the films were recorded using a 
60-SXB IR spectrometer with a resolution of 4 cm-1. The measurements were 
taken over a wave number range of 690-4000cm-l. The ac impedance 
measurements of the polymer electrolytes were performed using an Agilent 
4294A precision impedance analyzer in the range 40Hz to 100kHz and 
temperature range 298-373K. The transport number was evaluated using the 
technique described by Linford [15]. In this technique a freshly prepared film of 
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(PVP+LiC104+DMP) was polarized in a configuration of C/ 
(PVP+LiC104+DMP)/ C under a dc bias potential of 1.5 V. The resulting current 
was monitored as a function of time using a Keithley electrometer. The cationic 
transference number is given by: 

T + = I+OO/IT 

Here I+- is the cationic current at saturation and IT is the total ionic current 
at time zero. 

Solid-state electrochemical cells were fabricated with a configuration of 
Li/(PVC+LiC104+DMP)/ (C+I2). Details of the fabrication of the 
electrochemical cell are given elsewhere [16]. The cathode was made in the form 
of a pellet at a pressure of ~5 ton/cm2 after proper mixing of the iodine + 
graphite (I2+C) (1:1 ratio). 

3. Results and discussion 

The XRD patterns of pure PVC, LiC104 and complexed PVC are presented in 
Figure 1. The patterns of pure PVC and complexed PVC indicate low 
crystallinity. By contrast, LiC104 is found to be crystalline. No peaks 
corresponding to LiC104 are observed in complexed PVC, which indicates the 
absence of excess salt (uncomplexed) in the materials. 

3 

•S-i 
</> 
C 

c 

10 20 30 40 50 60 70 

28(degree) 
Figure 1. XRD patterns of LiC104 complexed (PVC+DMP):(a) Sample A; (b) Sample B; (c) 
Sample C; (d) Sample D and (e) Pure LiC104. 

The IR spectra were recorded in the range 690 to 4000 cm'1 in the 
transmittance mode. The spectra for pure PVC, pure LiC104, DMP and 
PVC+LiC104+DMP complexes are shown in Figure 2. The peak at 1275cm"1 is 
assigned to the CH-rocking vibration in pure PVC, which is shifted to 1290 cm"1 
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in the complex. This suggests that the Li ion may be located on the vinyl 
chloride of the polymer chain- [CH2-CHCl-]n. 
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Figure 2. IR spectra of LiC104 complexed (PVC+DMP):(a) Pure PVC; (b) Sample A (c) Sample B; 
(d) Sample C (e) Sample D; (f) DMP and (g) Pure LiC104. 

A comparison indicates that some additional peaks appear in complexed 
PVC at 1724, 1434 and 1193cm"1. These peaks are not associated with pure PVC, 
LiC104 or DMP. In addition to this, the disappearance of pure PVC bands at 
3640, 3429, 2564, 1355 and 1075cm"1 in the complexes suggests the co
ordination or complexation of Li+ ions to the chlorine of PVC. The 
disappearance of some of the peaks observed for pure LiC104 (3444, 2903, 
2033 andl956cm"1, etc.) in polymer complexes may be due to the fact that C104" 
ion is in different surroundings in the polymer complexes compared with those in 
the pure LiC104 salt. In summary, these observations confirm the complexation 
ofLiC104withPVC. 

The ionic conductivity has been calculated from ac impedance analysis 
using the cell with blocking electrodes as described in Section 2. The typical 
impedance plot of (PVC+LiClO4+DMP)(20:5:75) at ambient temperature is 
shown in Figure 3. The bulk resistance of the system was measured from the 
high frequency intercept on the real axis. The lower frequency region spur in 
Figure 3 shows the ion blocking nature of the steel-steel electrode. 

The variation of the logarithm of ionic conductivity (log a) with inverse 
absolute temperature for various complexes is presented in Figure 4. There is a 
linear relationship which can be described as 'apparently Arrhenius' and is given 
by o = a0 exp (-Ea / kT) where o0 is a constant, k, the Boltzmann constant and 
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Ea, the activation energy. The conductivity values and activation energies of the 
four complexes are listed in Table 2. 

Z'(kn) 
Figure 3. Impedance plot of the Sample A polymer electrolyte at ambient temperature. 
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Figure 4. Log plots of conductivity vs.lOOO/T for (a) Sample A; (b) Sample B; (c) Sample C; (d) 
Sample D. 

The conductivity decreases markedly, from 10"4to 10'7S/cm, as the mole 
fraction of PVC is increased from 20 to 45 and the logarithm of the conductivity 
decreases almost proportionally with increase in the PVC mole fraction. The 
decrease in conductivity is mainly due to the decrease in mobility of the ions. 
Although it has been found [17] that the addition of PVC facilitates ionic 
dissociation in a solution of NaBPh4 in a PVC membrane plasticized by dioctyl 
sebacate, the addition of PVC to the present ionic system seems to reduce the 
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ionic mobility and the degree of dissociation does not seem to be enhanced by 
the PVC addition. The ionic conductivity increases with temperature, in 
agreement with theoretical considerations. It was found that the ionic 
conductivity increases as the concentration of plasticizer increases. This may be 
due to the lowering of viscosity with increasing plasticizer concentration. 

Table 2. Conductivity values of (PVC+LiC104+DMP) polymer electrolytes 

Sample 

A 

B 

C 

D 

Conductivity (xlO"4 S/cm) 

298K 

1.1 

0.057 

0.044 

0.015 

328K 

8.11 

0.67 

0.40 

0.36 

358K 

48.10 

5 

2.5 

1.67 

373K 

92 

10 

5 

2.5 

Activation 
energy Ea(eV) 

0.15 

0.27 

0.34 

0.38 

The plot of C/(PVC+LiClO4+DMP)(20:5:75)/C for transference numbers is 
given in Figure 5. The transference number of the lithium ions in the polymer 
electrolytes is around 0.20. This implies that the major conducting species in 
these electrolytes are anions C104". The saturated polarization current is the 
cationic current, the anionic current has been impeded by concentration 
polarization. Other reports have obtained lithium ion transference number 
between 0.40 and 0.50 with LiCF3S03 as the salt [18], 0.30 with LiBF4 salt [7] 
and 0.03-0.08 with LiTFSI salt [18]. 

The first discharge curve of the (PVC+LiClO4+DMP)(20:5:75) at room 
temperature is shown in Figure 6. The initial sharp decrease in voltage from 3.92 
to 3,68V of the cell due to polarization and /or formation of a thin layer of 
lithium salt at the electrode/electrolyte interface. The open circuit voltages 
(OCVs), short circuit currents (SCCs), current density, power density and energy 
density were respectively found to be 3.92 V and 415 uA, 27.8 uA/cm2, 56.92 
mW/kg and 39845 mWh/kg for the cell. 
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Figure 5. Current vs. time plot of Sample A polymer electrolyte system. 
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Figure 6. Initial discharge curve of the Sample A polymer electrolyte system. 

4. Conclusions 

The conductivity decreases markedly, from 10"4to 10'7S/cm, as the mole fraction 
of PVC is increased from 20 to 45 and the logarithm of the conductivity 
decreases almost proportionally with increase in the PVC mole fraction. The 
value of the activation energy decreases with increasing ionic conductivity and 
vice versa. The transference number data has indicated that the conduction in 
these electrolytes are due to anions. Using (PVC+LiC104+DMP) polymer 
electrolyte systems, electrochemical cells have been fabricated for which the 
OCVs and SCCs are founded to be 3.92Vand 415 uA for sample A. 
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The stability of the gel electrolyte consisting of polyacrylonitrile (PAN), ethylene 
carbonate (EC), propylene carbonate (PC) and lithium trifluoromethanesulfonate 
(LiCFsSOs - LiTF) towards metallic lithium was investigated using the time evolution 
of impedance plots. Symmetric cells of the form Li / PAN : EC : PC: LiTF / Li were 
assembled and impedance data were collected at room temperature for one week. A 
clear indication of growth of a resistive layer could be seen. The electrolyte resistance 
remained constant. The growth of the passivation layer became constant after first two 
days. These observations suggest that this gel electrolyte is suitable for use with 
metallic lithium. 

1. Introduction 

Gel electrolytes were first introduced in 1975 by Feuillade and Perche1 and later 
Watanabe et al.2. A large amount of work has been done on many aspects of the type 
of material. Preparation is accomplished by encapsulating a liquid electrolyte in a 
suitable polymer matrix. The observed level of ionic conductivity values of those gel 
electrolytes have resulted a considerable attention towards exciting novel 
applications. Among the polymer matrices use for gel electrolytes, polyacrylonitrile 
has shown a promising candidacy for various applications 3'4. But, due to the 
presence of liquid electrolytes, all gel electrolytes have a higher tendency to react 
with metallic lithium than the pure polymer system. Hence, it is of prime importance 
to investigate their stability towards metallic lithium mainly because most 
applications are associated with metallic lithium. 

2. Experimental 

A mixture of ethylene carbonate (EC) (ALDRICH, 98%) and propylene carbonate 
(PC) (Bie and Berntsen A-S, 99%) of 1:1 (by weight) was dried over molecular 
sieves for 24 hrs. The required amount of lithium trifluoromethanesulfonate 
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(LiCF3S03 - LiTF) (3M) was mixed in purification was done using activated 
alumina. The required amount of polyacrylonitrile (PAN) (ALDRJCH) was 
dissolved and the mixture was heated at 140 °C for 1 hr. The resulting homogeneous 
and viscous mixture was poured between two well cleaned glass plates and pressed. 
On cooling, transparent films could be obtained which were free from bubbles. All 
the preparation steps were carried out in side an Argon filled glove box. Two disc 
shaped samples of lithium and an electrolyte of the identical diameter were used for 
AC measurements, A symmetric cell of the form, Li / polymer electrolyte / Li was 
assembled in a sample holder in side an Argon filled glove box. Impedance data 
were collected at room temperature using a computer controlled Solatron 1170 
frequency response analyzer for a period of one week. The frequency range used was 
in the range 10 mHz to 1 MHz. The time evolution of the impedance plots was 
plotted to investigate the growth of resistive layers. Impedance data were analyzed 
using NLLS (Non - Linear Least Square) fitting routine developed by Boukamp5 to 
determine electrolyte resistance and passivation layer resistance. 

3. Results and Discussion 

Fig. 1 shows the time evolution of the complex impedance plots at room 
temperature. The gradually increasing nature of the arcs is an indication of a growth 
of a passivation layer on the electrolyte / electrode interface. In each impedance plot, 
the usual semi circle at high frequency range is absent. It may be due to the 
insufficient frequency range selected for the investigation. Whenever lithium is 
exposed to a non aqueous system, reactions occur forming surface solid compounds 
of organic and inorganic lithium salts on the surface. These films deposit until they 
reach a certain thickness and prevent the lithium surface from further attacks. 
Electrical properties of the lithium- electrolyte interface are thought to appear as a 
combination of several types of time constants reflecting several processes. Some of 
them are charge transfer resistance coupled with metal-film interfacial capacitance, 
film resistance to lithium ion migration coupled with film capacitance and lithium 
ion diffusion6. 

The electrolyte components in the system studied here (EC, PC) are well known for 
reacting with lithium. However, they do not both have the same reactivity towards 
lithium. This means that the selectivity of reaction processes which lead to formation of 
surface films changes while building up process is going on. Indeed, the formation of an 
interface composed of several layers of different compositions and structures appears to 
be the most favoured. Because of this, we tend to assign the two semi circles in the 
impedance plots to a porous interface and to a dense interface. It should be noted that 
the semi circle at high frequency section represents a dense layer and the other a porous 
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layer. Furthermore, it has been reported that a definite role is played by the electrolyte 
salt in controlling the phenomenon7. In this case, it may be possible to assume that F in 
LiCF3S03 reacts with Li20, Li2C03 and LiOH which are reported to exist on Uthium 
electrodes8. The expected reaction product is LiF. Depending on the porosity of this LiF 
layer, solvents may permeate to lithium and react with it. 
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Fig. 1 Time evolution of the impedance arcs measured with the symmetric cell, 
Li / PAN : EC : PC : LiCF3S03 / Li at room temperature 

The impedance data analysis was carried out using the NLLS (non linear least square) 
fitting routine - EQUIVCRT developed by B. A. Boukamp to determine the electrolyte 
resistance and the passivation layer resistance5. Their time evolution is shown in Fig. 2. 
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Fig. 2 Time evolution of resistance of the polymer electrolyte and the lithium electrode 

as extracted from impedance data 

The bulk electrolyte resistance has remained almost constant. This indicates that the 
encapsulated liquid electrolyte in the polymer matrix has not changed its 
electrochemical properties with time 9 1 ° . However, it is clearly seen that although there 
is an increase of the passivation layer resistance, the growth rate has been faster during 
first two days. This occurs when the initially created passivation layer masks further 
reaction. A similar observation has been reported by H. Hong et al for the system 
PAN:EC:PC:LiC104

n . 

It is a common fact that the nature and mechanism of passivation depend not only on the 
type of electrolyte but also on the temperature of operation and the residual impurities. 
D. Ostrovskii et al have suggested that in PAN based electrolytes, polymer matrix 
groups are the species reacting with lithium electrodes12. Inherent reactivity of cyano 
(ON) group versus lithium has been assumed as responsible for formation of the 
passivation film. 
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4. Conclusion 

The relatively constant electrolyte resistance suggests that the encapsulated liquid 
electrolyte in the polymer matrix has not changed its electrochemical properties. Since 
the growth rate is fast only during the first two days, the initially created passivation 
layer may hinder further growth. Therefore, the effects of a change in the passivation 
layer decrease with time. The results suggest that the investigated gel electrolyte can be 
used in combination with lithium electrodes without blocking the electrode reactions. 
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MONTMORILLONITE AS A CONDUCTIVITY ENHANCER IN 
(PEO)9LiCF3S03 POLYMER ELECTROLYTE 
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2Department of Physics, University of Peradeniya, Peradeniya 

The solid polymer electrolyte systems, based on poly (ethylene oxide) (PEO) and lithium 
ions have attracted much attentions as a potential electrolyte medium in secondary energy 
sources and electrochromic devises. They show a characteristic property of an enhanced 
ionic conductivity when a plastizier is added. In this research work, PEO and lithium 
triflate have been taken as the electrolyte medium and an attempt was paid to improve 
the ionic conductivity of (PEO)9liCF3S03 polymer electrolyte system by choosing 
montmorillonite (MMT) as the plastisizer. The ionic conductivity, thermal transitions, 
crystallinity, and bonding of the complex system of (PEO)9LiCF3S03 + x wt.% MMT 
(x = 0, 3, 4, 5, 6, 10, 15, 20) were systematically characterized by ac-impedance 
spectroscopy, differential scanning calorimetry (DSC), X-ray diffraction (XRD) 
spectroscopy and fourier transformed infrared (FTIR) spectroscopy, respectively. 

The ac-impedance data reveal that the ionic conductivity of (PEO)9LiCF3S03 

system is changed with the concentration of MMT, maximum conductivity of 4.14857 x 
10"7 S cm"1 at room temperature was observed for the system of (PEO)9LiCF3S03 + 5 
wt.% MMT . However, the ionic conductivity of the above system was increased with the 
increase of temperature, and the highest conductivity of 2.63 x 104 S cm"1 was observed 
at 80°C. The DSC and XRD data clearly show that the crystalline nature of PEO is 
reduced when MMT is added. The glass transition temperature (-46.37°C) and melting 
temperature (53.72°C) of the above system is reduced compared to those of other 
systems. This supports to the conductivity enhancement in an amorphous environment. 

The FTIR spectra obtained for MMT, PEO, (PEO)9LiCF3S03, and (PEO)9LiCF3S03 

+ 5 wt.% MMT clearly indicative that the interactions take place between these 
constituents, as the intensities of typical stretching vibrational modes of 916 cm"1 v (Al-
O-H), 1040 cm"1 v (Si-O) and 3300-3700 cm"1 v (O-H) in MMT, and the vibrational 
modes of CH2 rocking at 948 and 840 cm"1 and C-O stretching at 1149 and 1090 cm"1 in 
PEO are shifted. The change of symmetric bending mode of CF3 [83 (CF3)] at 752 cm"1 in 
lithium triflate has altogether supported the bonding characteristics in the electrolyte 
system and the corresponding conductivity enhancements. 

1.0 Introduction 

The ionically conducting polymers, widely called "polymer electrolytes" have 

been the subject in the early 1970s. Wright and Armand who were the pioneers 

of the studying of ionically conducting polymers opened an innovative area of 
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materials research [1,2]. This has been further enhanced with the relentless work 

of Shirakawa, Heeger and MacDiarmid on electrically conducting polymers, 

such as poly(acetylene) (PAC), poly(pyrrole) and poly( aniline) and the 

applicability of electronically conducting polymers in long-lasting and reduced 

volume lithium batteries manufactured for cellular phones and note books, redox 

type laminated supercapacitors, multichromic optical windows and high-energy 

rechargeable batteries for electric vehicles and in organic oxide intercalation 

cathodes [3]. The composites based on ionically conducting polymers and 

layered clay are widely being studied in the development of nanotechnology 

[4]. These hybrid materials show same properties as of their conventional 

composites in the scale of nanometers. The increased optical properties, 

Young's Modulus, strength, heat resistance, decreased gas permeability and 

flammability, and conductivity enhancement are some characteristic properties, 

associated with these complex composites [5]. 

It is clear that much attention have been focused on the polymer electrolytes 

based on high molecular weight poly (ethylene oxide) (PEO) and metal salts 

(e.g. LiC104, LiCF3S03, LiBF3, LiCl and NiCl2 in the fundamental and 

application-oriented studies [6-8]. The improved mechanical properties, ease of 

fabrication as thin films and good contact and compatibility with electrode 

materials, e.g. Li metal and lithiated metal oxides (LiMn204, LiCo02 or LiNi02) 

have been the intense characteristics in these materials [9]. However, some 

unfavorable properties associated with them have lead to a considerable delay in 

their use in commercial applications [1,5,10,11]. One typical drawback is 

its low conductivity at ambient temperatures [12]. Even though PEO has 

remarkable solvating properties on alkali metal salts, its high crystalline nature 

reduces the ambient temperature conductivity or the Li+ ions transport in these 

electrolyte materials. It has been observed that the structure of polymer 

electrolytes (PEs) has clear influence on the conductivity. Therefore, the 
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straightforward approach to overcome this problem is the modification of the 

structure of the solvating polymer, whereby decreasing the crystallinity and 

glass transition temperature, Tg of the polymer electrolyte [13]. Several methods 

have been tried to address this problem such as the use of co-polymers, the 

addition of plasticizers and radiation cross-linking [14]. However, compare with 

other method addition of plasticizers has many advantages viz increase of free 

volume of the polymer, the usability of variety of plasticizers and lower the 

glass transition temperature by decrease in polymer-polymer interaction and 

increase in polymer-plasticizer interactions. In addition to that the film 

preparation from these materials is a simple process and cost of plasticized 

material is comparatively low. The purpose of plasticizing a polymer electrolyte 

matrix is to reduce the local viscosity and thereby facilitating the faster ion 

mobility (e.g. Li+) within the electrolyte medium, which in turn enhances the 

conductivity [15]. In early stages liquid plasticizer have been widely used in the 

development of polymer electrolyte. The addition of low molecular weight 

organic nonaqueous solvents, like ethylene carbonate (EC), propylne carbonate 

(PC), dimethyl sulphoxide (DMSO), dimethyl carbonate (DMC), diethyl 

carbonate (DEC), and oligomeric poly (ethylene glycols) and their derivatives 

have been proposed as the effective plasticizers used in previous works 

[5,15,16]. However, the use of liquid plasticizers have been gradually declined 

due to some associated problems such as poor mechanical properties, higher 

reactivity towards lithium anode, confined difficulties in handling, battery 

cyclability and high reactivity, prone to leakage and an evidence of plasticizers 

loss during long term storage [1,5,13]. This has led to the use of solid 

plasticizers in place of solid plasticizers. The addition of high surface area nano-

scale ceramic fillers such as AI2O3, Si02, TiC>2 and y-LiA02 in PEO based 

polymer electrolytes can act as solid plasticizers. These complex systems are 

known as "nanocomposite polymer electrolytes" [6]. This can improve the 
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amorphous phase in the electrolyte system at ambient temperatures giving rise to 

an enhanced ionic conductivity by decreasing the crystallinity of the polymer 

and also improved mechanical and thermal stability in the range of 30-80°C, 

electrochemical stability and higher cation transport number [17]. It is also clear 

in the open literature that the esters of benzene 1, 2 dicarboxylic acids such as 

dioctyl phthalate (DOP), dibutyl phthalate (DBP) and dimethyl phthalate (DMP) 

have been used as novel class of plasticizers in PEO-LiC104 electrolyte system 

instead of aprotic solvents or inert fillers [15]. 

Nickel Chloride has also been used as a solid plasticizer in the synthesis 

of solid polymer electrolytes. A number of Electrochemical Impedance 

Spectroscopy (EIS) measurements in the frequency range 10"2 - 6.5 x 104 Hz 

and in the temperature range 20-130°C have been reported for system of 

Ni/(PEO)xNiCl2/Ni, and this electrolyte has also been found to be an anionic 

conductor [18]. The use of smectite clay or montmorrilonite as a plasticizer in 

polymer electrolytes has been known for several decades, since their potential 

mechanical, structural and electrical properties in the modern opto-electronic 

applications [3,6,19]. Though PEO based electrolytes are having lack of 

dimensional stability and/or mechanical strength, addition of mineral clay can 

produce huge interfacial area to sustain the mechanical property of electrolyte 

system and imports salt-solvating power to dissolve the lithium salts. One such 

approach has been made by Lemmon and his group who have reported 

the intercalation of PEO within the inter gallery of Na-MMT by the process 

of exfoliation/adsorption method. It has been reported that the change 

of polymer/Na-MMT ratios influences the inter-gallery spacings in 

montmorrilonite. One such example is the increased interlayer spacing at higher 

polymer ratio [1,20-22]. 

A recent report focuses on the understanding the nanocomposites of 

modified montmorrilonite and poly(ethylene oxide). It showed that the addition 

of specific amount of poly(oxy propylene) diamine (d2000) and montmorrilonite 
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in the PEO-based electrolyte system could improve the enhanced conductivity at 

room temperature. In this study the specific interactions among silicate layer, 

d2000, ether oxygen, and lithium cation and the ionic conductivities have been 

investigated using differential scanning calorimetry (DSC), fourier transformed 

infrared (FT-IR), and alternating current impedance (AC Impedance). The effect 

of clay composition in the systems of (PEO)8LiC104 and (PEO)8LiClO4/d2000 

has been reported where the maximum conductivity was observed at 17 wt% in 

former system and at 9 wt% in latter. The overall outcome of this study is that, 

addition of a plasticizer such as montmorrilonite; d2000 can overcome the 

kinetic (lower Tg) and thermodynamic (dissolve the lithium ions) hindrances and 

produce a good environment for the lithium transference [1]. Since the 

understanding of some apparently inert and electrically insulating materials, 

which can promote the ionic conductivity of solid electrolyte, many scientists in 

all over the world have been involving to find out a suitable compound that will 

enhance the conductivity of solid electrolytes. Some relevant examples are 

alumina doped metal halides, such as Lil: A1203, AgBr: A1203 and AgCl: A1203 

[23,24]. The defects concentration in the space charges at the interface between 

the alumina and AgBr enhanced the conductivity of the above composites. 

Accordingly the attention has been paid to the use of montmorrilonite, as a 

heterogeneous dopant due to its structure of charged platelets which 

might function as attractive centers for silver cation, should be a promising 

compound for the conductivity enhancement. The ionic conductivity of 

AgBr-montmorrilonite has been found to be increasing as a function of 

montmorrilonite in the range from 20 to 410°C. In this case the maximum 

conductivity has been observed at low montmorrilonite composition, and with 

increasing montmorrilonite composition the conductivity decreases. However, 

the composite shows higher conductivity than that of pure AgBr at low 

temperature range and at higher temperature it decreases than pure AgBr [25]. 
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2.0 Experimental 

2.1 Materials 

The clay, sodium montmorillonite (Bentonite) was purchased from (Aldrich 

Chemicals, Milwaukee, WI). The crystalline poly (ethylene oxide) (PEO) 

(Aldrich Chemicals) with a weight-average molecular weight of 400,000, 

and the lithium trifluoromethanesulfonate (lithium triflate) (LiCF3S03-LiTf) 

(Aldrich Chemicals, Milwaukee, WI), were used as received. Generally, the 

PEO, and salts are highly hygroscopic, therefore it is required to ensure the 

dryness of these materials prior to sample preparation. Normally, the salt is 

dried at 80-150°C for 24 h and then at room temperature for 24 h under 

dynamic partial vacuum (105 Pa). The PEO is dried at40°C for 24 h under high 

vacuum. 

2.2 Preparative methods 

2.2.1 Purification of montmorillonite 

The clay sample (montmorillonite) may consist of organic and inorganic 

impurities. Therefore, it is desirable to eliminate them as much as possible. The 

centrifuging and washing method were employed, which will have a least effect 

to the structure and chemical composition. The montmorillonite (50 g) was 

suspended in excess de-ionized water and stirred magnetically for about 48 h at 

room temperature. The suspension was centrifuged at 5000 rpm for two minutes, 

and the clear supernatant was decanted. The resultant slurry was re-dispersed in 

excess of de-ionized water and the above procedure continued. This procedure 

was repeated several times until the supernatant was free of any impurity. The 

clear supernatant observed, confirmed the absence of organic impurities in the 

montmorillonite. This slurry thus obtained kept in the normal environment to 

air-drying and used in other applications. 
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2.2.2 Preparation of the solid polymer electrolyte (SPE) system of 
(PEO)9LiCF3S03 + x wt.% MMT 

The amounts of each of PEO, LiCF3S03, and MMT were measured precisely as 

to the configuration of (PEO)9LiCF3S03 + x wt.% MMT, where x = 0, 4, 5, 6, 

10, 15, and 20. Doubly distilled water was used as a solvent. In the first step the 

precised amounts of PEO and LiTf were completely dissolved in 5.00 cm3 

doubly distilled water by stirring for few minutes. Then a required amount of 

montmorillonite was mixed and further added 5.00 cm3 of doubly distilled. The 

mixture was then magnetically stirred for 48 h until a homogenous suspension 

was observed. Thin films with 0.04-0.09 mm thickness were prepared by 

casting the gelatinous polymer suspension onto a Teflon sheet, allowing it to 

gradually drying in the normal environment. The samples were air dried at room 

temperature for two days and then kept in a decicator. However, all the samples 

were vacuum dried at 50°C for 48 h prior to measurements. 

2.3 Instrumentation and Characterization 

2.3.1 AC impedance characterization 

The ac impedance measurements were carried out using a computer-interfaced 

SI 1260 IMPEDANCE/GAIN-PHASE ANALYSER over the frequency range 

of 8-10 MHz at the voltage of 20 mV. The composite film was sandwiched 

between stainless steel blocking electrodes (1.27 cm diameter.) and the 

temperature changed from 25°C to 80°C. The films thickness varied from 

.04 mm to 2.5 mm. 

2.3.2 XRD characterization 

In this work the X-ray diffraction patterns were conducted by SIEMENCE X-

ray diffractometer (SIEMENCE, German). The effect of montmorillonite on 

crystallinity of PEO has been systematically studied. 
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2.3.3 FTIR characterization 

FTIR spectra were collected on a JASCO FT/IR-410 spectrometer from 400 to 

4000 cm"1. The effect of addition of montmorrilonite to the polymer electrolyte 

of (PEO)9LiCF3S03 was systematically investigated. 

2.3.4 Differential Scanning Calorimetry (DSC) characterization 

The thermal characteristics of nanocomposite electrolytes were typically 

evaluated by Perkin Elmer Pyris 1 DSC differential scanning calorimeter with a 

liquid-nitrogen-cooled heating element. The samples, 10-20 mg were contained 

in aluminum DSC pans and sealed with a lid. An empty aluminum pan was used 

as reference. The samples were slowly cooled and then heated at a heating rate 

of 10°C min'1 from -120°C to + 120°C. A flow of N2 gas was maintained over 

the perforated pan to keep away atmospheric moisture and to remove any 

decomposition products. 

3.0 Results and Discussion 

3.1 XRD characterization 

3.1.1 The effect of montmorillonite on crystallinity ofPEO 

As reported elsewhere that the crystalline nature of PEO comparatively reduces 

the conductivity and low crystalline nature or amorphous nature support the 

conductivity in PEO based solid electrolyte systems [1]. We have systematically 

studied the effect of MMT on PEO crystallinity. The XRD spectra obtained for 

the pure PEO and MMTPEO system show that the crystalline nature of pure 

PEO is disturbed with the presence of MMT, see Fig. 1. As shown in the figure 

1 the intensity of the peaks in PEO appearing at the 20 of 19 and 23 is reduced 

and instead of sharp narrow peaks there appear broaden peaks. Some peaks 

appearing at 20 of 26 and 27 completely disappear with the presence of MMT. 

In addition to that it was observed that the reducing capacity of crystallinity does 
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not depend on the concentration of MMT in the system. This was assumed to be 

due to the interactions that occur between clay layers and PEO molecules, thus 

breaking the helical structure of PEO molecules. 

1600 

Fig. 1. The crystalline nature of (a) MMTPEO and (b) PEO. 

3.2 Conductivity characterization 

3.2.1 The system of polymer electrolyte of(PEO)9LiCF3S03 + x wt.% MMT 

Figure 2 presents the temperature dependent Arrhenius plots of the 

ionic conductivity for the (PEO)9LiCF3S03 + x wt.% MMT electrolyte 

nanocomposites containing various MMT compositions. The ionic conductivity 
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curves obtained for the (PEO)9LiCF3S03 electrolyte system without MMT and 

pure MMT were included for comparison. The ionic conductivity spectra of 

these polymer electrolyte nanocomposite systems showed an enhanced ionic 

conductivity upon variation of MMT content. It was observed that when the 

MMT composition increases the ionic conductivity increases and attains a 

maximum value when the MMT composition is 5%. Figure 3 clearly shows the 

ionic conductivity dependency of the (PEO)9LiCF3S03 + x wt.% MMT observed 

at 298 K. 

Temperature (°C) 

1000/T (K ) 

Fig. 2. Variation of the ionic conductivity with reciprocal temperature for the montmorrilonite and 
the system of (PE09)LiCF3S03+ x wt.% MMT, x = 0, 3, 4, 5, 6, 10, 15, and 20. 
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Fig. 3. Ionic conductivity dependency of (PEO)9LiCF3S03 composite electrolyte containing various 
MMT contents at 298 K. 

It was observed that the ionic conductivity measured at room temperature 

for (PEO)9LiCF3S03 electrolyte system with varying MMT composition showed 

a conductivity enhancement in comparison to the electrolyte without MMT. 

With the increase of temperature the ionic conductivity increases. As observed 

in the conductivity curves the polymer electrolyte follows the arrhenius-type 

relationship over two linear ranges separated by a knee which, attributes to the 

melting point of PEO as confirmed by DSC characterization. This transition 

temperature (Tt) varies between 40°C and 60°C. It was observed that the 

conductivity enhancement is greatly influenced at 4-6 % composition of MMT 

and a maximum conductivity was observed at 5 wt.% MMT content. With a 

further increase in MMT content, the ionic conductivity decreases. When the 

s 
u 

1E-7 
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MMT is reduced to 4% the conductivity decreases considerably. However a 

slight difference can be observed at 15 wt.% MMT and 20 wt.% MMT content. 

In the (PEO)9LiCF3S03 + 15 wt.% MMT system it can be seen that the at low 

temperature region (25-40°C) the ionic conductivity is higher than in the system 

of (PEO)9LiCF3S03 + 10 wt.% MMT, and at higher temperature region it shows 

a lower enhancement. In the case of (PEO)9LiCF3S03 + 20 wt.% MMT, it shows 

a lower enhancement at low temperature region (25-40°C) than in the system 

of (PEO)9LiCF3S03 + 15 wt.% MMT, and at high temperature region it shows 

the opposite way. In the (PEO)9LiCF3S03 system without MMT exists transient 

cross-links between ether oxygen in PEO and Li+. In addition to that polymer-

polymer interaction may also remain which enable the crystalline nature of PEO 

[26]. As PEO has lower dielectric constant the solvation of the LiCF3S03 is less. 

In addition to that the viscous nature of the medium restricts the mobility of Li+ 

cations. Mnotmorrilonite in general has a high dielectric constant; as such it 

accelerates solvation of compound LiCF3S03. On the other hand the negative 

clay layers tend to interact the Li+ cations. Therefore, the addition of MMT 

decreases the attraction between PEO molecules, while reducing the crystalline 

nature of PEO. Due to these various interactions between PEO and MMT and 

Li+ altogether influence the glass transition temperature (Tg) of the system. The 

DSC study showed that the presence of MMT tends to decrease the glass 

transition temperature in the (PEO)9LiCF3S03 system. The glass transition 

temperature observed for (PEO)9LiCF3S03 in this study is about -42.40°C, and 

it was observed that with the addition of MMT to the system reduces the Tg of 

the polymer electrolyte system. The Tg observed for the (PEO)9LiCF3S03 + 5 

wt.% MMT system is -46.37°C. The bulky anion of CF3S03" is large and its 

movement is comparatively less. It has been reported that the lithium salts with 

bulky anions such as lithium(bis)trifluoromethanesulfonate imide (LiTFSI or 

Li(CF3S02)2N) reduces the re-crystallization kinetics of the polymer electrolyte 

systems, thus enabling the conductivity at ambient temperatures [27]. It can also 
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be assumed that the CF3SO3" anion associates with H atoms of the free water 

molecules attached to surface of the clay layers. Therefore, the dominant mobile 

ion in this system is Li+ cations. However, the overall conductivity data implies 

that the addition of an optimized MMT content able to drastically enhance the 

ionic conductivity in comparison to the polymer electrolyte without MMT. 

Moreover as observed, the presence of MMT in these polymer electrolytes 

increases the mechanical and thermal properties of the system, such as thin films 

preparation, strength of the films, flexibility, and durability etc. The large 

surface area of the MMT layers (200 m2/gm, in the presence of water) also helps 

in creating more conducting pathways for Li+ cations in addition to amorphous 

PEO network [18]. The crystalline nature of MMT also an important factor in 

considering the conductivity of polymer electrolyte system. Further the addition 

of MMT to the system increases the retention of average crystalline phase within 

the system. This can be seen as the Tg of the system shows a high value except 

in the system of (PEO)9LiCF3S03 + 10 wt.% MMT. However in this system the 

melting temperature (Tm) shows relatively high value than other systems. From 

all these available data it is understood that the balanced interactions in each 

constituent, in this case (PEO)9LiCF3S03 + 5 wt.% MMT supports the enhanced 

conductivity in the electrolyte system. It was already understood that the ionic 

conductivity in polymer electrolytes depends on the number of charge carriers 

and ionic mobility [28]. With the increase of temperature the mobility of Li+ 

cations in each system accelerated, by which an enhanced ionic conductivity 

observed. The increasing temperature also contributes to the dissociation of ion 

pair, thus enhancing conductivity. 

It is understood that beyond the melting temperature the polymer electrolyte 

is amorphous by its own nature, thus with high conductivity [29]. This can be 

attributed due to the specific interactions between the MMT layers and both 

PEO molecules and Li+ cations. It implies that a reasonable conductivity 
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enhancement can be achieved by adding a correct amount of MMT content into 

the polymer electrolyte system. 

3.3 DSC characterization 

3.3.1 Thermal behavior of polymer electrolyte system of (PEO)^LiCF3SO} 
+ x wt. % MMT, x = 0,5, 10,15, and 20 

T ' 1 ' r 

Temperature °C 

Fig. 4. DSC thermograms obtained for (PEO)9LiCF3S03 + x wt.% MMT nanocomposite polymer 
electrolyte with the addition of various clay concentration (wt.%); (a) PEO, (b) (PEO)9LiCF3S03, 
(c) 5 wt.% MMT, (d) 10 wt.% MMT, (e) 15 wt.% MMT, and (e) 20 wt.% MMT. 
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Table 1. The values of the melting temperature and glass transition temperature determined for 
PEO, (PEO)9LiCF3S03, (PEO)9LiCF3S03 + 5 wt.% MMT, (PEO)9 LiCF3S03 + 10 wt.% MMT, 
(PEO)9 LiCF3S03 + 15 wt.% MMT, and (PEO)9 LiCF3S03 + 20 wt.% MMT. 

Sample Name 

PEO 

(PEO)9LiTf 

(PEO)9LiTf + 5 wt.% MMT 

(PEO)9LiTf + 10 wt.% MMT 

(PEO)9LiTf + 15 wt.% MMT 

(PEO)9LiTf + 20 wt.% MMT 

Melting Temperature 

67.49 

64.80 

53.72 

58.69 

56.49 

56.55 

Glass Transition 
Temperature (Tg/ °C) 

-55.97 

-42.40 

-46.37 

-44.10 

-44.86 

-44.38 

The thermal characterization of the system of pure, undoped PEO, the 

(PEO)9LiCF3S03 electrolyte, and (PEO)9LiCF3S03 + x wt.% MMT solid 

polymer electrolyte with varying MMT concentration has been systematically 

studied. Figure 4 shows the DSC thermograms obtained for pure PEO 

(Fig. 4(a)), (PEO)9LiCF3S03 (Fig. 4(b)), and (PEO)9LiCF3S03 + x wt.% MMT 

polymer electrolyte system containing 5, 10, 15, and 20 wt.% MMT. The values 

of Tm and Tg determined for each system are summarized in Table 1. The pure 

PEO shows an endothermic first order transition at - 67.49°C, which 

corresponds to the melting temperature of crystalline PEO phase. The DSC 

curves indicate that the addition of montmorrilonite can disturb the PEO 

crystalline nature, thus developing the softer and amorphous structure. In each 

MMT added polymer electrolyte system, the melting peak of crystalline PEO 

phase varies and is shifted to lower temperature than that of pure PEO and 

(PEO)9LiCF3S03- As shown in the thermograms a significant difference is 

observed in the system of (PE0)9LiCF3S03 + 5 wt.% MMT. In this system two 

endothermic first order transitions can be observed, which attribute to the glass 

transition temperature at ~ -46.37°C and melting temperature at ~ 53.72°C 

respectively. In addition to that the melting peak area of that system was 
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comparatively reduced, thus lowering the heat of melting temperature of 

crystalline phase. The ionic conductivity of polymer electrolytes is favored 

when the glass transition temperature and melting temperature are lowered [1,5]. 

According to the results of ionic conductivity enhancement of the systems of 

(PEO)9LiCF3S03 + x wt.% MMT, the maximum conductivity is reported in the 

system of (PEO)9LiCF3S03 + 5 wt.% MMT, in which both the glass transition 

temperature and melting temperature have been rationally lowered. This 

significant change of thermal behavior is due to the specific interactions 

between MMT layers, PEO and Li+ cations in the polymer electrolyte system. 

This result is consistent with conductivity enhancement and FTIR analysis. 

Even though the change of glass transition temperature in the (PEO)9LiCF3S03 

+ x wt.% MMT systems, except (PEO)9LiCF3S03 + 5 wt.% MMT could not be 

traced the relative values were systematically determined using the available 

data. The above observations are consistent with other polymer electrolyte 

systems [30]. It was assumed that the polymer electrolytes based on alkali salt 

and PEO are in the crystalline state [31]. The addition of particular amount of 

MMT to the (PEO)9LiCF3S03 system interrupt the attraction between PEO and 

Li+ cations. As such it reduces the crystalline nature of polymer matrix, thus 

forming a softer amorphous structure that will enable ionic transport in the 

polymer electrolyte. However, with further increase of MMT concentration the 

Tm increases and reaches a maximum value at 10% MMT and decreases as the 

MMT content is further increased. The FTIR analysis has shown that the 

specific interactions take place between MMT layers and Li+ cations. Therefore, 

with the addition of MMT it breaks the interactions between PEO and Li+ 

cations and makes bonds with clay layers. According to this phenomenon the 

PEO segments tend to recrystalize due to greater PEO chain flexibility. It is 

understood that the PEO used in this study may contain both crystalline nature 

and amorphous nature. With the addition of MMT above 5 wt.% the tendency to 



559 

convert the amorphous portion to crystalline also takes place. This is due to the 

interactions between MMT layers and PEO segments. As such the amorphous 

PEO gains an ordered arrangements improving crystallinity. Therefore now the 

Tm and Tg increase. Further addition of MMT shows that the PEO crystallinity 

is reduced. It can be seen that the Tm and Tg values obtained for the 

(PEO)9LiCF3S03 + 15 wt.% MMT and (PEO)9LiCF3S03 + 20 wt.% MMT 

remain almost same. It confirms that MMT layers rapidly interact with Li+ 

cations. In addition to that the ether oxygen in PEO tends to associate with free -

OH groups of octahedral layers in MMT. The bulky like medium due to the 

interactions of MMT and triflate anion also behave as crystalline retarders, thus 

inhibiting or disturbing crystalline nature. As such the Tm decrease. However, 

the small increment of Tg was observed at each successive addition. This can be 

assumed that, the crystalline nature of MMT itself presence in theses system 

more. 

3.4 FT-IR Characterization 

3.4.1 Comparison ofFTIR spectra of systems of(PEO)9LiCF3S03 + 
x wt.% MMT for x = 0, 4, 5, 10, 15, 20 

An attempt was made to understand the bonding conformations upon the 

varying of MMT composition in (PEO)9LiCF3S03 polymer electrolyte system. 

Figure 5 presents the FTIR spectra of (PEO)9LiCF3S03 + x wt.% MMT, x = 0, 

4, 5, 10, 15, and 20 in the region 4000- 400 cm"1. In addition, the spectra of 

analogous (PE0)9LiCF3S03 complex, and pure MMT are included for 

comparison. 

It can be seen that with the increase of MMT composition in the 

(PEO)9LiCF3S03 polymer electrolyte system conspicuous changes occur in the 

regions of 3700-3100 cm"1 and 3000-2600 cm"1 . It is seen that the band at 3624 

cm"1 which, corresponds to isolated -OH groups and a small shoulder appeared 
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Fig. 5. FTIR spectra of the system of (PEO)9LiCF3S03 + x wt.% MMT for x = 0, 4, 5, 10, 15, 20. 

at 3245 cm' in MMT were not observed in the system of (PEO)9LiCF3S03 + 4 

wt.% MMT and (PEO)9LiCF3S03 + 5 w t.% MMT. However, with the increase 

of MMT composition they appear gradually. As seen in the (PEO)9LiCF3S03 + 

10 wt.% MMT system these bands are slightly observable, in (PEO)9LiCF3S03 

+ 15 wt.% MMT system and (PEO)9LiCF3S03 + 20 wt.% MMT system they are 

clearly observed. Similar type of bonding mechanism can be seen in the region 

of 3000-2600 cm"1, which corresponds to the v(CH2)a. The interactions between 

MMT and Li+ cations increase as the MMT composition increases. This reduces 

the attractions between PEO and Li+ cations. This happens up to a certain point, 

in this study at the (PEO)9LiCF3S03 + 5 wt.% MMT system. At higher MMT 
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concentration the medium becomes more viscous and bulky thus inhibiting 

characteristics bonding between MMT and Li+ cations. Due to the PEO chain 

flexibility, the interactions between intermolecular forces in PEO molecules 

increase, which tends to arrange in an ordered manner. Accordingly the 

intensity of the band in 3000-2600 cm"1 region increases. The changes of the 

bands observed in the region of 2000-1700 cm"1 are also strategic. In the 

complex (PEO)9LiCF3S03 polymer electrolyte clear new two bands were 

observed at 1963 and 1735 cm"1, which are not present either in pure PEO or 

LiCF3S03. The bands can be assigned to the vibrational modes of CC and CO of 

the PEO. Here also the bands intensity increases as the MMT composition 

increases, except in the system of (PEO)9LiCF3S03 + 5 wt.% MMT, which 

shows an enhanced intensity. This also shows that the interactions occur 

between MMT layers and ether-oxygen of PEO segments. Similar type, but 

noticeable features were seen at 1646 cm"1 and 1465 cm"1. A band in pure PEO 

at 1641 cm"1, corresponding to the asymmetric CO stretching, v(C-0)a has been 

shifted to higher frequency in (PEO)9LiCF3S03 and centered at 1646 cm"1. The 

band intensity increases upon the addition of MMT. This can be assumed that 

the Li+ cations interact with ether-oxygen in PEO. It is known that the band at 

1632 cm"1 which, corresponds to the bending vibrational mode, 8(0-H) of water 

molecules in pure MMT is also shifted to higher frequency when added to the 

polymer electrolyte system. It is also conspicuous that, the addition of MMT to 

the (PE0)9LiCF3S03 system, the intensity of the main band at 1646 cm"1 

increases. This can be interpreted as the interactions of free -OH in MMT to the 

ether-oxygen. 

This same bonding mechanism can be observed in the region of 1400-900 

cm"1, where asymmetric CH2 bending mode in PEO is observed. 

However, in the system of (PEO)9LiCF3S03 + 5 wt.% MMT a moderately 

increased band is observed. This further confirms the typical interactions 

between each constituent. The similar type of behavior was also observed at 
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1352 cm"1 and 1347 cm"1 absorption band which, corresponds to the wagging 

mode of CH2 (w(CH2)a) and crystalline phase in PEO. Even though the band 

changes according to the increase of MMT composition, a drastic changes 

observed in (PEO)9LiCF3S03 + 5 wt.% MMT system. It confirms that at 

this addition the crystalline phase in PEO is significantly decreases. As 

discussed in earlier chapters it was shown that the vibrational modes of t(CH2)a, 

C-F, v(COC)a, v(Si-O), and v(S03) are observed in the region of 1300 and 

1000 cm"1. Noticeably, the change of each mode in each polymer electrolyte 

system increases, except in (PEO)9LiCF3S03 + 5 wt.% MMT system. It can be 

interpreted that the MMT layers interact with PEO in addition to Li+ cations, 

thus changing whole charge environment in the system. However, the balance 

interactions can only be observed in (PEO)9LiCF3S03 + 5 wt.% MMT which 

shows the typical properties in conductivity enhancement. The typical changes 

occur in the region of 1000-700 cm"1 are supporting in characterizing the effect 

of MMT and the conformation of PEO in the polymer electrolyte system. A 

significant change was observed at 958 cm"1 and 840 cm"1, where r(CH2)a and 

r(CH2)s are critical. Although the intensity changes according to the MMT 

addition, they are intensed in (PEO)9LiCF3S03 + 10 wt.% MMT system than in 

(PEO)9LiCF3S03 + 15 wt.% MMT. These bands are sensitive to the interactions 

of cation with PEO backbone. Therefore, this confirms that the MMT 

layers rapidly interact with Li+ cations, forming more crystalline phase. This 

phenomenon is consistent with the DSC studies discussed in other chapter. The 

symmetric bending mode of CF3 (8(CF3)S) in LiCF3S03 is particularly sensitive 

to the local anionic environment. In this (PEO)9LiCF3S03 + x wt.%. MMT 

system it is apparent that these three states of free anions, ion pairs, and 

Li2CF3S03
+ are present. However with the addition of MMT the intensity of 

above band increases, except in (PE0)9LiCF3S03 + 5 wt.%. MMT. As shown in 

figure, the band is conspicuous in the later system than rest. It is further 

confirmed the specific interactions by which typical properties are observed. 
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These results are consistent with the conductivity enhancement and 

corresponding DSC analysis. The overall data indicate that it is required to add a 

particular amount of plasticizer to a polymer electrolyte. According to the 

previous discussions it was assumed that the specific, balanced interactions 

between each constituent are behind the corresponding properties. Therefore, in 

the system of (PEO)9LiCF3S03 + 5 wt.% MMT typical interactions take place in 

supporting characteristics properties observed. 

4.0 Conclusions 

The application of gel-type (PEO)9LiCF3S03 polymer electrolyte, plasticized 

with MMT in the fabrication of electronic devices such as high power redox 

supercapacitors, secondary batteries and laminated electrochromic windows is a 

very promising new class of emerging future technology. The polymer 

electrolyte system of (PEO)9LiCF3S03 + x wt.% MMT showed considerable 

ionic conductivity enhancement than that of MMT free (PEO)9LiCF3S03. It was 

understood that the addition of an optimum amount of MMT to the system of 

(PEO)9LiCF3S03 increases the ionic conductivity at room temperature by one 

order of magnitude over that of (PEO)9LiCF3S03. In conforming that the 

system of (PEO)9LiCF3S03 + 5 wt.% MMT showed the maximum conductivity 

of 4.15 x 10"7 S cm"1 at room temperature out of different MMT added systems. 

The XRD and DSC studies confirmed that the crystallinity of PEO in this 

electrolyte system is disturbed, thus creating an amorphous environment, 

suitable for enhanced ionic conductivity. The FTIR spectra obtained for the 

polymer electrolyte system of (PEO)9LiCF3S03 + x wt.% MMT have provided 

further evidence to show that the helical structure of PEO that is responsible for 

PEO crystallinity has been distorted. This shows that the balanced attractive 

forces among silicate layers, lithium cations and ether oxygen give rise to an 

optimum ionic conductivity. 
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Three kinds of the polymer matrix, poly(ethylene oxide)-grafted polymethacrylate (PEO-PMA), 

poly(vinyldene fluoride) (PVdF) and poly(vinyldene-co-hexafluoropripylene) (PVdF-HFP), were 

used for gel preparation. A proper amount of organic salts or acids were dissolved in the 

polymer matrix together with organic plasticizers, dimefhylformamide (DMF) and/or 

poly-(ethylene glycol)-dimethylether (PEGDE), without water. Thin films of the polymeric gel 

were obtained by either direct polymerization of the mixed monomer solution or a thermal 

casting method. The composition of the polymer-electrolyte complex system is optimized to 

obtain good capacitor performances of the electrochemical capacitor (ECC) system. 

1. General Introduction 
The electrochemical capacitor (ECC) devices are based on charge storage processes 
either at the electric double-layer on the high surface-area carbon or fast 
surface-reactions of redox active materials. The use of solid ion-conductor as the 
electrolyte enables the device being safe and highly reliable. We have developed 
different types of polymeric gel electrolytes for all-solid ECC devices. The gel 
electrolytes generally consist of polymer matrices swollen with non-aqueous 
solutions of organic or inorganic electrolytes. In this paper, the basic properties of 
the gel electrolytes and their applicability to the ECC devices are reported in detail. 

2. Polymethacrylate-based Gel Electrolyte for EDLC1'2 

2. 1. Introduction 
Proton-conducting polymeric materials have aroused much interest in fundamental 
research for understanding ionic conduction properties as well as the field of 
practical applications because of their possible use as thin film solid electrolytes in 
various electrochemical devices.3'4 In such ployelectrolyte-based systems as 
Nafion and analogues, the proton conduction consists of the migration of 
hydronium ions (H30+) through the hydrophilic clusters of sulfonate aggregates,5 or 
hopping between the "gap" of the polymer matrix or the hydrophilic functional 
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groups,6'7 which require water supply for retaining their proton conductivity. 
On the other hand, it has been demonstrated that dissolution of H3PO4 in 

poly(methylmethacrylate) plasticized by dimethylformamide (PMMA/DMF) or 
poly(glycidylmethacrylate) with DMF or propylene carbonate (PGMA/DMF, 
PGMA/PC)8"10 produces so-called polymeric gel electrolytes with high proton 
conductivities at ambient temperatures. The absence of water simplifies in 
principle the study of the conduction behavior of the system, and is likely to provide 
better electrochemical and thermal stability of not only the material but also the 
devices using them. 

We report here a novel non-aqueous polymeric gel electrolyte that consists of 
poly(ethylene oxide)-modified poly(methacrylate) (PEO-PMA) containing 
poly(ethylene glycol dimethyl ether) (PEGDE) as an organic plasticizer, in which 
anhydrous H3P04 was chosen as a proton donor. A variety of experiments have 
been made for optimizing the gel composition to achieve high ionic conductivity as 
well as chemical stability. We have also examined the applicability of the 
PEO-PMA-based polymeric gels as the solid electrolyte of an all-solid electric 
double layer capacitor (EDLC) system. 

2. 2. Experimental 
Non-aqueous polymeric gel membranes were prepared by photo-induced radical 
polymerization of poly( ethylene oxide) monomethacrylate (PEM; 
CH2=C(CH3)C02(CH2CH20)9CH3) and polyethylene oxide) dimethacrylate (PED; 
CH2=C(CH3)C02(CH2CH20)9COC(CH3)=CH2).

11, 12 Anhydrous H3PO4 was 
dissolved in PEGDE (Mw = ca. 400), or a mixture of PEGDE and DMF. Then, 
PEM/PED (3:1 by molar ratio) and a radical initiator were added to the 
H3P04/PEGDE (or H3P04/PEGDE+DMF) solution, followed by continuous stirring 
to yield a homogeneous solution. The resulting mixture was then developed onto 
an Al pan and exposed to UV light for polymerization at room temperature, which 
yielded H3P04-doped poly(ethylene oxide)-modified poly(methacrylate) polymeric 
gel: (PEO-PMA)/PEGDE(or PEGDE+DMF)/H3P04 (see Figure I). All steps of 
the preparation procedure were carried out under a dry Ar atmosphere. 

CHo CHT 
I I 3 

-(CH2Cte (CH2C)jr-
I I 

o=c o=c 
1 I 

0-(CH2CH20)9CH3 0-(CH2CH20)9C=0 

(CH2C)5-

CH3 

Figure 1. Structure of cross-linked PEO-PMA containing PEGDE as a plasticizer. 

The ionic conductivity of the gel membrane was measured by an AC impedance 
method using an electrochemical impedance analyzer (S-5720C, NF Electronics), 
where the AC frequency was scanned from 100 kHz to 1 Hz. The sample 

PEGDE 
(or PEGDE+DMF) 

as a plasticizer 
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membrane (13 mm in diameter, 0.6 - 1.1 mm in thickness) was sandwiched between 
two stainless steel blocking electrodes in a sealed Teflon cell case. The AC 
impedance was measured in the temperature range from 20 to 90 °C. 

An activated carbon fiber (ACF) cloth of 1300 m2 g"' BET surface area was used 
as the test electrode of the EDLC performance. The cell has a stacked structure 
with two ACF electrodes between which the polymeric gel film is sandwiched as the 
solid electrolyte. For comparison, aqueous H3PO4 solution (2.0 mol dm" ) was 
used as the liquid electrolyte of the EDLC. The EDLC performances were 
evaluated by charge and discharge cycling under constant current conditions in the 
temperature range between 30 and 90°C, where the capacitor was first charged to 1.0 
V and then discharged to 0 V at constant current from 0.13 to 2.6 mA. 

2. 3. Results and Discussion 
Optically transparent and uniform polymeric gel membranes were obtained in a 
wide range of the components, 1 3 - 5 2 mass% for H3PO4, and 0 - 7 7 mass% for 
PEGDE. The membranes have sufficient mechanical strength to measure their 
electrochemical properties. Figure 2 shows variations in the conductivity of the 
(PEO-PMA)/PEGDE/H3P04 polymeric gel membranes as a function of H3P04 

content. The conductivity measured in this work was essentially ionic. The 
conductivity for the sample containing 13 mass% of H3P04 was about 3.3 x 10"6 S 
cm"1. The conductivity increased sharply to 1.3 x 10"4 S cm"1 when the gel 
contained 52 mass% of H3P04 ([PEO-PMA]/PEGDE/H3P04 = 18/30/52 in mass). 
The increase in the conductivity with the acid content is mainly due to the increased 
numbers of the charge carriers in the gel. The presence of H3P04 also decreased 
the viscosity of the polymeric gel complex, which makes the polymeric chain 
flexible and consequently the carrier ions are easy to transport in the gel complex. 

- (b) PEGDE + DMF 

\ 
© 

O 

® o 

o \ 
® O (a) PEGDE 
o 

I I I 1 I 

0 10 20 30 40 50 60 70 80 

H3P04 content in gel / mass% 

Figure 2. Conductivity changes as a function of H3PO4 content for PEO-PMA-based polymeric gels. 

a: PEGDE as the plasticizer, and (PEO-PMA)/PEGDE (in mass) = 38/62, 

b: PEGDE+DMF as the plasticizer, and (PEO-PMA)/PEGDE/DMF (in mass) = 38/47/15. 
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The conductivity was enhanced by the addition of the second plasticizing 
component DMF. The conductivity was increased by addition of 7 mass% of DMF 
from 3.3 x 10"6 to 7.2 x 10"6 S cm"' for the system containing 13 mass% of H3P04, 
and from 1.1 x 10"4 to 2.1 x 10"4 S cm"1 for the sample containing 52 mass% of 
H3PO4 at 22 ± 2 CC. The addition of DMF reduces the viscosity of the gel and 
increases the dissociation of H3PO4. As the conductivity of pure DMF and PEGDE 
is extremely low (< 10"'° S cm"' at room temperature), the increased conductivity by 
the DMF addition is due to the indirect contribution of DMF to the ionic property of 
the complex. 
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Figure 3. Temperature dependence of the ionic conductivity for PEO-PMA-based polymeric gels 

with different polymer compositions, H3P04 content: 52 mass %, 

(PEO-PMA)/PEGDE (in mass): 100/0 (a), 50/50 (b), and 23/77 (c). 

Figure 3 shows the temperature dependence of the ionic conductivity obtained for 
gel membranes with different compositions. A linear relation was observed on 
every logo- vs. \IT plot. The slope of the linear plot gives apparent activation 
energy (£„) for the ionic conduction. Figure 4 shows the variations in the 
activation energy with the composition of the polymeric gel. The Ea value 
increased with an increase in the H3P04 content in the gels, but weakly depended on 
the polymer matrix composition, (PEO-PMA)/PEGDE ratio. The addition of DMF 
tended to decrease the activation energy, but the difference became small when the 
polymeric gel complexes contained high acid contents. This suggests that the 
activation process of the conduction becomes similar in the gels with high H3P04 

contents. Note that the Ea values in the present non-aqueous gels were generally 
higher than those observed for the hydro-gels containing H 3P0 4" or acetic acid,12 

where around 10 kJ mol"' was obtained. This is probably due to the fact that the 
present polymeric gel system does not contain free water that would act as the active 
site of the proton transport via hydrogen bonding.12 In the non-aqueous gel, 
however, the proton conduction would proceed mainly through the molecular 

T i i r 



570 

coordination of proton with ethylene oxide (EO) units in the polymer matrix and/or 
the amide group of the plasticizing molecule. The proton conduction mechanism 
appears to change with the increase in the H3P04 content. That is, for the samples 
with high H3PO4 contents, a vehicle-type mechanism dominates the ionic conduction, 
whereas for the samples with low acid contents and/or high solvent contents, a 
Grotthus-type mechanism appears to be the primary route of the ion-conduction.'3 

PEGDE content in gel / mass % 

H3P04 content in gel / mass % 

Figure 4. Variations in the apparent activation energy as functions of H3PO4 and PEGDE contents 

for PEO-PMA-based polymeric gels. 
(o) (PEO-PMA)/PEGDE=38/62. (•) (PEO-PMA)/PEGDE/DMF=38/46/15. 

(T) H3PO4 content: 46 mass%. 

CO 
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Figure 5. Time course of the ionic conductivity of PEO-PMA-based polymeric gel at 100°C. 

Polymeric gel composition: (PEO-PMA)/PEGDE/H3P04 = 21/33/46. 
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Figure 5 shows the variation in the ionic conductivity with time measured at 
100 °C for the sample of (PEO-PMA)/PEGDE/H3P04 (21/33/46 in mass). The 
initial conductivity of the polymeric gel complex was 2.6 x 10"3 S cm"1 at 100 °C. 
The conductivity increased once to 2.7 x 10" S cm"1 within 2 h, then gradually 
decreased to 2.1 x 10"3 S cm"1 after 70 h. 

Charge and discharge cycling tests were conducted for the EDLC cells using ACF 
electrodes and the polymeric gel electrolyte. In Figure 6, the specific capacitance 
obtained at 90 °C is plotted against the cycling current density. Here, the iR-free 
values of the capacitance are shown to discuss the rate performances. When the 
cell was cycled at relatively low rate (0.5 mA cm'2), about 120 F g"1 of the discharge 
capacity was obtained for the cell with the plasticizer-free electrolyte. This value 
was about half of the capacitance obtained for a cell using aqueous liquid electrolyte. 
For the cells with plasticized non-aqueous electrolyte, we have achieved almost the 
same level of the capacity as that observed in the liquid electrolyte. The rate 
dependence was not significant up to 2.0 mA cm"2, which corresponds to several "C 
rate" for conventional battery systems. In addition, from Fig. 6, it can also be seen 
that gel polymer electrolyte plasticized by PEGDE gave the highest capacitance, 
although its ionic conductivity was lower than in the gel containing DMF as the 
plasticizer, even at high temperature (90 °C). The rate capability shown in Fig. 6 
corresponds to the capacitor performance (power density) of ca. 200 W kg"1 at the 
energy density of ca. 10 Wh kg"1, when the calculation is based on the mass of the 
ACF electrodes. 

• • +PEGDE 

• • 
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X 

X 
without plasticizer 
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Figure 6. Variations in the specific capacitance of ACF with current density for the test cells 

with polymeric gel electrolytes (at 90 °C), *: without plasticizer, •: PEGDE, •: DMF. 

3. Poly(vinylidenefluoride)-based Gel Electrolytes for Redox Capacitors14 

3. 1. Introduction 
The electrochemical capacitors (ECCs) are classified two types: one is electric 
double layer type (EDLC), which is based on the non-Faradaic process of 
polarizable electrodes, and the other type is pseudo-capacitor, also called redox 
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capacitor, in which Faradaic reactions, or redox reactions of electro-active materials. 
A typical electrolyte system of EDLC is non-aqueous one consisting of organic 
solvent solutions. This non-aqueous system has wide potential windows that lead 
to high energy density of the capacitor device. The other category is an aqueous 
system, eg., aqueous solutions of sulfuric acid or potassium hydroxide. The latter 
has generally higher ionic conductivity that enables the capacitors high 
rate-capability 

In recent years, the technologies in the advanced capacitors have been directed to 
two ways, smaller sizes for electronics and larger sizes for power sources of FCEV. 
In both cases, application of solid electrolyte will be key technology, because solid 
electrolytes have such merits as safety and reliability of the device. However, the 
solid system has such demerits as low rate capability, because of relatively low ionic 
conductivity and difficulty of the structuring the electrode/electrolyte interface. Up 
to the present, many kinds of polymeric gel electrolytes have been proposed. We 
have reported in the first part of this paper that the applicability of proton conducting 
gel electrolyte to an EDLC. In this part, we have aimed to confirm the 
applicability of non-aqueous gel system to the ECC, especially the redox capacitor 
electrode. We adopted PEO-PMA-based polymer and poly(vinylidenefluoride) 
(PVdF)-based polymer as the matrix for the polymeric gel, and examined the 
compatibility of the resulting gel electrolyte with the redox active metal oxide. 
Here, we used ruthenium oxide hydrate (Ru02xH20) and investigated its 
voltammetric response and the charge/discharge cycling in the gel. 

3. 2. Experimental 
The polymeric gel was composed of PVdF or PVdF-hexafluoropropylene 
co-polymer swollen with DMF solution of trifluoromethanesulfonic acid (CF3SO3H) 
as the proton source. The matrix polymer and the acid were first mixed with DMF 
solvent, and then casted on an Al pan under dry argon atmosphere, followed by 
curing at 110 °C under reduced pressure. This procedure yielded a flexible thin 
film of the gel electrolyte. The ionic conductivity of the gel electrolyte was 
measured by the same AC method as described in the previous part over the 
temperature range from 30 to 90°C. 

The ruthenium oxide hydrate (Ru02*H20) was prepared by a so-gel method, 
which was first proposed by Zhen, et. al.14 The oxide powder was mixed with a 
binder under a dry condition, then mounted on a current collector with a conductive 
resin. This type of the electrode will be called Type I. The other one is called 
Type II made by a "wet process", where the oxide powder and the binder were 
suspended in an organic solvent, and then the resulting slurry was coated on a 
current collector made of stainless steel. The organic solvent in the coating was 
thoroughly evaporated by heating under a reduced pressure. Cyclic voltammetry 
and constant current polarization using a three-electrode cell were conducted for 
characterizing the metal oxides as the capacitor electrodes in the gel electrolytes. 

3.3 Results and Discussion 
The conductance characteristics of the PVdF-based polymeric gel electrolytes are 
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shown in Figures 7 and 8. The temperature dependence of the ionic conductivity 
generally reveals Arrhenius-type behavior. The use of trifluoromethanesulfomc 
acid (CF3SO3H) gave much higher conductivity than phosphoric acid (H3PO4). 
About 6 mS cm"' of the conductivity was obtained for the PVdF-based gel 
containing CF3SO3H at 60 °C. 
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Figure 7. Temperature dependence of the ionic conductivity for PVdF- and PVdF-HFP-based 

gel electrolytes. 

a: PVdF / 0.5M CF3SO3H (DMF), b: PVdF-HFP / 0.5M CF3SO3H (DMF) 

c: PVdF/15% H3PO4 (DMF), d: PVdF/10% H3PO4 (DMF). 
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Figure 8. Variations in the ionic conductivity with time for PVdF- and PVdF-HFP-based 

gel electrolytes at 60 °C. Content of the polymer in the gel: 15 % in mass. 

Figure 8 shows the comparison of the variations in the ionic conductivity for 
PVdF- and PVdF-HFP-based gels (15 mass% of the polymer content) at 60 °C. 
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The initial conductivity of the gel using PVdF-HFP co-polymer host was lower than 
that of the gel using PVdF homo-polymer. However, the durability of the 
conductivity was much better for PVdF-HFP co-polymer than PVdF homo-polymer. 
The IR spectra of the gels after 50 h storage at 60 °C proved that the most of the 
DMF component was lost in the gel using PVdF homo-polymer, his peak almost 
disappeared after 50 h storage at 60 °C for PVdF homo-polymer gel. That is, the 
PVdF-HFP copolymer was much superior to PVdF homo-polymer in the plasticizer 
stability. 

The PVdF-HFP-based gel consists of polymeri-rich crystal phase and the 
liquid-rich amorphous phase. The proton conduction mainly occurs in the liquid 
phase percolation, where the donor site of the plasticizer, DMF, assists the proton 
transport. Thus, a mechanism of Grottus-type conduction13 is also proposed for the 
present gel system. 

Next we have examined the applicability of the PVdF-based gel electrolyte to 
redox capacitor electrode. Cyclic voltammetry for the Ru0 2 xH 2 0 electrode made 
by a "dry" process (Type-I electrode) showed a rather small current response in the 
PVdF-HFP-based gel electrolyte. The discharge capacitance measured under a 
constant current condition (2 mA cm"2) was initially about 100 F g(Ru02)"', but it 
decreased with the cycling. This was probably due to insufficient utilization of the 
electrode/electrolyte interface. Thus, we changed the electrode preparation process 
to make better interface between a solid electrode and a gel electrolyte. 

Figure 9 shows the voltammetric response of the Ru0 2 xH 2 0 electrode made by a 
"wet" process (Type-II electrode). The voltammetric current was much higher than 
that of Type I ("dry process) electrode. It was demonstrated that the optimization 
of the electrode/electrolyte interface can improve the redox process of the oxide 
electrode in the solid gel electrolyte. 

-0.5 0 0.5 1.0 
E / V vs. Pt 

Figure 9. Cyclic voltammogram for RuCV^F^O electrode (Type-II) in gel electrolyte, 

PVdF-HFP/ 0.5 M CF3SO3H (DMF) (15 mass% of the polymer content). 

In Figure 10, the discharge capacitances of the Type-II electrode are plotted 
against the cycle number under constant-current charge-discharge cycling. The 
discharge capacitance at constant current was also higher than that of Type I 
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electrode. When we used lower current density, 1 mA cm"', the initial capacity 
exceeded 300 F g"1 at 60 °C, and the cycleability was better than Type I electrode. 
Optimization of the electrode composition is now under investigation to improve the 
rate capability of the oxide electrode in the polymeric gel electrolyte. 
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Figure 10. Variations in the discharge capacitance with the cycle number for 

Ru02ocH20 electrode (Type-II) in gel electrolyte, 

PVdF-HFP/ 0.5 M CF3SO3H (DMF) (15 mass% of the polymer content). 

4. Summary 
We have successfully developed proton conducting non-aqueous polymeric gel 
systems for ECC use. These have high ionic conductivity as well as compatibility 
with a high surface area carbon material as well as the metal oxide for the hybrid 
capacitor device. 
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Abstract 

Proton conducting polymer electrolytes based on Poly (vinyl acetate) (PVAc) and perchloric 

acid (HCIO4) has been prepared by solution casting technique with various compositions. FTIR spectra 

analysis reveals the interaction between proton and ester oxygen of Poly (vinyl acetate) (PVAc). Ac 

impedance spectroscopy reveals that 75m%PVAc:25m%HCI04 exhibits maximum conductivity, 6.2X10"2 

Scm'1 at room temperature (303K). The increase in conductivity with increase in dopant concentration 

and temperature may be attributed to the enhanced mobility of the polymer chains, number of charge 

carriers and rotations of side chains. The temperature dependence of conductivity shows non-arrhenius 

behaviour at higher temperatures. Dielectric loss spectra show two relaxations a (high temperature) and p 

(low temperature) relaxations in low and high frequency range respectively 

Keywords: Proton conductors, PVAc, FTIR, Impedance analysis 

1. Introduction: 

In the recent years, proton conducting polymer electrolytes attracted 

considerable attention due to the possibility of their application in a variety of 

electrochemical devices, such as fuel cells, humidity and gas sensors, electrochromic 

displays and windows [1]. In general proton-conducting polymers are usually based 

on polymer electrolytes, which have negatively charged groups attached to the 

polymer backbone. Complexes of basic polymers such as Poly (ethylene oxide) 

(PEO), poly (ethylene imine) (PEI), poly (acryl amide) (PAAM) and poly (vinyl 

alcohol) (PVA) with strong acids have been shown to possess high proton 

conduction in the range of 10"4 - 10"3 Scm"1 [2]. PVAc happens to be one of the 

polymers which possess large dipole moments and high relaxation time which are 

due to its side chains connected to ester oxygen [3]. PVA complexed with inorganic 

acid has been already reported by R.A. Vargas et.al, and he reported the 

plastification effect of acids and water in PVA [4]. In this investigation, proton 

conducting polymer electrolytes based on Poly (vinyl acetate) (PVAc) and 

perchloric acid (HCIO4) has been prepared by solution casting technique with 

various compositions. Plasticization effect of acid on Poly (vinyl acetate) (PVAc) 
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has been discussed using FTIR. Impedance spectroscopy has been performed to 

analyze effect of acid on the conductivity of pure polymer. 

2. Experimental analysis: 

The polymer complexes have been prepared by solution casting technique. Poly 

(vinyl Acetate) (PVAc) Himedia and Perchloric Acid (HC104) Qualigens are used 

as received. First PVAc is dissolved using acetone and then the dopant HC104 was 

added to this solution and stirred well to get a homogenous solution, and the solution 

was poured in to small Petri dishes to form thin film, and kept in room temperature 

for one day and then in vacuum oven at a temperature of 60°c to remove the traces 

of acetone. The ion interaction studies of the complex PVAC-HCIO4 has been 

studied using FT-IR analysis using shimadzu 8000- Spectrophotometer instrument in 

the range 4000-400 Cm"'. To study the ionic conductivity of the samples Ac 

impedance spectroscopy was performed using HIOKI 3532 LCR Hitester, in the 

frequency range 42Hz -5MHz for the temperature range 303 K- 343 K using 

aluminium as blocking electrodes. 

3. Results and Discussion 

3.1. FT-IR Spectroscopic Analysis 

The FT-IR spectrum of pure PVAc, and PVAc-HC104 complexes of various 

compositions are shown in Fig.l. The vibrational bands observed at 2923, 2865 and 

1375 cm"1, are ascribed to CH3 asymmetric stretching, symmetric stretching and 

symmetric bending vibrations of pure PVAc respectively. The peaks at 1245, 1100 

and 1090 cm"', are ascribed to C-O-C symmetrical stretching, C-0 and C-C 

stretching vibrations of pure PVAc respectively. The peak observed at 625 cm"1. 

(Fig.lb) in the proton exchange membrane is ascribed to the C104" ion which is 

slightly shifted to lower wave numbers 610 cm"1 at higher concentrations of HCIO4. 

This result indicates the coordination of C104" ion with the polar group present in the 

polymer of the polymer complexes. In Fig. l(b-c), the peak observed at 3728 cm"1 is 

ascribed to the weak inter ionic bonding between H+ and C104" as (H+ CIO4" — H+ 

CIO4"). 
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Fig.l (b) and (c) well reflect the different degree of coordination of cation to 

both the C-O-C and C=0 moieties. The appearance of strong band in the spectrum at 

1730 cm"' which corresponds to C=0 stretching frequency of pure PVAc is slightly 

shifted to lower wave number (1719-1705 cm"') in the polymer- acid complexes. 

This effect is due to the coordination of the cation with the oxygen, which results in 

the weakening of the C=0 bond and hence the wave number of absorption 

decreases. The similar results have been reported by Weihua Zhu et.al and 

S.SelvasekaraPandian et. al for the PEG-PU/NaC104 and PVAc-NH4SCN 

complexes, respectively [5,6]. Moreover the addition of HC104 causes a small 

decrease (1238-1232 cm"') of the C-O-C stretch down to lower wave numbers due to 

the coordination of the ester oxygen with the cation. The similar effect was reported 

by Wieczorek et.al. [7] for the polyether- poly (methyl methacrylate) blend based 

system. The polymer- acid complex formation and the proton interaction has been 

confirmed from the above analysis. 

Wavenumber (cm') 

Fig.l FT-IR spectrum of a) pure PVAc b)15m%HC104 c)20m% HCIO, doped PVAc 

3.2 Impedance Spectra: 

Figure (2a) shows the Nyquist plot or cole-cole plot for all the samples 

PVAc-HC104. The complex impedance diagram shows two well defined regions, a 

chord in the high frequency region which is related to the conduction process in the 

bulk of the electrolytes and a linear region in the low frequency range that can be 

attributed to the effect of blocking electrodes. At low frequency the complex 
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impedance plot shows a straight line parallel to the imaginary axis, but the double 

layer at the blocking electrodes causes the curvature. The disappearance of the high 

frequency chord portion in the complex impedance plot illustrates that the total 

conductivity is mainly due to the result of ionic conduction. [8]. The appearance of 

semi-circle can be represented by a parallel combination of a resistor and a 

capacitor. The resistor may be attributed to the migration of ions through the free 

volume of the polymer matrix, and the capacitor to the polarized polymer chains due 

to the alternating field applied. In the low frequency range the observed inclined 

spike represents a finite or infinite diffusion of mobile charge carrier which occurs 

into the electrode materials [9]. 
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Figure (2a) Nyquist plot for PVAc-HC104 complexes Figure (2b) Nyquist plot 95m% PVAc-

at 303K 5m%HC104 at various temperatures 

From Fig (2b) it is observed that the impedance value decreases with 

increase in temperature for the sample 95mol% PVAc- 5mol%HC104. And this has 

been observed in all the samples. As the temperature increases the segmental motion 

of the polymer chain and dissociation of the acid increases resulting in the decrease 

of impedance, hence high conductivity. The bulk resistance has been calculated by 

extrapolating the spike into the x-axis and the conductivity has been calculated using 

the relation, 

o = 1/RB A/d Scm"1 
(1) 
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Where A- area of the electrode electrolyte contacts and, d - thickness of the sample. 

The maximum conductivity 6.2 x 10"2 Scm"'has been observed for the sample 

75mol%PVAc: 25mol%HC104 at room temperature. 

3.3 Conductance Spectra: 

Fig (3a) shows the plot between log co and log a for all the samples at room 

temperature. The curve consists of three different regions; the low frequency spike 

which is followed by a medium frequency plateau and a spike at high frequencies. 

The low frequency spike may be attributed to the space-charge polarization at the 

electrode- electrolyte interface. The medium frequency plateau represents the DC 

conductivity due to the hopping of ions in the polymer chains and the high frequency 

spike is due to the bulk of the relaxation phenomenon. 
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Fig(3a) Conductance spectra for PVAc-HCI04 complexes Fig(3b) Conductance spectra for 5m% HCI04 

doped polymer electrolyte 

According to Jonscher's Power law [10], the frequency dependent of Ac 

conductivity of polymer electrolytes is described by the following equation, 

o = cio + Acon. (3) 

a0 - D. C conductivity and A, n - material parameters. 

The value of o0 has been found by extrapolating the plateau in the y-axis, and they 

are in good agreement with the values obtained from impedance plot. Fig (3b) shows 

the conductance plot for the sample [95mol%PVAc : 5mol%HC104] for various 

temperatures. From the plot it is clear that as the temperature is increased the spike 

get increased due to the increase in mobile charge carrier and the DC plateau region 
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shifts towards high frequency region. The high frequency spike disappears as the 

temperature increases within the frequency region measured. 

3.4 Temperature dependent conductivity: 

Fig. 4 shows the plot between temperature and conductivity. For low 

concentration of acid doped samples, conductivity value increases linearly with 

increase in temperature up to 345 K and for higher temperature it shows Non-

Arrhenius behaviour. 
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Fig4: Temperature dependent conductivity for 5m% and 10m% HC104 doped PVAc complexes 

As the acid concentration is increased polymer electrolytes shows Non-Arrhenius 

behaviour in the temperature range studied. This Non-Arrhenius behaviour may be 

attributed to the reduction of Tg due to the plasticization effect of acid [4]. The same 

phenomenon has been observed by Vargas et.al in the system PVA complexed with 

KHSO4. The nonlinearity in figure 4 shows that ion transport in polymer 

electrolytes is dependent on polymer segmental motion. Thus the result may be 

described by VTF relation which describes the transport properties in a viscous 

matrix. 

3.5 Dielectric spectra Analysis: 

The complex permittivity (E) or dielectric constant of a system is defined by 

e* = s'+ig" = e'-j(o/coE0) (4) 

where s' - real part of the dielectric constant, e" - imaginary part of the dielectric 

constant of the material, a - conductivity of the material, co - angular frequency, eo -

permittivity of free space. The plot e' Vs log co is shown in figure(5a) for all the 
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samples at room temperature. The dielectric permittivity rises sharply towards low 

frequencies due to electrode polarization effects. At high frequencies the periodic 

reversal of the electric field occurs so fast that there is no excess ion diffusion in the 

direction of the field. The polarization due to the charge accumulation decreases, 

leading to the decrease in the value of e' [11]. Figure (5b) shows the plot between 

E" VS logco for all the samples at room temperatures. The dielectric loss is very 

large at low frequencies due to the free charge motion within the material. 
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Fig. 5a Variation of dielectric constant with frequency for HCI04 doped PVAc complexes 
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Fig(5c) Dielectric loss spectra for 90m% 

PVAc: 10m%HClO4 

These values do not correspond to the bulk dielectric processes but are due 

to the free charges build up at the interface between the material and the electrodes. 

From the plot, high dielectric loss has been observed for the sample 75mol%PVAc: 
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25mol%HC104 which has high conductivity than other samples. In the figure (5c) 

the appearance of dominant dielectric relaxation peak, whose maximum shifts 

gradually towards high frequencies with rise in temperature for 90mol%PVAc: 

10mol%HClO4. At higher temperatures a new peak has been observed at lower 

frequencies along with a peak in the high frequency. This new peak at lower 

frequencies observed only at high temperature is due to the main chain relaxation ( a 

- relaxation process ). So the peak at high frequency may be attributed to the side 

chain relaxation ((3 - relaxation process) [11]. 

4.Conclusion: 

Proton conducting polymer electrolytes based on Poly (vinyl acetate) 

(PVAc) and perchloric acid (HC104) has been prepared. FTIR spectra analysis 

reveals the interaction between proton and ester oxygen of Poly (vinyl acetate) 

(PVAc). 75m%PVAc: 25m%HC104 has been found to exhibit maximum 

conductivity, 6.2X10"2 Scm"1 at 303K. The temperature dependence of conductivity 

shows non-arrhenius behaviour at higher temperatures. Dielectric loss spectra show 

two relaxations a (high temperature) and P (low temperature) relaxations in low and 

high frequency range respectively. 
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Poly (ethylene oxide)-(PEO)-based composite polymer electrolytes are of great interest for 
solid-state-electrochemical devices. This paper presents the results of a preliminary study on 
electrical conductivity and thermal behavior (DSC) of composite polymer electrolytes (CPEs) 
containing PEO: LiCF3S03 complexed with plasticizer (EC) and incorporating nano-sized 
particles of the ceramic filler A1203. Ionic conductivity enhancement in these electrolytes has 
been obtained by optimizing the combined effect of the plasticizer and the ceramic filler. 
Nano-composite, plasticized polymer electrolyte films (400-600um) were prepared by 
common solvent casting method. It was revealed that the presence of the A1203 filler in PEO: 
LiTf polymer electrolyte significantly enhanced the ionic conductivity in the temperature 
range of interest, giving the maximum conductivity for (PEO)9LiTf+15 wt.% A1203 CPE [aRI 

(max)=2xl0"5 S cm'1]. It was also observed that the addition of plasticizer (EC) to this 
electrolyte up to a concentration of 50 wt. % EC, showed a further conductivity enhancement 
[ORT (max) ^l.SxlO"4 S cm ' ] . It is suggested that the conductivity is enhanced mainly by 
two mechanisms. The plasticizer (EC) would directly contribute by reducing the crystallinity 
and increasing the amorphous phase content of the polymer electrolytes. The ceramic filler 
(A1203) would contribute to conductivity enhancement by creating additional sites to 
migrating ionic species through transient bonding with O/OH groups in the filler surface. The 
decrease of Tg values of plasticized CPE systems seen in the DSC thermograms points 
towards the improved segmental flexibility of polymer chains, increasing the mobility of 
conducting ions. 

l. Introduction 

The development of solid polymer electrolytes is of practical importance for various 
applications in electrochemical devices such as separators electrolyte membranes in 
high energy density lithium ion rechargeable batteries, fuel cells, electrochromic 
displays and smart windows. The high molecular weight poly (ethylene oxide) 
(PEO) - based composite polymer electrolytes are emerging as the best candidates 
to be used as polymer matrix because of their solvation power, complexion ability 
and ion transport mechanism directly connected with the alkaline salt (Ii+). 
However, the ionic conductivity of PEO-lithium salts (LiX) electrolytes at ambient 
temperature (10"7-10'6 S cm"1) is not high enough for most practical applications. In 
order to overcome this problem, consistent research efforts have been devoted to 
improve the ionic conductivity in PEO-LiX (X = CIO,", CF3S03", BF4", PF6" etc.) 
composite polymer electrolytes (CPEs). 

Ionic conductivity enhancement in these polymer electrolytes have been 
achieved mainly by using two techniques 3' 6. One of these techniques is the 
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dispersion of nano-sized inorganic ceramic filler particles (A1203, Si02 , Ti02) in 
the host polymer matrix in order to utilize their role of creating additional 
conducting pathways for migrating ionic species through transient bonding with 
O/OH groups in the filler surface M ' 5 ' 9 . The other technique is the addition of low 
molecular weight plasticizers such as ethylene carbonate (EC), propylene carbonate 
(PC) and polyethylene glycol (PEG) into the conventional PEO-LiX systems 7' ". 
The plasticization is the conventional way to reduce the crystallinity and increase 
the amorphous phase content of the composite polymer electrolytes. Therefore, the 
conductivity and thermal studies on plasticized composite polymer electrolytes 
incorporating nano-sized ceramic particles are of great interest. However, a very 
few publications are available in the literature which discuss the combined effect of 
the plasticizer and the ceramic filler on PEO-LiX based polymer electrolytes7'8. 

This paper reports, the result of a preliminary study on electrical conductivity 
and thermal behavior of composite polymer electrolyte: (PEO)9LiCF3S03, 
plasticized with ethylene carbonate (EC) and incorporating nano-sized A1203 as the 
ceramic filler. 

2. Experimental 

Poly (ethylene oxide) (PEO, MW 4xl06), Lithium triflate (LiCF3S03), A1203 

powder (pore size 5.8 run, 150 mesh, neutral) and Ethylene Carbonate (EC) (purity 
of 98%), purchased from Aldrich, were used as starting materials. Prior to use, PEO 
was vacuum dried at 50 °C for 24 hrs whereas LiTf and A1203 were vacuum dried 
for 24 hrs at 120 °C and 200 °C respectively. Appropriate quantities of PEO and 
LiTf required for either oxygen to Li+ ratio 9:1 were dissolved in acetonitrile and 
stirred well for 24 hrs at room temperature and the slurry was cast on a Teflon 
support. The polymer electrolyte film was dried in a vacuum oven for 24 hrs. The 
composite polymer electrolytes (PEO)9LiTf + x wt.% A1203 (x = 5,10,15,20,25) 
were prepared by adding x wt% of A1203 of the total PEO + LiTf weight using the 
same procedure as mention above. Subsequently, (PEO)9LiTf + 50 wt.% EC CPE 
was prepared by adding 50 wt.% of EC to the filler free polymer electrolyte. Finally 
the composite polymer electrolytes: (PEO)9LiTf + 50 wt.% EC + x wt.% A1203 (x = 
10, 15 wt.% of the total PEO + LiTf + EC weight) were prepared by using the 
standard solvent casting technique. All the CPE films were finally dried in a 
vacuum oven for 24 hrs. 

The complex impedance measurements were carried out on disc shaped 
samples sandwiched between two stainless steel electrodes of 13 mm diameter, 
using a computer controlled Schlumberger SI 1260 impedance analyzer in the 1 Hz 
to 10 MHz frequency range over a temperature range of 25 °C to 100 °C in 10 °C 
intervals on heating. The DSC thermograms were recorded using a PERKIN 
ELMER Pyris 1 Differential Scanning Calorimeter at a heating rate of 10 °C min"1 

from -120 °C to 120 °C in the heating cycle. The ionic conductivity was derived 
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from the complex impedance data and the glass transition temperature, Tg, and the 
melting temperature, Tm, of different samples were extracted from DSC 
thermograms. 

3. Results and Discussion 

The temperature dependence of ionic conductivity for the composite polymer 
electrolytes (PEO)9LiCF3S03 + x wt.% A1203 ( x = 10, 15, 20, 25 ) is shown in 
Figure 1. According to these observations, the addition of nano-sized alumina fillers 
has increased the ionic conductivity of the polymer salt complex giving the 
maximum conductivity enhancement for samples with 15 wt. % AI2O3. Also a 
closer inspection of all the curves reveals that the semi-crystalline to amorphous 
phase transition occurs around 60 °C and that a much greater conductivity 
enhancement occurs in the crystalline phase compared to that in the amorphous 
phase. The discontinuity observed in the conductivity plot of filler free electrolyte 
around 60 °C has essentially disappeared for the sample with 15 wt. % A1203, which 
appears to obey the VTF behavior, indicating its amorphous nature. 

I 1E-5-
3 

Temparature ( C ) 

60 40 

-PEOeLiTf • 15wt % Al ;0. 
-PE00LiTI* 10wt% Al ;0; 
-PE00LiTI+ 20wt% Al20" 
-PEO,LiTI* 6w l% A^O, 
-PEOaLiTf + 25wt% A^O, 
-PEOl iTf 

2.9 3 3.1 

1000/T ( K1 ) 

Figure 1. Variation of ionic conductivity with inverse temperature for the composite polymer electrolyte 
samples, (PEO)9LiCF3S03 + A1203 incorporating different wt.% of nano-sized alumina filler particles. 

The plots of the variation of conductivity versus wt. % A1203 at various 
temperatures (conductivity isotherms) for the (PEO)9LiCF3S03 + A1203 nano 
composite polymer electrolyte is shown in Figure 2. The composition 
(PEO)9LiCF3S03 + 15 wt. % A1203 CPE exhibits the maximum conductivity from 
25 °C to 100 °C, with a room temperature value of 2.1x 10-5 S cm'1 (at 25 °C). 
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Figure 2. Variation of ionic conductivity vs. vrt. % AlzCh for the polymer electrolyte (PEO)9LiTf + AI2O3. 

The plots depicting the conductivity versus 1/T variation for the electrolyte 
samples : (a) (PEO)9LiTf , (b) (PEO)9LiTf + 50 wt.% EC , (c) (PEO)9LiTf + 10 
wt.% A1203, (d) (PEO)9LiTf + 15 wt.% A1203, (e) (PEO)9 LiTf + 50 wt.% EC + 
10 wt% AI2O3 and (f) (PEO> LiTf + 50 wt.% EC + 15 wt.% A1203 are shown in 
Figure 3. 

Temparature ( C ) 
100 80 60 40 20 

1E-3 -

_ - 1E-4 

f 1E-5J 

2.9 3.0 3.1 

1000 / T ( K1 ) 

Figure 3. Variation of the ionic conductivity with inverse temperature for the composite polymer 
electrolyte systems : (PEO),LiTf, (PEO),LiTf + 50 wt.% EC , (PEO),LiTf + 10 wt.% A1203 , (PEO),LiTf 
+ 15 wt.% A1203 , (PEO)9 LiTf + 50 wt.% EC + 10 wt.% Al203 , (PEO), LiTf + 50 wt.% EC + 15 wt.% 
A1203. 



589 

According to Figure 3, there is a significant conductivity enhancement due to 
the addition of the plasticizer, EC to the (PEO)9LiTf electrolyte. Also, the presence 
of the filler (A1203) has shown a conductivity enhancement of the plasticizer-free 
polymer electrolyte. However, the conductivity enhancement in the polymer 
electrolyte with filler was higher than that of the plasticized CPE. Also, the 
conductivity enhancement in the plasticized CPE with filler was superior to all other 
samples studied. The highest room temperature conductivity enhancement of more 
than three orders of magnitude was obtained for the electrolyte, plasticized CPE 
with 15 wt. % A1203 filler concentration (Table 1). The conductivity (log o) versus 
1/T plot for the plasticized, nano-composite polymer electrolytes exhibits the 
amorphous behavior described by the Vogel-Tammon-Fulcher (VTF) equation. 

Table 1. Conductivity values of different composite polymer electrolyte samples at room 
temperature (25 ° C). 

Composite polymer electrolyte 

(PEO^LiTf 
(PEOkLiTf + 50 wt.% EC 
(PEOkLiTf + 10 wt.% Al203 

(PEO)9LiTf + 15 wt.% AI2O3 
(PEO), LiTf + 50 wt.% EC + 10 wt.% A1203 

(PEO)9 LiTf + 50 wt.% EC + 15 wt.% A1203 

Conductivity (S cm"1) 

3.5 x 10-7 

1.6 xlO"6 

1.5 xlO"5 

2.1 x 10"5 

8.2 xlO"5 

1.5 x 10"4 

Figure 4 and Table 2 show the DSC results of the different composite polymer 
electrolyte samples incorporating alumina filler and plasticizer (EC). These results 
clearly show that both the glass transition temperature (Tg) and the crystallite 
melting temperature (Tm) have decreased due to the addition of the filler and the 
plasticizer. The Tg and Tm values obtained in this work for (PEO)9LiTf electrolyte 
closely agree with the values reported in literature for the (PEO)9LiTf polymer 
electrolyte systems M'6'7. The Tg and Tm values of the (PEO)9LiTf were -44 °C and 
58 °C respectively. For the plasticized (PEO)9LiTf + 15 wt.% A1203, Tg has 
decreased to -56 °C and Tm to 39 °C. These observations clearly suggests that a 
major contribution to the conductivity enhancement comes from the structural 
modifications associated with the polymer host caused by the plasticizer and the 
filler. 
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Table 2. Crystallite melting temperatures, Tm and glass transition temperatures, Tg of different 
composite polymer electrolyte samples extracted from DSC thermograms. 

Composite polymer electrolyte 

(PEO)9LiTf 

(PEO)9LiTf+50wt.°/„EC 

(PEO)9LiTf + 10 wt.% A1203 

(PEO)9LiTf + 15 wt.% A1203 

(PEO)9LiTf + 50 wt.% EC + 10 wt.% A1203 

(PEO)9LiTf + 50 wt. % EC + 15 wt. % A1203 

Tm ( °C ) 

58 

57 

54 

51 

42 

39 

Tg(°C) 

-44 

-48 

-49 

-50 

-53 

-56 

From Figure 4, it can be seen that the Tg values of the plasticized polymer 
electrolyte as well as the polymer electrolyte with filler are lower than the Tg of 
(PEO)9LiTf electrolyte. The Tg value of the plasticized CPE with 15 wt% of the 
filler is the lowest. These observations correlates very well with the highest 
conductivity enhancement observed for the (PEO^LiTf + 50 wt.% EC+ 15 wt.% 
A1203 polymer electrolyte sample. 

Temparature ( C ) 

Figure 4. DSC thermograms of the different CPE films showing glass transition temperatures. 
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In general, for any polymer electrolyte, Tg represents the temperature at which 
the glassy phase becomes a rubbery, amouphous phase on heating while Tm is 
attributed to the melting of PEO-rich crystalline phase. Data reported in the 
literature for several polymer electrolyte systems reveal that there is a correlation 
between Tg and Tm, suggesting that the same factors related to main-chain stiffness 
of the polymer controls both these temperatures10. Therefore, a significant 
contribution to the observed conductivity enhancement in the plasticized, filler-
added electrolyte, (PEO)9IiTf + 50 wt.% EC+ 15 wt.% A1203, having the lowest 
Tg and Tm values, evidently comes from the increased segmental flexibility and the 
increased amouphos nature of the host polymer caused by the plasticizer and the 
filler. 

The role played by the filler needs a special consideration. As mentioned 
earlier, the addition of the filler to the PEO-salt complex can contribute to the 
lowering of Tg by increasing the volume fraction of the amorphous phase caused 
by the modification of the host polymer structure. The contribution to the 
conductivity enhancement due to the filler at temperatures below Tm should 
possibly be due to this effect. According to our results the conductivity has 
increased also in the amorphous phase above Tm due to the presence of the A1203 

filler giving maximum conductivity enhancement for 15 wt.% A1203. Even in the 
low temperature phase below Tm, a closer comparison of the conductivity and DSC 
results of the plasticizer-added and filler-added samples clearly points towards the 
existence of a second conductivity enhancement mechanism, other than that 
involving the polymer host directly. Despite the comparable values of Tg in the 
(PEO)9LiTf + 50 wt.% EC system (Tg = - 48 °C) and the (PEO)9IiTf + 15 wt.% 
A1203 system (Tg =-50 °C), reflecting essentially similar effects by the plasticizer 
and the filler on the host polymer chain, the conductivity in the filler-added system 
(2.1x10s S cm"1) is about ten times higher than that in the plasticized system 
(1.6xl06 S cm"1). This conductivity enhancement at temperatures above as well as 
below Tm, should therefore be caused by a different mechanism directly associated 
with filler grains. As described earlier by Wieczorek et al n , it possibly results from 
Lewis acid- based type interactions of migrating ionic species with O/OH surface 
groups on alumina grains. This mechanism can provide transient sites for the 
hopping ions, thereby providing additional conductivity path ways for ionic motion. 
The combined effect of the different mechanisms as explained above, appears to 
contribute to the overall conductivity enhancement in the plasticized, filler-added, 
solid polymer electrolyte samples. 
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4. Conclusion 

The ionic conductivity enhancement shown in the (PEO)9LiTf : EC polymer 
electrolyte incorporating nano-sized A1203 possibly result from the combined effect 
of the increased amorphous content caused by the plasticizer and the filler as well as 
by the creation of favorable conducting pathways through Lewis acid-base type 
interactions of ionic species with O/OH surface groups on alumina filler grains. 
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INVESTIGATION OF TRANSPORT PROPERTIES OF A NEW 
BIOMATERIALS - GUM MANGOSTEEN 
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Howrah 711101, India, E-mail: alokesarkar@vsnl.net. 

Biomaterial has occupied leading position in material science for various scientific and 
technological applications. This present work is carried out over a natural gum extracted 
from raw fruit of Mangosteen, an east Indian tree (Gercinia Mangostana) following 
extraction and purification process. Solid specimen of the said gum is developed 
following sol-gel like process. 

AC and DC electrical analysis on the dried solid specimen of the gum were carried 
out and showed high electrical conduction with a - 1 E-03 S/cm, of which ionic and 
electronic contributions are 70% and 30% respectively. Analysis shows that origin of 
high electrical conductivity is due to presence of substantial amount of organic acid unit 
in its polysaccharide background. In fact the observed a is about 1000 times of that 
observed in gum Arabica. Optical absorption of this new bio- materials are also studied 
using UV-VIS analysis. The results show its high absorption co-efficient in UV and blue 
part of analysed range. A complete electrical characterization of the material have been 
made. It has also been observed that the electronic conduction can be enhanced to 70% of 
the total electrical conductivity by forming complex with Iodine and organic (Citric) acid 
from Lemon fruit. This high potential material is being studied for development of 
electronic device application. 

1. Introduction 

In the recent period soft matter [1] occupies leading position in material science 
research. The most of the soft matters are derived from living things. 
Biomaterials especially the Biopolymers are playing most crucial role in the soft 
matter studies. The Bioloymers/Biomaterials systems are mostly dominated by 
weak, non-covalent interactions, and fluctuation like Browinan motion are also 
present in them. The high interdisciplinary research has gained tremendous 
importance from the view point of material science and modern biology. 

In earlier studies [2-4] it has been found that the plant gum Acacia Arabica 
exhibits many interesting features from material science view point. Plant gum 
consists of polysaccharides, formed by the polymerization of sugar with charged 
groups. These polymers glue together the cellulose microfibril tomake the 
composite structure - most plant gum are belong to this class. 
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This present work is carried out over a natural gum extracted from raw 
fruits of Mangosteen, a tree (Gercinia Mangostana) of east Indian origin. 
Following appropriate extraction and purification process solid specimen of the 
said gum is developed by sol-gel like process. In this work an experimental 
study on the gum specimen has been carried out to investigate its charge 
transport in it and also for its potential application. The experimental probes 
have been employed in this study are DC and AC electrical analysis and optical 
absorption in the UV-VIS region. 

2. Experimental 

2.1 Material Preparation 

The raw fruits from Mangosteen plant are cleaned and its chopped pieces are 
allowed to stand in distilled water at around 60 C for 5-6 hours. The filtrate is 
allowed to evaporate to obtain a thick viscous gel like matter. Hence the solid 
specimens are prepared in the pallet form by proper drying. The transparent near 
tea coloured pallet is sandwiched between two high polished Cu electrodes to 
obtain specimen for electrical experiments. 

2.2 Electrical Analysis 

The developed specimen of the gum is subjected to electrical analysis to 
investigate the nature of electrical transport in it. DC electrical experiments are 
carried out (1) to determine its ion - transference number following Wagner 
Polarisation technique [5] and it was carried out using a high sensitive micro
processor based set up that was capable to record the transient polarization 
current with time. (2) DC volt ampere characteristics of the specimen are 
recorded using Keithley (USA) 2400 Electrometer. 

AC electrical experiments were carried out to investigate greater aspect 
charge transport through the specimen and was carried out using HIOKI (Japan) 
3522 LCZ Meter. 

2.3 Optical Experiment 

The physicsl appearance of the specimen exhibit colour hence its optical 
absorption characteristics in the UV-VIS region were studied to investigate the 
photo- charge separation in the specimen. It is studied using Systronics (India) 
2020 UV-VIS, spectrophotometer. 
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3. Results 

The ion transference number (x) for the specimen was estimated from 
polarization current data following relation, 

TJ-LZl± 
I, 

where It is the initial transient current and Ie is the final steady electronic 
current. The x for the pure specimen was eliminated to be 70% hence electronic 
contribution to the total current is 30%. However the value of x obtained for 
complex present gum is found to be of lower value. Results of Iodine complex 
and citrate complex of the gum show an enhanced electronic contribution 
upto 70% of the total contribution. The enhancement was found to vary with 
concentration of the guest over host pure gum. 

The results of DC V-I characteristics is shown in Fig. 1. Figure 2 shows the 
V-I characteristics for Iodine complex of the gum. 

There exists a marked difference in the characteristics due to formation 
of the complex. In this regard it is to be noted that Iodine Solid at RT do not 
exhibit any such V-I characteristics. The DC electrical behaviors also shows that 
the marked electronic contribution reduces space charge effect which is very 
predominant in a superionic solid. 

Figure 3 shows the variation of AC conductivity of the pure specimen with 
frequency of the impressed ac signal between frequency range lHz-lOOKHz. 

6 - . • " 
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Fig. 1. V-I characteristics of pure Gub material at RT. (Sample thickness-0.5 mm, Sample area-
1.0 sq cm) 
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Fig. 2. V-I characteristics of Iodine Complex of Gum material at RT. (Sample thickness-0.5 mm, 
Sample area- 1.0 sq cm) 
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Fig. 3. Variation of 0 with frequency (f) for pure specimen at RT. (Sample thickness-0.5 mm, 
Sample area- 1.0 sq cm) 

Figure 4 shows the optical absorption of the pure gum in the wavelength 
range 200 nm to 900 nm. 
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Fig. 4. UV-VIS absorption of Pure gum Mangosteen at RT. 

Figure 5 shows the same for the Iodine complex of the gum specimen which 
has a marked distinction over that pure gum and Iodine. 
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Fig. 5. UVVIS absorption for Iodine complex of gum Mangosteen. 

4. Discussions 

The result of ion transference number measurement shows that the gum has a 
mixed conduction nature. The electronic conduction in the gum is strongly 
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modified under addition of weak organic acid unit in its structure. The inclusion 
of iodine in the gum perhaps form a complex and behaving as n-type dopant in 
the pure gum. 

The result of dc V-I characteristics (Fig. 1) on the pure gum specimen 
shows its electron conducting nature like n-doped conducting polymers. 
The effect of electrode reaction is not very predominant but substantial 
contact resistance. The electronic conductivity for the pure specimen is 
estimated to be 3E-07 S/cm. The nature of V-I characteristics (Fig. 2) for 
iodine complex of the gum definitely showing the enhancement of electronic 
contribution in the total conductivity. The non-linear nature of the V-I 
characteristics in Fig. 2 shows its material potential for electronic device 
application. The dc conductivity estimated from the initial part of Fig. 2 is found 
to be 3E-04 S/Cm. 

The total electrical conductivity of the material estimated from bulk 
resistance of the specimen following Fig. 3 was found to be ~ 6E-03 S/Cm at 
1 Hz. This value is substantially high for solid biomaterials/biopolymers. The 
nature of Fig. 3 is also an indicator for enriched electronic contribution in the 
pure gum specimen. 

The results of optical absorption of the pure gum (Fig. 4) exhibit 
high absorbance in the UV to mid visible region. In fact this is a most 
important characteristics of many biomaterials. The said absorption has 
been greatly modified by its complex formation with Iodine. The nature of 
absorption form the Fig. 5 shows its marked characteristics. The optical 
absorption confirm that because of strong photo-absorption the molecular 
charge separation occurs leading to high electrical conduction over its normal 
ionic conduction. 

The over all material characteristics those investigated so far are very 
interesting. The presence of organic acid unit in the molecular structure may 
provide high electrical conduction. The presence photo-absorbing group induce 
charge separation to provide high carrier concentration. The photo induced 
charge separation [6] is observed in many bio-materials and the property has 
also been realized in development of bio-material complex. The inclusion of 
Iodine is found to be more effective than that of organic natural acid. Since the 
former enhance photo-absorption and provide substantial charge carrier however 
the later require adequate activation to generate carrier. 

Using the very fascinating character of the gum and its complex few device 
applications are in the process of development. 
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5. Conclusions 

The gum Mangosteen is a high conducting biomaterials with substantial 
electronic contribution due presence of organic acid unit in it. 
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Abstract 

Novel solid polymeric electrolyte (SPE) consisting of Poly (ethylene oxide) 

PEO with magnesium chloride as the electrolyte salt has been prepared by solution 

casting technique. Measurements with differential scanning calorimetry (DSC) 

indicates the modification of PEO crystalline structure with increasing content of 

magnesium salt up to 20 wt% and increase in crystallinity at higher concentration. 

FTIR studies indicates the interaction of Mg cations with ether oxygen of PEO, Ionic 

conductivity increases with increase in salt content, and it is optimized at 20 wt% Mg 

salt. The decrease in ionic conductivity at higher salt content above 20 wt% is due to 

ion-ion interaction, which leads to ion pair formation and increase in relative 

crystallanity fraction due to recrystallization above 15wt%. 

Keywords: Polymer electrolyte, conductivity, ion-ion interaction. 

Introduction 

Polymers found application in various fields and in recent past much focus 

is being given for the development of Polymer electrolyte membranes for high 

energy density batteries, The interest for these materials parallels that for polymers in 

general, whose appearance in new scientific domains or applications have been 

steadily increasing. Properties which includes suppression of dendrite growth, 

endurance to varying electrode volume during cycling, less reactive than their liquid 

counterpart, improved safety, good conductivity led to lot of interest on research and 

development of polymer electrolyte for various solid state batteries [1-4], In all these 

structural modification of the polymer plays an effective role in enhancing its utility 

in the above mentioned device. 

Polyethylene oxide (PEO)- based polymeric electrolyte is the earliest and 

are still among the most extensively studied polymeric ionic conductors because of 

beneficial structure in supporting fast ion transport and its exceptional solvating 
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nature for variety of ionic salts to form an electrolyte [5-16]. In PEO cations are 

coordinated with the oxygen atoms of the polyether chain due to Lewis acid-base 

interaction. The ionic transport in this polymer may be interpreted on the basis of 

hopping mechanism of coordinated cations between the polymer chains [17-19]. In 

the present study we report ionic conductivity studies of solid polymer electrolyte 

based on PEO - MgCl2 at ambient temperature and citing critical evidence of ion-

polymer and ion-ion interaction from FTIR spectroscopic, Differential scanning 

calorimetry and demonstrate their impact on Ionic conductivity. 

Experimental 

The polymer electrolyte films of pure PEO (M.W. 7,00,000) purchased from 

Aldrich) and various compositions of complexed films of PEO with magnesium 

chloride salt were prepared in weight percent ratios (70:15), (80:20), (75:25) and 

(70:30) have been prepared by solvent casting method at 30°C, polymer and salt were 

dissolved in suitable solvent (methanol) the solution of the salt and polymer are 

stirred for 10 hours for making perfect complexation .The above solution is casted on 

to polypropylene dishes, the solvent is removed by slow evaporation and the final 

product is treated under vacuum to remove residual solvent, traces of residual solvent 

which is capable of acting as nucleation sites are the limitation of this method, the 

film obtained is self standing with thickness 80 to 100 microns. Infra red spectra 

were recorded on Shimadzu instrument with a wave number resolution of 4 cm"1 in 

the frequency of 400-4000 hertz, for that measurement the mixed slurry were cast on 

the KBr wafer and dried via the same steps used in the preparation of polymer 

electrolyte films. Differential scanning calorimeter measurements were carried out on 

Netzsch thermal analyzer, all the measurements were carried out at a heating rate of 

5°/min from 30° tol00°, the sample weights are maintained at 5-10 mg and all 

experiments are carried out under nitrogen flow to avoid any contact with 

atmospheric moisture, and empty aluminum pan was used as a reference. CHEN-

HWA (model 1061) LCZ bridge is used for measuring conductivity values in A.C 

impedance method by applying frequency ranges from 40 Hz to 200 kHz. 

Conductivity values are calculated by the formula 

Conductivity = t / (A x Rb) S/cm 

t-thickness of the sample, A-Area of the sample 

Rb-bulk resistance 



602 

Results and discussion 

IR spectroscopic studies 

Polymer complexes with ionic salts have been characterized by IR spectroscopy 

[7,9,10,12,20,21,28]. This technique provides a powerful means to characterize the 

organic and inorganic components and their composite formation. The IR spectra of 

pure PEO and its blending with MgCl2 are compared and the following results are 

obtained. In Figure 1 marked changes were found when PEO is blended with MgCl2 

salt. The aliphatic C-H stretching vibration band (2800 -2900) cm "' found in PEO 

decreases in intensity and wave number with increasing in magnesium salt 

concentration, it is because of the acid -base coordination between Mg cations & 

oxygen of ether of PEO which involves the dipole-dipole interaction. The interaction 

is clearly indicated by influence directly on C-O-C stretching ranging between 1000-

1200 cm"' .the C-O-C stretching band decreases around 1100 cm "' and decrease is 

pronounced with increase in salt concentration. This suggests the complexation of the 

salt with the polymer. Vibrational spectroscopy results clearly indicate there is an 

association of Mg salt with PEO.IR spectra of PEO blended with Mg salt indicated in 

the range of 600 - 650 cm "', at salt content of 20wt % and above clear frequency 

band is developed which indicates different conformations possible for the complex 

between Mg and the polymer 

] 

Figure 1 : FTIR patters of the PEO: MgCb polymer electrolyte system 
(a)0 wt%,(b) 15wt%,(c)20wt%,(d)25wt%,(e)30wt% 
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PEO, at 20wt% salt concentration C-O-C stretching band values are at 1114 cm"' and 

the peak broadening takes place in the case of C-H stretching band. These results 

clearly indicates the presence of large number of free Mg cations and complexation is 

minimum at this particular composition. The intensity of the band suggests that 

reassociation of chlorine ions with magnesium cations above 20wt% of salt content. 

DSC studies 

DSC studies have been employed to determine the thermal behavior of PEO: Mg 

polymer complexed system. The DSC curves shown in figure 2 suggests the heat of 

fusion and melting temperature decreases with increase in salt content to the PEO till 

15wt%, in addition the melting endotherm becomes narrower, both reducing melting 

temperature and narrowing of endotherm are consistent with the notion of PEO 

interaction with Mg, which leads to smaller PEO crystallites up to 15wt%. 

40 60 30 100 

T e n p a r a t u r e 

Figure 2 DSC curves of PEO: MgCl2system 
(a)0 wt%,(b) 15wt%,(c)20wt%,(d)25wt%,(e)30wt% 

The relative crystalline percentage has been calculated by means of the equation [AH 

t, AH°f ] AH°f is the heat of fusion of pure PEO, AH f related to complexed PEO .It is 

interesting to note that crystallinty is suppressed more effectively due to disruption of 

PEO crystallinity up to 15%. At high salt concentration (i.e. 25% & 30%) MgCl2 acts 

as a nucleating agent and recrystallization occurs which is indicated by increase in 

relative crystallinity and increase in melt temperature. 
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Table 1 The IR spectra of pure PEO and its blending with MgCl2 

MgCl2 (wt%) 

0 
15 
20 
25 
30 

C-H (stretching vibration) cm ' 

2900 
2885 

Broad band (2900) 
2810 
2828 

C-O-C (stretching vibration) cm ' 

1100 
1066 
1114 
1083 
1055 

Ionic conductivity 

The variation in conductivity as a function of salt concentration of Mg salt added to 

PEO is displayed at ambient temperature in table 2. The results indicate that the room 

temperature conductivity of PEO is about 10"9 [22] and increase sharply with increase 

in magnesium salt content. The charge transport in PEO solid polymer electrolyte 

complex involves dissociation of cations from its coordinating oxygen to an adjacent 

site [28]. The high ionic conductivity in an electrolyte is attributed to increased ionic 

mobility and increased ionic charge carrier concentration .The enhancement of ionic 

conductivity increases with increases salt concentration and maximum value at 

20wt%. Clearly the decrease in conductivity at high salt concentration is due to 

decrease in free ions due to formation of ion-ion paring. This trend is similar to the 

results reported by various researchers in studies on lithium salt in PEO -based 

polymer electrolyte systems using the concept of ion association and formation of 

charge multiplets [23,24,25,28]. The IR studies indicate clearly the ion -ion pairing 

occurs with increase in salt concentration above 20wt%. Mg cations give a stronger 

acid -base interaction with the polymer substrate in comparison to lithium salts. 

Therefore the tendency to form an ion pair is stronger, but at the same time the 

interaction with ether oxygen is also stronger compared to lithium. These above 

factors lead to a decrease in the free Mg ion fraction in the PEO at high salt uptake, 

where the conductivity deteriorates [26-28]. In this present study we site another 

reason for decrease in conductivity with respect to DSC studies the results shows that 

increasing the salt content from 15 % to20%, 25%& 30% wt recrystallization takes 

place in the polymer electrolytes as indicated by increase of melting temperature, 

relative crystallinty, this result also suggests that both Mg-PEO association, and ion 

pairing complexes disrupts PEO crystallinty upto 15 wt%, and above 15 wt% 



605 

recrystallization also may cause the decrease in conductivity values in addition to ion 

-pairing. 

Table 2 Melting temperature (Tm), crystalline percentage, w (%) and ionic conductivity of PEO: 
MgC^system 

MgCl2 (wt%) 

0 
15 
20 
25 
30 

Tm (degrees) 

72.7 
59.28 
60.1 
63.5 
68 

Relative crystallinity 
(%) 

100 
30.13 
30.98 
31.67 
32.42 

Conductivity(s/cm) 

3.569 x 10"' 
4.546 x 10 -7 

2.985 x 10 ~* 
2.743 x 10 "* 
1.987 x 10 "* 

Fig .3 Compositional conductivity of PEO: Mgch system. 
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Salt (Wt%) 

Fig 4 Compositional crystallinity of PEO: Mgcl2 system. 

Conclusion: 

Interaction of cations of Magnesium salt and ether oxygen of PEO shows a 

compositional dependency of ionic conductivity. The optimum value of ionic 

conductivity is found to be at 20 wt %. The subsequent decrease in ionic conductivity 

is due to the consumption of free Mg ions through the ion pair association of Mg 

cations and chlorine ions and increase in relative crystallinty due to recrystallization 

above 15 wt%, which retards the ion mobility. Thus in PEO- MgCl2 based solid 

polymer electrolyte the optimum ionic conductivity value of 2.985 x 10 " is at 20wt 

% and recrystallization takes place above 15wt% and these films shall be considered 

as polymer electrolyte film in secondary solid state magnesium batteries. 
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The proton conducting solid polymer electrolytes comprising of partially hydrolyzed Poly (vinyl 
alcohol) and Ammonium thiocyanate have been prepared at different composition by solution cast 
method. The solid polymer electrolytes have been subjected to 'H NMR, Raman and AC impedance 
spectroscopy analysis. Raman analysis confirms the amorphous nature and complexation of solid 
polymer electrolytes. Raman studies also provide the details about aggregation of ions in the polymer 
electrolyte system. 'H NMR analysis indicates that the observed chemical shift at 6.3 ppm is due to NH4* 
ion. It is also observed that the intensity of the peak at 6.3 ppm is maximum for 15 mol% NH4SCN 
doped polymer electrolyte which indicates the free NH4

+ ions is maximum for this concentration. This 
result is consistent with conductivity data which indicates the maximum conductivity at 15 mol% 
NHnSCN doped polymer electrolyte and ionic conductivity has been found to be 3 x 10"' S cm'1. The 
temperature dependent 'H NMR studies indicate that the acetate ion which is the residual part of partially 
hydrolyzed PVA also involved in the conduction process. The 'H NMR also confirms that the mobile 
species in the polymer electrolytes are NH/ ion. 

1. Introduction 
In recent years, intensive research efforts have been rendered to develop a new 

proton conducting solid polymer electrolytes for fuel cell applications [1]. The 
protonic transport in polymer electrolytes generally involves motion of the groups 
like H+, NH4

+, H30+, OH" etc. Ammonium salts have been reported as good proton 
donors to the polymer matrix such as poly (vinyl alcohol) [2], poly (ethylene oxide) 
[3], poly (ethylene succinate) [4], poly (vinyl acetate) [5]. Among them, poly (vinyl 
alcohol) (PVA) is a water soluble poly hydroxyl polymer which is employed in 
many practical applications because of its easy preparation, excellent chemical & 
physical properties and completely biodegradable nature [6]. MacFarlane et al. [7] 
have studied the lithium ion mobility in poly (vinyl alcohol) based polymer 
electrolytes and they have also observed that the lithium ion mobility is greater for 
partially hydrolyzed (88 %) poly (vinyl alcohol) compared to the fully hydrolyzed 
PVA. Hence, the present work focuses the development of new polymer electrolytes 
comprising of partially hydrolyzed (88 %) poly (vinyl alcohol) and NH4SCN at 
different salt concentration. 
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'H Solid State NMR and Raman measurements, together with conductivity of 
PVA-NH4SCN systems are presented in this work in order to investigate the 
conduction mechanism of partially hydrolyzed poly (vinyl alcohol) based polymer 
electrolyte. 

2. Experimental 

Thin films of Polymer electrolyte (200 |im) of pure poly (vinyl alcohol) (Mw = 
1,25,000) (Degree of hydrolysis = 88%) and poly (vinyl alcohol) doped with 
ammonium thiocyanate with different compositions have been prepared in the mole 
ratios (95:5), (90:10), (85:15) and (80:20) by solution cast technique. Aqueous 
solutions of poly (vinyl alcohol) and NH4SCN mixtures were thoroughly stirred to 
obtain homogeneous mixture. The mixture was then poured on to a glass plate and 
evaporated slowly at room temperature. The smooth, uniform thin films which are 
transparent to visible light with good mechanical properties have been obtained. The 
final product was then vacuum dried. Raman measurements have been carried out 
on the polymer electrolyte samples in the wavenumber range of 100-3800 cm"1. The 
40 mW 514.5 nm laser beam from Ar+ laser is focused to the sample to a spot size 
of about 0.1 mm diameter. 'H solid state NMR spectra have been performed using a 
Bruker Spectrometer with the Larmor frequency 200.13 MHz and chemical shift 
have externally referenced to TMS. The 'H NMR measurements have been taken as 
a function of temperature and salt concentration in order to establish the relationship 
between the dynamic properties of proton ion and the polymer chain. The resonance 
peak has been fitted by using the commercial software PEAKFIT. The electrical 
conductivity study of the polymer electrolytes has been carried out in the 
temperature range of 303 - 373 K over a frequency range of 42 Hz - 1 M Hz using 
a computer controlled HIOKI 3532 LCR meter with a cell having Stainless steel 
electrodes. 

3. Results and Discussion 

3.1. Raman studies 
Figure 1 displays Raman spectra of PVA-NH4SCN systems at different salt 

concentrations (systems b, c, d, e) along with the spectrum of the host polymer 
(PVA) (system a) in the range 600 - 2100 cm"1. Frequencies and their assignments 
for the system pure PVA, PVA-NH4SCN at room temperature are presented in 
Table 1. The Raman bands of pure PVA agree well with the reported values [8]. 
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Table 1 Raman band assignments of PVA-NH4SCN polymer electrolyte 

Pure PVA 

cm"1 

850 
908 
1012 

1073 

1130 

1355 

1437 

2887 

2914 

PVA-NH4SCN 

(95:5) 

cm"' 

755 
847 
914 
1022 

1075 

1126 

1364 

1438 

2890 

2912 

(90:10) 

cm"1 

752 
837 
904 
1013 

1074 

1124 

1364 

1431 

2886 
2914 

(85:15) 

cm"' 

756 
835 
913 
1015 

1073 

1126 
1372 

1439 

2898 

2925 

(80:20) 

cm"' 

754 
834 
917 
1018 

1071 

1121 

1365 

1430 

2887 

2916 

Assignment 

C-S (s) 

C-C (s) 

C-C (s) 

C-0 (s), O-H (b) 

C-O (s), O-H (b) 

C-C (s), C-0 (s) 
C-H (b), O-H (b) 

C-H (b), O-H (b) 

C-H (s) 

C-H (s) 

Iwamoto et.al [9] used laser Raman spectroscopy to demonstrate peaks at 1147 
cm"' and 1094 cm"' in PVA are crystallinity - dependent. In the present study, the 
broad bands at 1130 and 1073 cm'1 have been observed along with a shoulder at 
1012 cm"'. The 1130 cm"1 band is due to C-C stretching and C-O stretching while 
the bands at 1073 and 1012 cm"' may be attributed to a mixture of C-0 stretching 
and O-H bending. These peaks get affected (observed as broad) by the presence of 
water molecule which has been used as solvent. According to Iwamoto et.al [9], the 
Raman mode at 1121 cm"' for PVA can be due to the presence of amorphous nature 
of polymer. Thomas et.al [8] have also observed that crystallinity dependent region 
of PVA are affected by the presence of water molecule. In the present study, the 
broad nature of the crystallinity dependent region (1000 - 1200 cm"') and the 
presence of broad peak at 1121 cm"1 confirm the amorphous nature of PVA. 

It has been observed that the addition of NH4SCN (b, c, d, e) introduce a broad 
band centered at 1580 cm"' which can be attributed to NH4

+ ion [10]. 
It is well known that the introduction of larger anion from the salt to the 

polymer matrix helps to improve amorphous nature of host polymer because of its 
role as plasticizer. This change in crystalline nature to amorphous nature of the 
electrolyte due to the addition of NH4SCN has been confirmed by broadening of the 
mode at 1130 cm"1. The Raman modes at 1437 cm"' and 1355 cm"1 in the region 
(600 - 2100 cm"') can be attributed to mixture of C-H bending and O-H bending 
vibrations. These modes give rise to broad peak with the addition of NH4SCN (b, c, 
d, e). The band broadening in Raman spectra is usually an indication of amorphous 
nature of the polymer electrolyte. It is also observed that the intensity of the mode at 
1437 cm"' and 1355 cm"' decreases with increase of NH4SCN concentrations. This 
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intensity drop is related to the formation of ionic bond with less polarization. The 
increase in ionic bond is the result of charge localization in the polymer. The charge 
localization is a clear evidence of strong interaction between the dissociated salt and 
PVA. 

800 1200 1600 2000 2400 
Ftmn shift (cm1) 

Figure l Raman spectra of the PVA-NH4SCN systems at different salt concentrations a) 0 mol% (pure PVA) 
b)5mol% c)10mol% d)15mol% e)20mol% 

2000 2050 2100 

Wave number (1/cm) 
2193 

Figure 2 The Raman band associated to the O N stretching mode for 85 moI% PVA-15 mol% NH4SCN 
system fitted by Lorentzian 

The addition of NH4SCN to the pure PVA gives rise to new characteristic peaks 
at 756 cm"1 and 2060 cm"' which are attributed to C-S stretching [11] and 
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C=N stretching [12] respectively. To study the ion-ion interaction, it is usual to 
investigate the C=N stretching vibrational mode of anion because its spectral mode 
is clearly dominant from the other vibrational modes. Figure. 2 shows the Raman 
band associated with the C^N stretching mode for 15 mol% NH4SCN doped 
polymer electrolyte system. The band is fitted by a Lorentzian line shapes at 2046 
cm"1, 2060 cm"' and 2073 cm"' which are ascribed to free SCN" ion, contact ion pair 
(NH4

+...SCN") and triple ion formation. It has also been observed that the intensity 
of the band at 2046 cm'1 corresponding to free ions, increases with increase of salt 
content up to 15 mol%. The intensity of the band at 2046 cm"' decreases while the 
intensity of the band at 2073 cm"' increases with further addition of salt to the 
polymer matrix. This may be due to the large number of triple ion formation at 
higher salt concentration (20 mol%). The intensity of the Raman band at 756 cm"1 is 
progressively increased with increase of NH4SCN concentration. 

3.2. NMR analysis 

The solid state 'H NMR spectra of pure PVA and PVA doped with different 
amounts of NH4SCN (b, c, d, e) at room temperature are shown in Figure 3. In the 
'H NMR spectrum of pure PVA(a), a relatively broad peak has been observed. The 
broad nature of the signal is primarily due to strong 'H - 'H dipolar interactions 
[13] in PVA, which causes decrease in mobility of the polymer chain. From the 
Figure 3, a new peak at 6.3 ppm for 5 mol% NH4SCN (b) doped polymer electrolyte 
has been observed. This peak can be attributed to the NH4

+ ion as predicted by 
Ratcliffeetal. [14]. 

8.3 ppm 

40 20 -20 ppm -40 

Figure 3. 'H NMR spectra of PVA doped with a) 0 mol% (pure PVA) b) 5 moI% c) 10 mol% d) 15 
mol% e) 20 mol% of NH4SCN 
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As evidenced from the Figure 3, for PVA doped with 10 mol%, 15 mol%, 20 
mol% of NH4SCN, the chemical shift of 8.3 ppm, which corresponds to N-H has 
been noticed. This peak is more prominent as the NH4SCN concentration increases. 
The small NMR peak at 3.1 ppm for 20 mol% NH4SCN doped sample has also been 
observed and this chemical shift can be ascribed to methyl proton in the acetate 
group [15] of partially hydrolyzed PVA. At higher salt concentration of NH4SCN, 
SCN" may replace the acetate group from the polymer matrix. This may be due to 
strong electronegative nature of SCN" than CH3COO" ion. The replacement of 
CH3COO" ion by SCN" ion causes the free CH3COO" ion in the polymer matrix and 
this acetate ion gives the NMR peak at 3.1 ppm. 

The normalized intensity of NH4
+ ion for the PVA-NH4SCN system has been 

tabulated in table 2. It has been observed that the intensity of the resonance peak at 
6.3 ppm for 15 mol% NH4SCN (d) doped electrolyte is greater than that of the 20 
mol% NH4SCN doped electrolyte, which reveals the formation of ion aggregates in 
the 20 mol% NH4SCN (e) doped electrolyte. As a consequence, the number of free 
ammonium ions decreases at higher salt concentration for the system. 

The interaction between the NH4
+ ion and the polymer chain is further 

supported by the change in its chemical shift with salt concentration (b, c, d, e). The 
chemical shift of NH4

+ ion at 6.3 ppm for PVA-NH4SCN shifts to downfield with 
increasing salt concentrations. This chemical shift change is also due to the 
interactions of the NH4

+ cation with the polymer chains. The marked difference in 
NMR spectra between the undoped and doped samples indicates that the mobility of 
the polymer chain has been affected by addition of salts. Thus, the change in 
intensity and chemical shift of the proton signals in the complexes support the 
formation of polymer complexes between PVA and NH4SCN. 

1 

20 0 - 2 0 - 4 0 - 6 0 
ppm 

Figure 4. Temperature dependence of the 'H NMR spectra for 85 mol% PVA - 15 mol% NH4SCN 

The 'H NMR spectra of 15 mol% NH4SCN (d) doped poly (vinyl alcohol) at 
different temperatures are shown in Figure 4. The resonance peaks have been best 
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fitted by Lorentzian at all temperatures. From the Figure 4 (293 K), two peaks have 
been observed at 6.3 ppm and 8.3 ppm, which can be ascribed to the proton in NH4

+ 

and N-H respectively. The intensity of the peak at 8.3 ppm reduces as the 
temperature increases and this peak disappears at higher temperatures. It has also 
been observed that the intensity of the resonance peak at 6.3 ppm increases with 
increase of temperature. As the temperature increases, the full width half maximum 
of this resonance peak decreases as a result of increased ammonium ion mobility. A 
new peak at 3.1 ppm, which is due to methyl proton in acetate group, is visible at 
313 K and the intensity of this peak increases with further increase of temperature. 
This may be due to the formation of free acetate ions from the PVA at higher 
temperature. It is observed that the full width half maximum of this peak decreases 
with increase of temperature, which indicates that the acetate ions has also involved 
in the conduction process in polymer electrolyte. 

From the NMR analysis, the intensity of NH4
+ ion peak is maximum for 85 

mol% PVA - 15 mol% NH4SCN which indicates that the free NH4
+ ion is 

maximum for this concentration. The NMR results indicate that the NH4
+ is 

responsible for conduction in these systems. 

Table 2 Normalized intensity of the NH4
+ proton peak and conductivity value for PVA - NH4SCN 

complex at room temperature 

Normalized 
intensity of the 
NH4

+ proton peak 

Conductivity 
(Scm1) 

95mol% PVA - 5mol% NH4SCN 0.11 
90mol% PVA - 10mol% NH4SCN 0.38 
85mol% PVA - 15mol% NH4SCN 0.77 
80mol% PVA - 20mol% NH4SCN 0.31 

1.86x10"° 
1.44 x 10"4 

2.95 xlO"3 

4.46 x 10"4 

3.3. Conductivity analysis 

Figure 5 shows the variation of normalized intensity of the NH4
+ ion and log (a) as a 

function of salt concentration. The conductivity of the partially hydrolyzed PVA is 9.7 x 
10"'° S cm"1. The conductivity of the PVA increases as the salt concentration increases upto 
15 mol % of NH4SCN concentration. The maximum conductivity has been found to be 
2.95 x 10"3 S cm"' and is consistent with the 'H NMR analysis which shows the intensity of 
NH4

+ proton is high (table 2). Then the further increase of salt concentration decreases the 
conductivity. This result is also consistent with Raman analysis which shows formation of 
ion aggregation at high salt concentration. These results match well with the results of 
NMR analysis, which show the drop in intensity (number of free ions) of the peak of NH4

+ 

ion 
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NH4SCN Concentration (mol) 

Figure 5. Variation of normalized intensity of NH4
+ ion and logarithmic conductivity as a function of 

NH4SCN concentration 

4. Conclusion 
The conductivity of the electrolyte strongly depends on the salt concentration and 

maximum conductivity has been found to be 2.95 x 10"3 S cm"1 for 15 mol % of salt 
concentration. This result is consistent with the Raman and 'H NMR analysis. 'H NMR 
study shows that the protonic transport in PVA-NH4SCN system is mainly contributed by 
NH4

+ion. It is noticed that the conductivity is also due to the motion of acetate ion, which is 
the residual part of PVA. 
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Solid polymer electrolytes comprising polyethylene oxide (PEO), silver triflate (AgCF3S03) 

and varying weight percentage of A1203 (0, 2, 5, 10, 15) nanoparticles, were prepared by 

solution casting technique using acetonitrile as the common solvent. These polymer 

electrolytes were formed as very thin fdms of large surface area and the thickness of these 

films was measured using Air-Wedge technique. Typical values for the thickness of these 

films ranged from 30 to 100 um. The effect of the dispersion of various amounts of A1203 

nanoparticles in polyethylene oxide - silver triflate polymer electrolytes was characterized by 

X-ray diffraction (XRD), Differential scanning calorimetry (DSC) and Wagner's polarization 

techniques. The X-ray diffraction pattern, indicated the amorphous nature of the polymer 

electrolyte. The DSC traces showed slight change in the glass transition temperature (Tg), 

whereas the degree of crystallization (XJ decreased from 99.2%(pure PEO) to 27.3% for the 

nano - A1203 blended polymer electrolytes. The total ionic transference number (tim) 

calculated by wagner's polarization technique was found to be approximately unity, reveling 

that the significant contribution to electrical conduction was due to ions. 

1. Introduction 

Over the past few decades solid state batteries are known to play a major role in the 
realm of power sources and many electronic devices. New solid electrolytes are 
developed by doping an ionic conductor with an inert filler for realization of 
enhanced conduction. The incorporation of fillers in general improves the transport 
properties, mechanical stability and amorphous nature of a polymer matrix. Though 
several polymers have since been studied polyethylene oxide is still one of the most 
promising solid polymer electrolyte (SPE) to date because of its good mechanical 
stability and ease of making thin solid films. Eventhough PEO-based polymer 
electrolytes has high degree of crystallinity it exhibits the property of dissolving high 
concentrations of wide variety of salts to form solid polymeric electrolytes giving 
rise to high ionic conductivity. [1-3] 
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This work presents the experimental results for PEO50-AgCF3SO3 complexed 
polymer electrolytes modified by the incorporation of A1203 nanoparticles (particle 
size = 4 0 - 4 7 run). Analytical measurements using XRD, DSC and transport 
number studies have been carried out for the determination of various factors such as 
glass transition temperature Tg, melting enthalpy AHm, degree of crystallinity Xc%, 
and ionic transport number tion values. 

2. Experimental 

2.1 Materials andprepearation of SPE films 

Polyethylene oxide (PEO) of molecular weight, Mw = 5xl06, silver triflate, 
AgCF3S03 and A1203 nanoparticles of particle size 40 - 47 nm were obtained from 
Aldrich and used as such. AgCF3S03 was dried for an hour in a vacuum oven at 393 
K before use. Required quantities of PEO and AgCF3S03 were mixed in acetonitrile 
medium. 

Aldrich grade PEO and AgCF3S03 were initially mixed together using 
acetonitrile as the common solvent by maintaining the oxygen/metal (O/M) ratio as 
50:1. The mixture was stirred magnetically for about 4 hours. Subsequently, A1203 

nanoparticles were first dispersed in acetonitrile and then both the suspensions were 
thoroughly mixed until it became homogeneous. Thin films (~ 100 um) were formed 
when the suspension was poured into clean dry flat bottomed petri dishes and kept in 
a vacuum oven at 333 K for the solvent to evaporate completely. Aluminium oxide 
concentrations of 0, 2,5 10 and 15 wt.% were used in the present investigation for 
the synthesis of thin film specimens of PEO50-AgCF3SO3-x wt.% A1203 

nanocomposite polymer electrolytes followed by subsequent drying. After removal 
of moisture and acetonitrile, dry thin solid composite polymer electrolyte films were 
obtained and stored in a vacuum desiccator for further studies. 

2.2 Measurements 

2.2.1. X-ray diffraction studies 

The complexation of the films has been investigated through X-ray diffraction 
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studies using a Siefert model SF60 X-ray diffraction system with Cu-K„i radiation 
at room temperature. 

2.2.2. Thermal studies 

The differential thermograms were recorded in the temperature domain 173 - 373K 
using a NETZSCH DSC 204 instrument at a heating rate of 5 Kmin"1 in nitrogen 
atmosphere. All the patterns were recorded by loading the sample in an aluminium 
crucible. 

2.2.3. Transference number measurement 

The ionic transference number, tion was measured using Wagner's polarization 
technique on a cell configuration of the type Ag|polymer electrolyte|C. A constant 
DC voltage of 300 mV was applied across the blocking electrodes of the cell and 
the current passing through the cell was monitored as a function of time for about 4 
hours to let the samples get polarized. A KEITHLEY model 614 electrometer has 
been employed for the accurate measurement of current as a function of time. 

3. Results and Discussion 

3.1. X-ray diffraction studies 

X-ray diffraction patterns for the solid polymer electrolyte films of PEO and the 
complexed polymer with various concentrations of AI2O3 nanoparticles (x = 0, 2, 5, 
10, and 15) are shown in Figure 1. The appearance of peaks between 20 = 18 and 30 
for pure PEO and the complexed polymer system corresponds to characteristic peaks 
of the polymer. An increase in the concentration of A1203 nanoparticles from 0 wt% 
to5 wt% revealed a corresponding decrease in the intensities of the observed peaks 
pointing towards the fact that complexed between PEO and the salt takes place. 
Further increase in the concentration of A1203 nanoparticles led to a significant 
increase in the intensities of these peaks. This behaviour reveals that the aggregation 
of excess A1203 eventually would lead to the phase separation of alumina from solid 
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Figure 1. XRD pattern for pure PEO and PEOs, - Ag CF, SO, - x wt.% Al2 O, 

polymer electrolytes. It can also be seen from the above figure that the pattern 
obtained for the complexed polymer has not revealed new peaks suggesting the 
absence of any new crystalline complex. [4,5] Further proof of lowering of 
crystallinity has clearly been observed from the DSC analysis. 

3.2. Thermal properties ofSPE 

Thermal properties of PEO, PEO50-AgCF3SO3 and A1203 blended polymer 
electrolytes at various weight percentages were studied using differential scanning 
calorimetry in order to observe the changes in the glass transition temperature and 
degree of crystallinity. The glass transition temperature Tg, melting enthalpy AHm 

and the degree of crystallinity for all the samples are listed in Table. 1. 

Table. 1. Thermal parameters and Transference number obtained for various compositions of the polymer 

electrolyte system. 

Polymer electrolyte 

PEO 
PEO50 AgCF3S03 

PE05o-AgCF3S03-2 wt.%Al203 

PEO50-AgCF3SO3-5 wt.%Al203 

PEO50-AgCF3SO3-10 wt.%Al203 

PEO50-AgCF3SO3-15 wt.%Al203 

T„(K) 
211.1 
219.5 
210.7 
210.5 
211.7 
210.5 

AHm (J/g) 

204.4 
140.1 
137.9 
108 
85.94 
56.36 

xc% 
99.2 
68 
66.9 
52.4 
41.7 
27.3 

tion 

-
0.98 
0.98 
0.99 
0.99 
0.98 
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Figure 2 shows the DSC thermograms for pure PEO and PE05o-AgCF3S03-x wt.% 
A1203 (x = 0 and 5) in the temperature domain, 173 to 373 K. Pure PEO exhibits 
the melting peak (Tm) at 340.1 K which agrees well with the standard value. On 
complexation of pure PEO with AgCF3S03, two exothermic peaks were observed. 
The peak at 339.6 K corresponds to the melting point of PEO and the other peak at 
330.9 K, may be assigned to the melting point of complexed polymer electrolyte. It 
is evident that the glass transition temperature Tg increases markedly from 211.1K 
(pure PEO) to 219.5K by the addition of silver triflate confirming the fact that ion-
dipole interaction reduces the segmental motion of PEO. On the other hand, the 
incorporation of Al203 nanoparticles to the polymer complexed electrolyte 
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Figure 2. DSC curves for (a) pure PEO, (b) PEO» - Ag CF, SO, and (c) PEO50 - Ag CF3 SO, - 5 

wt.% Al2 03. 

influences slightly on the glass transition temperature. [5,6] Though Tg was not 
affected much by the addition of Al203 nanoparticles the degree of crystallinity 
(Xc%) decreases from 99.2% for pure PEO was observed to fall to 27.3% for the 
Al203 blended complexed polymer electrolyte. Considering the area of the melting 
peak as the melting enthalpy AHm of the polymer electrolytes, the degree of 
crystallinity can be calculated from the following equation. 

Xc = (AH ra/AH raVl00% (1) 

where AHm (J/g) is the melting enthalpy of a polymer sample measured by DSC and 
AH,/ (J/g), the melting enthalpy of 100% crystalline PEO material. [7] The 
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decrease in the degree of crystallinity and a slight change in the Tg increases the 
flexibility of the polymer chain and plays a vital role in the enhancement of ionic 
conductivity. [8] 

3.3. Transport number measurements 

The total ionic transference number values for thin solid polymer electrolyte films of 
cell configuration Ag|polymer electrolyte|C, were evaluated using Wagner's 
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Figure 3. Polarization current versus time graph for PE05l>- AgCF3 S03 film 

polarization technique. Figure 3. shows the current versus time plot for the cell 
Ag|PEO50- AgCF3 S03|C, after the complete polarization of cell at 295 K. 
Transference number tio„ has been obtained from the equation 

tio„=(Ii-If)/Ii (2) 

where the initial current It is the sum of ionic and electronic currents and the final 
current If is just the electronic current alone. [9-11] Evaluated transference number, 
tion values are listed in Table 1. The tion values obtained from the transport number 
measurements are approximately unity and hence the charge transport in these thin 
polymer electrolyte films are highly ionic and electronic contribution to the total 
current is negligible. 
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4. Conclusion 

The PE05o-AgCF3S03 films blended with various amounts of A1203 nanoparticles 
have been prepared by solution casting technique. From the XRD and thermal (DSC) 
analysis it is observed that the crystallinity of the polymer matrix decreased with the 
increasing weight percentage of A1203 nanoparticles which confirms the amorphous 
phase as well as the complexation of the polymer matrix. The ionic transference 
number is almost unity and hence the charge transference is mainly due to ions. 
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One of the most promising ways to improve the potential for applications of 
plasticizer-free, PEO - based solid polymer electrolytes is through the incorporation 
of ceramic fillers. However, to our knowledge, literature on PEO9 LiTf reporting the 
dependence of ionic conductivity on the nature of different types of ceramic fillers is 
lacking. In this work, we have studied thermal and transport properties of the 
polymer electrolyte PEO9 LiTf + 15 wt% filler, incorporating four different types of 
ceramic fillers Ti02, A1203, Zr02 and BaTi03. Presence of the first three ceramic 
fillers with dielectric constants 435, 20 and 12.5 enhanced the ionic conductivity 
substantially. However BaTi03 filler having a relatively very high dielectric constant 
(3000) compared to other three ceramic fillers, gave a negative effect on 
conductivity. Presence of 15 wt% Ti02 exhibited the maximum enhancement in 
conductivity (oST= 4.2 x 10 4Scm~') The observed conductivity enhancement has 
been attributed to Lewis acid-base type surface interactions of ionic species with O/ 
OH groups on the filler surface. 

Keywords: PEO, Ionic conductivity, Nano - composite polymer electrolyte, Ceramic 
fillers, Ti02 , A1203, Zr02, BaTi03 

1. Introduction 
A variety of materials such as polymers, ceramics, glasses and their combinations 
are being investigated and developed as solid electrolytes for lithium re-chargeable 
batteries. Among the polymer electrolytes of practical interest, the Poly (ethylene 
oxide) - Lithium salt (PEO- LiX) system has emerged as one of the most promising 
electrolyte for applications in rechargeable lithium batteries. PEO excels as a 
polymer host because of its commercial availability, high solvating power for the 
lithium ions and its compatibility with the lithium electrode1. However, the ionic 
conductivity of PEO based electrolytes at room temperatare (o ~ 10 ~7 S cm "' at 
25 ° C) is still too low to be used in practical applications2'3. The ionic conductivity 
lias been enhanced by various means, but one of the most promising method is to 
incorporate fine ceramic fillers such as Ti02, A1203, Zr02, Si02 etc. to the polymer 
electrolyte, where different degrees of conductivity enhancement have been 
reported ''2'4'5. 

The dielectric properties of the fillers are important as they affect the PEO 
dipole orientation by their ability to align dipole moments, while the thermal history 
determines the flexibility of the polymer chains for Li ion migration6. 
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In this work, we have studied thermal and transport properties of the polymer 
electrolyte PE09LiTf+ 15 wt% filler incorporating four different types of ceramic 
fillers Ti02 , A1203, Zr02and BaTi03 having dielectric constants 435, 20, 12.5 and 
3000 respectively, maintaining the same thermal treatment for all the samples. In a 
review article Quartarone et. al.7 have reported that, the addition of fillers improve 
both the transport and mechanical properties of the electrolyte films and the 
maximum conductivities were generally found in the 10 -20 wt% range of the 
ceramic additive. Previous work reported by our group has also shown that 15 wt% 
alumina gives the maximum conductivity enhancement in the PE09 LiTf system8. 

2. Experimental 

Poly (ethylene oxide) (PEO) (molecular weight 4x10 6 ) and LiCF3S03 ( Lithium 
triflate, LiTf) both from Aldrich were used as starting materials. Four types of 
ceramic powders A1203 (e r = 20 ) , Zr02 (e r = 12.5 ) , BaTi03 (e r = 3000 ) all from 
Aldrich and Ti02( e r = 435 ) from Huntsman were used as fillers. Prior to use, PEO 
and LiCF3S03 were vacuum dried for 24 hrs at 50 ° C and 120 ° C respectively and 
all the ceramic powders were vacuum dried at 200 ° C for 24 hrs. 

Appropriately weighed quantities of PEO and LiTf required for ether oxygen to 
Li+ ratio of 9:1 were dissolved in anhydrous acetonitrile after adding the required 
amount of the ceramic powder, and the solution was magnetically stirred at room 
temperature at least for 24 hrs, until a homogeneous solution was obtained. The 
amount of the filler added was fixed at 15 wt% of the total ( PEO + LiTf) weight. 
All the weighings were done inside the glove box. The resulting slurry after stirring 
was cast onto a Teflon plate and kept inside the fume box for 24 hrs in order to let 
the solvent slowly evaporate. This procedure yielded visually homogeneous 
composite polymer electrolyte films of average thickness 100 - 200 um, which were 
stored inside the glove box. 

Complex impedance measurements were made on disc shaped samples 
sandwiched between two stainless steel electrodes of 5 mm diameter, using an HP 
4291 A RF impedance analyzer in the 1 MHz - 1.8 GHz frequency range. A flow 
of nitrogen gas was maintained over the sample holder to avoid any contact with 
atmospheric moisture. The temperature of the sample was varied from -20 ° C to 80 
° C and the measurements were taken at approximately 10 ° C intervals on heating. 
Thermal measurements were carried out using a Mettler Toledo DSC 30 differential 
scanning calorimeter at a heating rate of 10 ° C min"' from - 120 ° C to 120 ° C in 
the heating cycle and from 120 ° C to -120 ° C in the cooling cycle. 
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3. Results and Discussion 

3.1 Ionic Conductivity 
Figl shows the variation of conductivity with inverse temperature for the 
composite polymer electrolyte system (PE09 IiTf + 15 wt% filler) for the four 
different types of ceramic fillers Ti02 , A1203 , Zr02 and BaTi03 , taken on the 
heating run starting from -20 °C. According to these observations, the addition of 
nano-sized ceramic fillers Ti02, A1203 and Zr02 have obviously increased the ionic 
conductivity of the polymer-salt complex considerably and the maximum 
enhancement is observed fori 5 wt% Ti02. However, BaTi03 filler having a 
relatively very high dielectric constant (3000) compared to other three ceramic 
fillers, exhibited a drop in conductivity. Table 1 shows the comparison of ionic 
conductivity values at two different temperatures. 

In the case of PEO based, filler-free polymer electrolytes such as PEO-IiC104, 
PEO- LiCF3S03 and PEO- LiBF4 , the conductivity drops to low values at 
temperatures below the crystalline melting temperature of about 60 ° C due to re-
crystallisation. In many of the reported systems, this can clearly be seen as a 
discontinuity in the log o versus 1/ T graphs around 60 ° C, where the amorphous 
phase with high conductivity changes to the crystalline phase with low conductivity. 

Temperature (° C) 
80 60 40 20 0 -20 

. ""' 1 ' 1 ' 1 ' 1 ' 1 ' 1 

—*- reo,MTf+i5wd%"noI 
- « - PEOJJTf + 15»I%AI10] 

^^PE0^JTf + 15wt%ZiOI 

1000/T(K 1) 

Fig. 1: Variation of the ionic conductivity with inverse temperature for the system PEO? 
LiTf + 15 wt% filler, taken on heating ( filler = T i 0 2 , A1203 , ZrQ2 and BaTiOj) 

In the systems shown in Fig.l however, the melting temperature of the PEO 
crystalline phase (Tm) has shifted to low values, around 30 °C resulting higher 
conductivity values even at room temperature. This is possibly due to the thermal 
history of the samples used. When impedance measurements were taken, starting 
from -20 °C, the sample was left for about 40 minutes at each temperature allowing 
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the samples to reach thermal equilibrium In many of the reported data, impedance 
measurements have been taken starting from the room temperature. The dependence 
of ionic conductivity of the PEO: LiBF4 : Ti02 system on thermal history has been 
studied in detail by Scanlon et a l 2 0 where they have observed a similar drop in Tm 

by about 30 °C due to heat treatment. 

The following two effects may account for the observed enhancement in 
conductivity of the nano-composite PEO- based polymer electrolyte. 

(1) ceramic filler grains may lower the PEO reorganization tendency and 
thereby promoting structural modifications of the polymer chains, 
increasing the fraction of the amorphous phase present at lower 
temperatures. This, in turn, would favour Li+ ion migration. 

(2) Lewis acid-base interactions as proposed by Wieczorek et.al.9 between the 
polar surface groups of the inorganic filler and the electrolyte ionic species, 
which would provide additional " transient" hopping sites for migrating 
ionic species. This appears to be the dominant mechanism in the 
amorphous phase above 60 ° C. 

Table 1: Ionic conductivity of the samples incorporating the fillers at 25 ° C and 80 ° C 

Ceramic 
powder 

Ti02 

A1203 

Zr02 

BaTiOs 

Filler 
free 

Dielectric 
constant 

435 (10) 

20<10> 

12.5 <n> 

3000 

Specific 
surface 
area 
( m 2 / g ) 

Not 
specified 

155 

35-45 

Not 
specified 

Particle size 

200 nm 

150 mesh 
(pore size = 
5.8 nm) 

20 - 30 nm 

30 - 50 nm 

Conductivity of 
PEO, LiTf +15 
wt% ceramic 
filler at 25 ° C 
( S c n T 1 ) 

3.39 x 10 ' 4 

1 .12x10" 

7.60 x 10 "5 

1.23 x 10 "5 

3.08X10"5 

Conductivity of 
PEO, LiTf+15 
wt% ceramic 
filler at 80 °C 
( S c m 1 ) 

7.57x10-" 

4 .35x10-" 

5.46x10"" 

3 .12xlO" J 

1.31x10"" 

Note : Dielectric constants, specific surface areas and particle sizes of the respective ceramic powders 
are from the manufacturers specifications unless otherwise referenced. 

Incorporation of Ti02 gave the maximum enhancement in a eventhough it has a 
relatively larger particle size (200 nm) compared to other three ceramic fillers. In a 
paper on PEO +10 wt % LiC104 + 5 wt % Ti0 2 , Lin et.al12. reported that, the effect 
of Ti02 particle size on the transport properties of the nano-composite polymer 
electrolyte is negligible, if its size is larger than 22 nm Therefore, the maximum 
enhancement of ionic conductivity by the incorporation of Ti02, eventhough it has a 
particle size of 200nm, may be due to its high dielectric constant and high Lewis 
acid character. Our results for Ti02 is consistent with the work reported by Chung 



627 

et.al. on PEOLiC104 + 10 wt% Ti02 nano-composite electrolyte which exhibited 
the maximum conductivity enhancement compared to A1203 and Si02. According to 
these authors, the highest Lewis- acid character of Ti02 would have also contributed 
to the conductivity enhancement. The Lewis acid character varied as Ti02 > A1203 

> Si02. 
In a paper on PEOLiC104 + 10 wt% Si02 by Kwang - Sun Ji et.al.6, it has been 

reported that, the enhancement of ionic conductivity due to a ceramic filler having 
a higher dielectric constant compared to PEO, (for PEO, e r = 2.8 - 3.3 ) like Ti02 

might be due to the active dissociation of the Li salt resulting an increased 
concentration of mobile carriers. However, when adding a ceramic filler with 
dielectric constant lower or comparable to that of PEO, the increase in conductivity 
is very likely due to the increased mobility of the ions. 

Out of the fillers used in our work, A1203 (e r = 20 ) and Zr02 ( £ r = 12.5) have 
dielectric constants comparable to that of PEO. Therefore, the conductivity 
enhancement due to the incorporation of these two ceramic fillers is very likely due 
to the increased mobility of the ions. Similar results substantiated also with high 
frequency dielectric relaxation measurements have been reported for the PE09 

LiTFSI: A1203 system w . The comparable ionic conductivity values of A1203 added 
sample and Zr02 added sample at high temperatures strongly support this 
assumption. 

From Fig.l, it is clearly shown that the conductivity of the PE09 IiTf 
electrolyte has dropped due to the presence of 15 wt% BaTi03 ceramic filler of 
dielectric constant 3000. Although, in general, many nano-sized ceramic fillers 
enhance the ionic conductivity of PEO based polymer electrolytes, there were 
several exceptions in the literature similar to our results for BaTi03 added samples5' 
7,10,15. T n £ ferj-oeiecy-jc nature and the blocking effect of the BaTi03 appears to be 
responsible for the observed conductivity drop in the BaTi03 added material. 

3.2 Thermal properties 

Fig. 2 shows the DSC traces taken during heating. Table 2 shows the melting 
temperature( Tm) and heat of melting (Hm) taken on heating. 

Table 2 : Melting Temperature (T„) and Heat of Melting (H„) from DSC measurements taken 
on heating 

Polymer Electrolyte 

PE09LiTf 

PE09LiTf + 15 wt% Ti02 

PE09LiTf + 15 wt% A1203 

PEO,LiTf + 15 wt% Zr02 

PE09LiTf + 15 wt% BaTiOj 

Melting Temperature on 
Heating (T») ( ° C) 

69.82 

68.60 

67.83 

68.47 

66.15 

Heat of melting 
(H„) ( J g 1 ) 

86.23 

78.88 

68.14 

61.75 

38.66 
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Fig. 2 : DSC traces taken on heating ran 

As shown in Table.2, heat of melting ( Hm) decreases from 86.23 J g ~ ' to 
78.88 J g ~' (for Ti02) and below this ( for other fillers ) when the nano-sized 
fillers were added to the polymer electrolyte. This indicates that the fraction of the 
crystalline phase in the filler-added material has become smaller. The increased 
fraction of the amorphous phase also contributes to the enhancement of 
conductivity. However, the value of Hm for BaTi03 added electrolyte is the 
minimum although the conductivity has decreased for this electrolyte. Other 
properties of BaTi03 filler such as its ferroelectric nature which may have an effect 
on the conductivity evidently play a dominant role and further studies are necessary 
in order to understand the mechanism involved. The value of Hm for pure PEO is 
203 J g " ', indicating the 100 % crystalline nature16. The crystalline melting 
temperature ( Tm ) has also decreased slightly when ceramic fillers are added 
indicating the more amorphous nature of the filler- added electrolytes. Some recent 
studies using several PEO - LiX complexes with nano-scale Si02 have shown that 
the addition of fillers does not change significantly the thermal properties of the 
material but it gives to the electrolyte better resistance to crystallization15. For the 
composite polymer electrolyte studied in this work also, the fillers have not changed 
the thermal properties of the material significantly. 
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4. Conclusion 

The results of the thermal and ionic conductivity measurements on the PE09 LiTf + 
15 wt% filler, with nano-sized ceramic fillers Ti02 , Al2Oj , Zr02 and BaTi03 

reported in this paper demonstrates the following. The presence of the fillers 
enhanced the ionic conductivity substantially except the BaTiC>3 filler. BaTi03 

incorporation decreased the conductivity of the electrolyte possibly due to the ferro
electric nature and the blocking effect. Ti02 filler gave the maximum enhancement 
in conductivity. The amount of enhancement appears to depend on the Lewis acid 
character of the respective filler. According to the DSC results, there is a significant 
reduction in heat of melting (Hm) due to the incorporation of fillers, suggesting that 
fillers make the material more amorphous. While this is expected to enhance the 
conductivity, a more dominant contribution to conductivity enhancement, observed 
above and below the PEO crystallite melting temperature, appears to come from the 
Lewis acid-base type interactions of mobile ionic species with O/OH surface groups 
on filler surface. These interactions could provide transient hopping sites for 
migrating ionic species thus facilitating ionic migration. In addition, for the Ti02 

added material, increased ionic dissociation giving rise to an increased carrier 
concentration could also contribute to conductivity enhancement. 
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Abstract 

Polymer electrolytes based on poly (vinyl pyrrolidone) - ammonium thiocyanate have beeri prepared 

by solution cast technique. The interaction of salt with the polymer has been examined using Raman 

spectroscopy. Results revealed that the interaction of the salt has been found to be through the carbonyl 

group of the polymer matrix. Conductivity measurements showed that these systems conduct ionically. 

The possible correlation between the conductivity and the structure of these electrolytic systems was also 

investigated which shows that the conductivity values are directly related to the total "free anion" 

concentration. Conductivity analysis showed (hat the addition of ammonium thiocyanate as a dopant in 

the polymeric electrolyte system enhanced the ionic conductivity. 20 mol% ammonium thiocyanate doped 

polymer electrolyte exhibits high ionic conductivity and has been found to be 1.7 X 10"'' S cm"1, at room 

temperature. 

1. Introduction 

Recent trends in energy technology have driven considerable interest in proton 

conducting electrolytes with high ionic conductivity [1]. To improve the ionic 

conductivity, polymer - salt electrolytes have been investigated for their possible 

application in various electrochemical applications [2]. To date, several types of 

polymer electrolytes have been developed and characterized, those based on vinyl 

polymers such as poly(vinyledene fluoride)[3], poly vinyl alcohol (PVA) [4] poly 

(vinyl pyrrolidone) PVP [3] etc., for various electrochemical applications. However, 

there are only little information is available for polymers like poly (vinyl 

pyrrolidone) PVP. The electrical and optical properties of polymers can be suitably 

modified by the addition of dopants depending on their reactivity with the host 

matrix [5]. Raman spectroscopy has been proved sensitive to the change of 

microstructure in a polymer electrolyte and can help to identify it [6]. Raman 

spectroscopy has also been useful for determining the state of ions in the polymer 

electrolytes. It is also useful to confirm and better understand the interaction of salt 

with the polymer matrix [7]. 
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In the present study, a novel polymer electrolytes using poly (vinyl pyrrolidone) 

- ammonium thiocyanate have been studied using various spectroscopic techniques 

such as Raman, Impedance and absorption spectroscopic techniques. 

2. Experimental 

Polymer electrolytes PVP (SISCO, Mw = 40,000) with NH4SCN were prepared 

using solution cast technique. Films of pure PVP, and PVP - NH4SCN with molar 

ratios 95:5, 90:10, 85:15, 80:20, 75:25 mol% have been prepared using distilled 

water as a solvent and the films are allowed to evaporate at room temperature. The 

Raman spectra has been performed using a Renishaw 1000 spectrometer, with a 

1200 lines/mm grating using the 784 nm line from a Infrared laser in the range of 

400 - 4000 cm"1, at room temperature. Curve-fitting analysis of the spectral data has 

been done using a commercial program, PEAK FIT to fit the Raman bands. The 

ionic conductivity of the polymeric electrolyte sandwiched between two aluminium 

block electrodes has been measured using an LCR meter Hioki 3532 in the 

frequency range 42 Hz - 5 MHz. UV-Visible spectrophotomety has been carried out 

on Shimadzu spectrophotometers using a CARY 500 Scan UV-VIS-NIR 

Spectrophotometer in the range 175 - 600 nm. 

3. Results and discussion 

3.1 UV- Visible Analysis 

5 -
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o> 
o 
= 3 -
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w 
c 
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W a v e l e n g t h ( n m ) 

Fig 1. UV visible spectra of PVP-NH,SCN systems for a) 0 mol % b) 5 mol % c) 10 mol% 

d) 15 mol % e) 20 mol % f) 25 mol % of NH,SCN concentration 
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Figure 1 shows the UV visible spectra of PVP as well as that of the PVP-

NH4SCN polymer complexes. New bands were observed at ca.294 nm ammonium 

thiocyanate doped polymer electrolyte and may be attributed to the formation of a 

complex between PVP and NH4SCN through charge transfer. The absorption bands 

at 294 nm for the 5 mol% ammonium thiocyanate doped polymer electrolyte may be 

assigned to n —» 7t* [8] transition which comes from unsaturated bond, mainly O O . 

As the salt concentration increases the band shifts towards the higher wavelength 

region. 

3.2 Raman Analysis 
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Fig.2 Raman spectra of polymer electrolyte systems for a) 0 mo! % b) 5 mol % c) 10 mol% 

d) 15 mol % e) 20 mol % 0 25 mol % of NH4SCN concentration 

Figure 2 shows the Raman spectra of PVP-NH4SCN system at different salt 

concentrations along with the spectra of the host polymer, PVP in the range 400 -

4000 cm"'. The changes in the Raman spectra of ammonium thiocyanate doped PVP 

polymer electrolytes that occur with increasing salt concentration have been 

presented in Table 1. 
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Table 1: Raman band Frequencies and their Assignments 

Pure 

PVP 

738 

-

758 

899 

935 

1028 

1232 

1426 

1663 

-

-

-

-

2928 

Wave number cm i 

PVP: NH4SCN (mol %) 

95:05 

740 

748 

758 

899 

935 

1029 

1233 

1425 

1661 

1674 

2042 

2061 

-

2926 

90:10 

738 

746 

757 

897 

936 

1031 

1233 

1425 

1661 

1676 

2050 

2062 

2074 

2926 

85: 15 

738 

744 

756 

901 

936 

1029 

1233 

1425 

1657 

1677 

2047 

2061 

2074 

2929 

80:20 

736 

744 

757 

898 

936 

1029 

1234 

1425 

1661 

1674 

2044 

2061 

2074 

2930 

75:25 

737 

747 

759 

899 

936 

1029 

1235 

1425 

1659 

1673 

-

2058 

2071 

2930 

Assignment 

C-N 

C-S stretching 

C-N 

CH2 rocking 

C - C stretching 

CH2 symmetric stretching 

C - N stretching 

C - H bending 

c=o 
C-O—H 

SCN"1 free ion 

SCN"1 contact ion pair 

SCN"1 aggregates 

C-H stretching 

From Figure 2, it has been observed that the intensity of the Raman band 

corresponding to C-C stretching vibration at 936 cm"1 in the pure polymer electrolyte 

decreases with increase of NH4SCN concentration. The significant changes in the C-

C vibrational band can be associated with the interaction of the salt with the 

polymer. The bands at 1232 cm"' and 1426 cm"1 can be attributed to C-N stretching 

and C-H bending vibrations of Pure PVP respectively. It has been observed that the 

bands related to v(C-N) stretch modes and v(C-H) bending vibrations of salt doped 

system gets broaden as the salt concentration increases. The band broadening in 

Raman spectra is usually an indication of amorphous nature of the polymer 

electrolyte [9]. The Raman bands for the undoped polymer electrolyte at 736 cm"1 



635 

and 757 cm"1 can be attributed to C-N vibrations. For the ammonium thiocyanate 

doped polymer electrolytes an additional band at ~748 cm"' corresponding to C-S 

stretching vibrations [10] of thiocyanate ion has been observed. The -748 cm"' band 

slightly shifts towards the lower frequencies with the increase of salt concentration 

at the expense of the 736 cm'1 and 757 cm"' bands. This may be due to the 

interaction of the salt with the polymer. 

1663 

( a ) 

1&30 1650 167D 

Raman Shift (cm -1) 

1690 

Fig.3. Raman band associated to the C=0 stretching mode for (a) undoped (b) 5 mol% NH4SCN 

doped polymer electrolyte. 

The changes in the C=0 spectral region are very important for the elucidation of 

the interaction of the polymer with that of the dopant ammonium thiocyanate. Figure 

3 compares the deconvoluted spectrum of the virgin PVP film with the spectrum of 

PVP doped with 05 mol % ammonium thiocyanate in the C=0 spectral region. The 

C=0 of pure polyvinyl pyrrolidone polymer electrolytes at 1663 cm"' has been 

appeared as double bands at 1661 cm"' and 1674 cm-1 in the salt doped PVP which 
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indicates the hydrogen bond interaction of the salt with the carbonyl group of the 

polymer. 

y**~* ' 2***i 

» < t - -. 

Fig.4. The deconvoluted Raman band associated to the v(SCN') stretching mode for (a) 5 mol% 

(b) 10 mol% (c) 15 mol% (d) 20 mol% and (e) 25 mol% NH4SCN doped systems. 

The change in the relative intensity and the location of the SCN" anion within 

the complex depend on the concentration of the NH4SCN salt. Consequently, these 

changes can be attributed to the interactions involving the SCN". Figure 4 shows the 

v(SCN") mode for all salt doped polymer complexes. The main spectral component 

centered at -2042 cm"1 has been assigned to spectral mode of free SCN" ions. The 

spectral band at ~ 2061 cm"' whose area increase as the salt concentration increases 

has been assigned to SCN"' contact ion pairs. The band at ~ 2074 cm"' appearing at 

higher salt concentrations has been assigned to the formation of ion aggregates. The 
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area under the peak -2042 cm"' as a function of salt concentration has been shown in 

Figure 5. The area under the peak is proportional to the relative concentration of the 

free ions. The concentration of the free ions increases gradually from 5 mol% to 20 

mol % of salt concentration. For 25 mol % salt doped system the band at 2042 cm"1 

disappears in the expense of 2061 cm"' and 2074 cm"' indicating that less free ions 

exist in this system which accounts for the decrease in conductivity. 

3.3 Conductivity Analysis 

The ionic conductivity as a function of salt concentration has been shown in 

Figure 5. 
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Fig 5. Conductivity and free-ion concentration as a function of concentration of ammonium 

thiocyanate at room temperature. 

The increase in the ionic conductivity with increasing salt concentration can be 

related to the increase in the number of mobile charge carriers in the polymer 

electrolyte. When the concentration of ammonium thiocyanate increases, the relative 

amount of free ions also increases. The increase of ionic conductivity is in good 

agreement with the increase of the free ions in the PVP/NH4SCN complex. The 

maximum conductivity has been found to be 1.7 X 10"4 S cm"' for 20 mol % salt 

doped system. Further addition of salt decreases the ionic conductivity, which can be 

explained by formation of ion aggregates as explained from Raman analysis. 

o 
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4. Conclusion 

The proton conducting polymer electrolytes based on Poly (vinyl pyrrolidone), 

PVP and ammonium thiocyanate, NH4SCN have been prepared by solution cast 

method. The interaction of the salt with the polymer has been explained using UV 

visible and Raman spectroscopic studies. The introduction of a new peak in the UV 

spectra for the salt doped system indicates the formation of charge transfer 

complexes. The room temperature conductivity has been found to be 1 X 10"7 Scm"1 

for 80 mol% PVP: 20 mol% NH4SCN polymer system. The decrease in conductivity 

at higher salt concentration (25 mol %) in these polymer electrolytes has been found 

to be due to the formation of ion aggregates. This fact has been confirmed using 

Raman spectroscopic analysis. 

References 

1. Vito Di Noto, Michele Vittadello, Sandra Lavina, Simone Biscazzo, Maurizio 

Fauri, Electrochimica Acta 48, 2047-2058 (2003). 

2. AC Impedance Studies on Proton Conducting Polymer Electrolyte Complexes 

(PVA-CH3COONH4), Ionics 10, 135-138 (2004). 

3. Ningping Chen, Liang Hong, Solid State Ionics 146, 377-385 (2002). 

4. M.A. Vargas MA, R.A. Vargas, B-E. Mellander, Electrochimica Acta 44, 4227-

4232(1999). 

5. Hirankumar, S. Selvasekarapandian, N. Kuwata, J. Kawamura, T. Hattori 

Journal of Power Sources 144, 262-267 (2005). 

6. Zhaoxiang Wang, Weidong Gao, Liquan Chen, Yujun Mo, Xuejie Huang, Solid 

Stale Ionics 154-155, 5 1 - 56 (2002). 

7. SF. Johnston, I.M. Ward, J. Cruickshank, G.R. Davies, Solid State Ionics 90, 

39-48 (1996). 

8. M. Abd El-Kader, A. S. Orabi, Polym. Test. 21, 591-595 (2002). 

9. A. D. M. Vosshage, B. V. R. Chowdari, Solid State Ionics 62, 205-216 (1993). 

10. B.H.Stuart, Spectrochimica Acta Part A 53, 107-110(1997). 



E L E C T R O C H E M I C A L AND STRUCTURAL PROPERTIES O F 

POLYVINYLIDENE FLUORIDE - SILVER TRIFLATE SOLID P O L Y M E R 

ELECTROLYTE SYSTEM 

S. AUSTIN SUTHANTHIRARAJ* AND B. JOSEPH PAUL 

Department of Energy, University of Madras, Guindy Campus, Chennai-600025, India. 

•Email: suthan98@yahoo.com 

A new polymer gel electrolyte system consisting of polyvinylidene fluoride (PVDF) and 

silver triflate (AgCF3S03) has been investigated and reported in the present work. Thin film 

specimens of PVDF + x wt.% AgCF,SOj (where x = 10, 20, 30, 40, 45, 50, 55 and 60 

respectively) were prepared by solution casting technique using dimethyl formamide (DMF) 

as the common solvent. Complex impedance measurements were carried out on all the 

specimens in the frequency range 20 Hz - 1 M Hz within the temperature domain 298 to 333 

K. The room temperature ionic conductivity of the polymer electrolyte was found to increase 

from 10"5 to 10'3 Scm"' i.e. by two orders of magnitude with increasing concentration of silver 

triflate from 10 to 60 wt.%, whereas the activation energy decreased with an increase in 

concentration of the dopant salt. The ionic transference number values determined by 

Wagner's polarization technique showed an increase from 0.33 to 0.99 with an increase in the 

concentration of silver triflate salt. These results have clearly indicated that the ionic 

conduction is significant in the case of higher salt concentrations viz., > 20 wt.%. 

Furthermore, the X-ray diffraction (XRD) patterns have revealed a decrease in the 

crystallinity of the polymer electrolyte due to complex formation. Fourier transform infrared 

(FTIR) spectral studies have also confirmed the complex formation between polyvinylidene 

fluoride and silver triflate owing to the appearance of new absorption bands and gradual shifts 

observed in certain peaks. 

1. Introduction 

Discovery of polymers having high electrical conductivity values has opened an 
important area in research and development of electro chemical devices [1] such as 
rechargeable solid-state batteries, electrochromic display devices etc. The intense 
interest in this field has risen because of their inherent properties such as ease of 
fabrication into thin films, good contact with electrode material and ease of 
combination with salt. However, most of the polymers have low ionic conductivity at 
room temperature. Investigations have been focused primarily to enhance 
conductivity through various approaches like blending of two polymers, [2] adding 
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plasticizers to polymer electrolytes, complexation of metal salts and addition of inert 
fillers. Among these methods, complexation of polymer with metal salts has been 
employed in the present work. Polyvinylide Fluoride (PVDF) acts as the host 
polymer due to its high dielectric constant and strong electron with drawing group 
-(C-F)- [3] and silver triflate (AgCF3S03) is used as the dopant salt for 
understanding the transport features of silver ion in the chosen polymer matrices. 
Ionic conductivity of the polymer electrolyte has been measured using complex 
impedance spectroscopy. Wagner's polarization method has been employed to 
measure the ionic transport number. The complexation and molecular interactions 
between various constituents have been studied using Fourier transform infrared 
spectroscopy (FTIR) where as the crystallinity of the samples has been examined 
using X ray diffraction analysis at room temperature. 

2. Experimental 

2.1. Materials 

Commercially available chemicals of polyvinylidene fluoride, PVDF (Aldrich, 
Mw = 275000), Silver triflate, AgCF3S03 (Purity - 99.9%, Aldrich) and analytical 
reagent grade dimethyl formamide, DMF were used as starting materials. Silver 
triflate was initially dried in vacuum at 393 K for an hour before use. PVDF and 
DMF were used without any pre-treatment. 

2.2. Preparation of Thin Films 

A series of thin film specimens of the polymer electrolyte system PVDF + x wt.% of 
AgCF3S03 have been prepared using solution casting technique. [4] The polymer 
host material namely PVDF was initially dissolved in dimethyl formamide (DMF) as 
the solvent by stirring at 333 K for an hour. Subsequently, an appropriate amount of 
AgCF3S03 was also added into the homogenous solution and stirred well until the 
slurry mixture became homogenous. The resulting homogenous solution was cast 
onto a clean and dry petri dish to allow the evaporation of the solvent by drying in 
vacuum at 333 K. Finally all the synthesized thin film specimens were stored in a 
vacuum desiccator for the purpose of further characterization studies. 
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2.3. Complex impedance measurement 

Electrical conductivities of the synthesized polymer electrolytes were evaluated from 
the complex impedance data obtained in the frequency range of 20 Hz to 1 MHz 
using HP 4284 Precision LCR Meter. The thin film specimens were sandwiched 
between two silver electrodes, which acted as the non-blocking electrodes for ions, 
and measurements were performed in the temperature range 298 - 333 K. 

2.4. Transport number measurement 

Total ionic transport number tim was measured using Wagner's polarization 
technique [5]. Silver and graphite were used as non-blocking and blocking electrode 
respectively. A fixed DC voltage of 300mV was applied across the electrode and 
current monitored as a function of time. 

2.5. FTIR Spectral Studies 

The Fourier transform infrared (FTIR) spectra for all the thin film specimens of the 
PVDF - AgCF3S03 polymer electrolyte system were studied using a Perkin Elmer 
RX1 Spectrometer over the wavelength domain 4000 - 500 cm"1 at room 
temperature with a resolution of 4 cm'1. 

2.6. X-ray diffraction studies 

X-ray diffraction analysis was performed using a PANalytical diffractometer with 
Cu-Kcii radiation. The intensities of the scattered radiation were measured in the 26 
range 10° to 60°. 
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3. Results and Discussion 

3.1. Complex impedance analysis 

0 5000 1D0OO 150OD 2O0O0 25OO0 3DDQQ 

Figure 1. Complex impedance plots for PVDF and PVDF + x wt.% of AgCF3S03. 

The impedance spectra (Z' Vs Z") obtained for PVDF + x wt.% of AgCF3S03 where 
x = 10, 20, 30, 40, 45, 50, 55 and 60 is shown in Fig. 1. The total electrical 
conductivities (a) of these polymer electrolytes were calculated using the formula. 

o = t/(RbA) (1) 
Where t is the thickness of the thin film, A the common area covered by the silver 
electrodes in contact with the sample and Rb is the bulk resistance of the material 
obtained from the intercept on the real axis at the high frequency end of the Nyquist 
plot of complex impedance. [6,7] According to the theoretical analysis given by 
Watanabe and Ogata, [8] two semicircles should appear in an impedance spectrum 
for a symmetric cell i.e., one at higher frequency corresponding to bulk electrolyte 
impedance and the other at lower frequencies related to the interfacial impedance. 
The disappearance of semicircle portions at higher frequency side led to a conclusion 
that current carriers in the present system are ions. These leads one to further infer 
that the total electrical conductivity is mainly due to ions. [9] 

The room temperature electrical conductivities of different compositions having 
0 to 60 wt. % AgCF3S03 are summarized in Table 1. From Table 1, it is evident that 
the conductivity gradually increases with increase in concentration of silver triflate. 
The conductivity values increased by two orders from 10"5 to 10"3 compared with that 
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Fig.2. Arrhenius plot for pure PVDF (a) and PVDF + 55 wt.% of AgCF3S03(b). 

of the pure polymer PVDF thus concluding that dissociation of silver triflate takes 
place on the polymer matrix. The temperature-dependent ionic conductivities of all 
these compositions were studied in the temperature range 298 - 333 K. It is also 
observed that the ionic conductivity increases with increasing temperature as in the 
case of ionic solids. The activation energies were calculated in the usual manner 
following the Arrhenius equation and the values are shown in Table 1. It may be 
inferred from Table 1 that the activation energy value decreases from 0.53 to 0.25 eV 
with increasing concentrations of the dopant salt. The Arrhenious plots for pure 
PVDF and 55wt.% AgCF3S03 are shown in Fig. 2. These results appear to suggest 
that silver ions may migrate through the conduction path formed by the modified 
network structure of PVDF chains. 

Table 1. Ionic conductivity, activation energy, transport number data. 

Wt. % of 
AgCF3S03 

0 

10 

20 

30 

40 

45 

50 

55 

60 

o 
Scm"1 

2.8 xlO"5 

5.6 xlO"5 

5.8 xlO-5 

2.3 xlO-4 

0.9 xlO"3 

3.9 xlO"3 

4.7 xlO"3 

6.9 xlO-3 

2.6 xlO"2 

Ea 
(eV) 
0.54 

0.48 

0.40 

0.36 

0.32 

0.30 

0.29 

0.26 

0.25 

Mon 

-
0.30 

0.79 

0.96 

0.97 

0.98 

0.99 

0.99 

0.99 

3.2. Transport number data 

Wagner's polarization technique was used to measure the total ionic transference 
number of all the composite polymer electrolyte materials under study. [5] In this 
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technique, a constant DC voltage of 300 mV was applied across the cell (Ag/ 
polymer electrolyte/C). The DC current passing through the cell was measured as a 
function of time until the cell completely polarized. The transport number was 
calculated using the formula. 

ti„„=l-(Is/I,) (2) 
Where I, is the initial current due to both ionic and electric and Ie is final current 

due to electrons alone. Calculated tjon values are shown in Table 1. The observed 
transport number value increases from 0.39 to 0.99 with increase in concentration of 
silver triflate. Thus the electrical conduction in the composite polymer electrolyte is 
found to be mainly due to the migration of ions. 

3.3. Fourier Transform Infrared Studies 
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Figures 3(a,b). FTIR Spectra for pure PVDF and PVDF + x wt.% of AgCF3S03. 

Fourier transform infrared spectroscopic technique has been used to characterize the 
chain structure of the host polymer and reaction of multifunctional monomers 
including rearrangements and isomerization. [10,11] The FTIR spectra obtained for 
the polymer electrolyte system PVDF - x wt.% AgCF3S03 (where x = 10, 20, 30,40 
and 50 respectively) in comparison with that of pure PVDF are shown in 
Figs 3 (a,b). A careful analysis of the present spectra suggests that the observed 
vibrational band at 1404 cm'1 belongs to the deformed vibration of the CH2 group. 

http://ie.ni
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[12] The peak noticed at 881 cm"1 belongs to the vinylidene group of the polymer. 
[13] The vibrational frequencies appearing at 1072 and 834 cm"1 appear to indicate 
the crystalline and amorphous phases of PVDF as reported earlier. Absorption bands 
seen at 512 and 481 cm"1 may be assigned to the wagging and bending vibrations of 
CF2 respectively. [14] The appearance of new bands at 1647, 1028, and 639 cm"1 has 
clearly confirmed the complexation between PVDF and AgCF3S03. The band at 
1404 cm"1 of pure PVDF was found to gradually shift towards the higher frequency 
of 1409 cm"1 at higher concentrations of AgCF3S03. This may be due to the 
weakening of interaction between H atom of the CH2 groups and F atom of the CF2 

groups. [12] On addition of silver triflate, the set of absorption bands from 1660, 
1034, and 651 cm"1 got shifted to 1638, 1028 and 634 cm"1 respectively. Thus, the 
above feature of shifting and occurrence of new peaks tends to confirm the 
molecular interaction of the poly vinylidene fluoride with the silver triflate. 

3.4. X-Ray Diffraction Characteristics 

10 20 30 40 50 60 10 20 30 « 50 60 

Figure 5 (a,b). XRD Spectra for pure PVDF and PVDF + x wt.% of AgCFjSO,. 

Figures 5 (a,b) show the X-ray diffraction patterns obtained for pure PVDF and 
eight different compositions in the system PVDF + x wt. % AgCF3S03 (10 < x < 
60). The characteristic peaks at 26 = 20°, 38° and 44° correspond well with the 
reflection planes (110) and (112) of crystalline PVDF. The intensity of the PVDF 
diffraction peaks was significantly lower in the complexed polymer electrolyte 
system than that of the peaks in the pure PVDF indicating a decrease in the 
crystallinity as a result of complexation. The fact that no new diffraction peaks 
corresponding to AgCF3S03 can be seen in any of the complexed polymer, which 
implies the complete disassociation of silver salt in the polymer matrices. 
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4. Conclusion 

Thin films of the polymer electrolyte system PVDF + x wt. % of AgCF3S03 

(10 < x < 60) were prepared using solution casting technique whose ionic 
conductivity could be enhanced by two orders of magnitude from 10"5 to 10"3 Scm'1 

with increasing concentration of silver triflate. The observed increasing trend in 
transport number value from 0.33 to 0.99 shows that total conductivity in mainly due 
to ions alone. XRD and FTIR studies have further confirmed the decrease in 
crystallinity and complexation of silver triflate with the PVDF matrix. 
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Abstract 

The polymer electrolytes composed of Poly (vinyl acetate) (PVAc) with various stoichiometric 

ratios of lithium perchlorate (LiC104) salt have been prepared by solution casting method. The techniques 

Fourier Transform Infra-red (FTIR) and micro Raman spectroscopy have been used to study polymer- salt 

complex formation, ion-ion and ion-polymer interactions as a function of salt concentration The ac 

impedance results show the depressed semicircles which indicate the non-Debye nature of the polymer 

electrolytes. The maximum ionic conductivity has been found to be 1.3x10"' Scm"1 at 373K for the 

80PVAc:20LiCIO4 polymer complex. The 7Li NMR linewidth decreases with increasing temperature 

which indicates the enhancement of lithium ion mobility in the polymer electrolytes. The two different 

environments of Li+ ion in the polymer electrolytes observed in 7Li NMR have been confirmed by FTIR 

analysis. 

Keywords: Polymer electrolytes; 7Li NMR; ac impedance; micro Raman; FTIR 

1. Introduction 

Solid Polymer Electrolytes have found wide applications in various 

electrochemical devices, such as batteries, fuel cells, electrochromic display devices 

[1-2]. Lithium-ion conducting polymer electrolytes are of great research interest due 

to their possible application to lithium- polymer batteries with high energy density 

[3]. To date different polymers, such as PAN [4], PMMA [5] and PVdF [6] have 

been studied. Among the different choices, poly (vinyl acetate) (PVAc) offers good 

mechanical stability and easy film formation. Raman spectroscopy was used to study 

the ion- pair dissociation effect by probing the stretching mode of free and paired 

anion groups. Among the several techniques employed, the nuclear magnetic 

resonance (NMR) has contributed significantly to the understanding of the physical 

properties of the polymer electrolytes mainly because it offers the possibility to 

selectively study the ionic and polymer chain dynamics. In the present study PVAc: 
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LiC104 solid polymer electrolytes of various compositions have been prepared by 

solution casting technique. The complex ac impedance analysis and Lithium (7Li) 

NMR lineshapes were measured as a function of temperature in the PVAc- LiC104 

Solid Polymer Electrolytes. The ion-polymer interactions of PVAc:LiC104 polymer 

electrolytes are investigated via micro Raman and FTIR analysis. 

2. Experimental analysis 

PVAc (Himedia) and LiC104 (Himedia) are dried by heating at 100° and 110°C 

under vacuum for lOh and 15h, respectively. All the electrolytes have been prepared 

by the solvent casting technique. Appropriate quantities of PVAc, LiC104 (table. 1) 

are dissolved by adding in sequence to tetrahydrofuran (THF) (s.d.fine) and stirred 

for 24h. The resulting solution is poured on to a glass petry dishes and the THF is 

allowed to evaporate in air at room temperature for 48h. The films are further dried 

at 60°C for 24h in vacuum to remove any trace of THF. The polymer electrolytes of 

various weight ratios such as 90:10; 85:15 and 80:20 (PVAc: LiC104) have been 

prepared. FT-IR spectroscopy measurements are carried out using SHIMADZU-

8000 spectro- photometer in the range of 400- 4000 cm"1. Raman spectra have been 

performed in a microscopic Raman spectrometer using the Ar ion laser line of 514.5 

nm with power 0.28W. The 7Li NMR measurements are performed in the 

temperature range 303-373K, using a Bruker NMR spectrometer operating at a 7Li 

resonance frequency of 155.4 MHz. 

3. Results and discussion 

3.1. FTIR analysis 

The FT-IR spectrum of pure LiC104, PVAc, and PVAc-LiC104 complexes of 

various compositions are shown in Fig.l(a-e). In Fig. 1(b), the vibrational bands 

observed at 2923, 2865 and 1375 cm"', are ascribed to CH3 asymmetric stretching, 

symmetric stretching and symmetric bending vibrations of pure PVAc respectively. 

The peaks at 1245, 1100 and 1090 cm"1, are ascribed to C-O-C symmetrical 

stretching, C-0 and C-C stretching vibrations of pure PVAc respectively. The 

carbonyl stretching band at 1730 cm'1 is sensitive to the complexation of Li+ cations 

to the carbonyl oxygen and is used to probe this complexation. The appearance of 

strong band in the spectrum at 1730 cm"1 which corresponds to C=0 stretching 
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frequency of pure PVAc is broadened and shifted to lower wave number (1730-1706 

cm"1) in the polymer- salt complexes upon the increase in concentration of LiCI04. 

The perturbation to the carbonyl band in the presence of Li salt arises from 

complexation of Li+ cation to the carbonyl oxygens, the more extensive the 

complexation, the larger the spectral perturbation. Similarly in the FT-IR spectra of 

the ester oxygen region the C(0)-0-C symmetric stretch frequency decreases from 

1246 to 1235 cm"' and broadens which reveals the weakening of the C-O-C bond 

due to the interaction of Li+. 

T ' 1 ' r 
4 0 0 0 3 0 0 0 2 0 0 0 1 0 0 0 

W a v e n u m b e r ( c m ' ) 

Fig. 1. FTIR spectra of (a) LiCIO,; (b) pure PVAc; (c) 90:10; (d) 85:15; (e) 80:20 PVAc:LiC10« polymer 

complexes 

The Li+ interaction with ester oxygens disturbs the derealization of electrons in 

the ester oxygens, and hence an inductive withdrawal of electron density from the 

ester linkage occurs through the C=0. Similar reports of Li+ and Na+ cation 

interactions with the carbonyl oxygen of polymers have already been reported by 

W.Wieczorek et.al. and Weihua Zhu et.al for the polyether-PMMA-LiCF3S03 and 

PEG-PU/NaC104 complexes, respectively [7-8]. The coordination of cation with the 

ester oxygen and C=0 in PVAc-LiC104 polymer complex has been figurated as 

shown in scheme. 1. 

3.2. Laser Raman Spectroscopy Analysis 

Fig.2 shows the Laser Raman spectra of PVAc-LiC104 polymer electrolyte 

complexes in wide frequency window. The appearance of the strong band at 
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934 cm"1 is ascribed to the symmetric (V|) vibration of the perchlorate anion [9]. As 

seen in Fig.2 (a-b) the splitting of band indicates the different ionic environments for 

the perchlorate anions. In Fig.3(a&b), the band is fitted by using PEAKF1T software 

with Lorentzian fitting. For the 85PVAc:15LiC104 polymer salt complex, two 

Lorentzian curves are needed to fit the Raman band. Curve fitting analysis of the 

vs(C104) mode in the 85PVAc:15LiC104 system indicates a strong band at 934 cm"' 

(FWHM=5.3 cm"1) corresponding to free perchlorate anions and a weak high 

frequency shoulder at 939 cm"1 (FWHM=2.19 cm"1) ascribed to contact ion pairs 

(Fig.3a). For higher salt concentration samples (80PVAc:20LiClO4), the v, band is 

fitted by three Lorentzian curves as shown in Fig.3 (b). At higher salt concentration 

the intensity and line width (FWHM=5.5, 7.04 cm"1) of the first low frequency band 

at 933 cm"1 and the component at 939 cm"' increase which indicate the concentration 

of the free anions and contact ion (Li+...C1C>4") pairs increase. The possible species 

responsible for the third very weak Lorentzian peak at 945 cm"1 are trimers 

(Li+...C104"...Li+), tetramers or higher order ionic clusters of sub micron scale. The 

narrow line width (FWHM=1.6 cm"1) of the third peak, in comparison with the width 

of the other peaks, suggests that it is not associated with a broad distribution of 

clusters of different sizes. 

A 

c 

c 

2 0 0 0 1 6 0 0 1 2 0 0 8 0 0 4 0 0 
W a v e n u m b e r ( c m " ) 

Fig.2. Micro- Raman spectra for (a) 85:15 and (b) 80:20 (PVAc: L1CIO4) polymer complexes 

The intensity of the band due to ester oxygen C(0)-OC region 1130 cm"' is 

found to increase with increasing salt concentration which may be due to the 
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interaction of C104" with ester carbon and interaction of Li+ cation with the ester 

oxygen C(0)-0-C present in the host polymer PVAc. 

Fig.3. Peakfit analysis of vs(C104) mode of (a) 85:15 and (b) 80:20 PVAc:LiC104 complexes 

W.Wieczorek et.al. reported the coordination of C-O-C ether oxygen with the 

Li+ cation [7]. The band corresponding to the free carbonyl stretch at 1726 cm"' is 

resolved and it is seen that the intensity of this band increases with increasing salt 

concentration suggests the coordination between carbonyl carbon and C104" anion 

as shown in scheme.l. S.Selvasekarapandian et.al reported the interaction of both 

Li+ and SCN" with the polar groups present in PVAc [10]. 

T ?.--cio- . . 
— C —C — Li — CI04 —*• Ion pairs 

H 0 - — l a 1 / — ciO, — Li*-* Ion triplets 

CIO"— C=D — Li+ 

4 I 
Scheme:l Schematic representation of the coordination of Li* and C104" in PVAc-LiC104 complex 

3.3. Impedance spectroscopy analysis 

The Nyquist plots for PVAc-LiC104 polymer electrolyte samples of different 

compositions at 303K are presented in Fig.4. The plots consist of a high frequency 

depressed semicircle and a low- frequency spike. The high frequency part of 

impedance plots can be related to bulk relaxation processes according to 
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Armstrong's model of a solid electrolyte [11]. The low frequency spur results from 

electrode/ electrolyte interface properties. It is noted that the semicircle observed at 

high frequency region gradually fades away and the semicircle depression decreases 

as the content of LiC104 increases (Fig.4). 

t 

—•—90:10 
—•—85:15 
—»—80:20 

f 

y, 

F==I y\ 

N/ 
0 15000 30000 45000 60000 750O0 

V (ohm) 

Fig.4. Impedance spectra of various concentrations of PVAc:LiC104 polymer complexes at 303K, 

Inner plot: Enlarged Impedance spectra of 80:20 (PVAc:LiCI04) polymer complex 

The ionic conductivity is calculated using the equation: a= (L/Rb)A, where 

'L' is the thickness of the polymer electrolyte film and 'A' the surface area of the 

film. The amount of LiC104 deeply affects the ionic conductivity of these hybrid 

films. The highest room temperature conductivity value is found to be 

6.2xl0"5 Scm"1 (table. 1) for the system 80wt%PVAc- 20wt%LiClO4. The improved 

ionic conductivity is due to the enhancement of the ionic mobility and number of 

carrier ions, as the many previous workers have already reported [12]. 

Table:! Conductivity parameters of PVAc-LiCIQ4 polymer electrolyte complexes 

PVAc-LiC104 

compositions (wt%) 

90:10 

85:15 

80:20 

Conductivity (<Tb) (Scm-1) 
303K 

7.6x10"' 

2.9x10"6 

6.2x10"* 

333K 
8.1xl0"6 

1.9xl0"5 

2.8x10"" 

373K 

1.3xl0"4 

2.1xl0"4 

1.3xl0"3 

3.4. 7Li NMR analysis 

The 7Li NMR spectra of 90PVAc: 10LiClO4 polymer electrolytes at various 

temperatures is shown in Fig.5(a). In the temperature range 303-333K, the spectra 

are characterized by a narrow main absorption (full width at half maximum 7.8xl02 
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Hz) corresponding to the central +l/2«-> -1/2 transition (i.e. homonuclear 7Li-7Li 

dipole-dipole), superimposed on a broader baseline whose width decreases with 

increasing temperature, which is due to the quadrupolar distribution of the satellite 

transitions ± 3/2<-> ±1/2 [13]. This distribution of nuclear quadrupole transition is 

attributed to a distribution of electric field gradients at the lithium sites, due to the 

heterogeneous Li nearest-neighbor configuration in the PVAc:LiC104 polymer 

electrolyte complexes. The line width of the 7Li NMR absorption peak is found to be 

narrower with increase of the temperature in all compositions of PVAc-LiC104 

polymer electrolytes, which indicates that the mobility of the lithium ions is 

increased with increase in temperature. Motional narrowing is attributed to 

modulation of the 7Li-'H (the protons are, of course, in the polyester chain) magnetic 

dipole-dipole interaction resulting from polymer segmental motion above Tg. Similar 

results for Li salt-polymer complexes have been reported elsewhere [14]. In 

Fig.5(b), the 7Li NMR spectra at 373K are deconvoluted into three Lorentzian line 

shapes by using PEAKFIT software. Two shoulder peaks (2.06 and 2.80 ppm) near 

the central part of the spectrum, indicates that there exist at least two inequivalent 
7Li quadrupole interactions accompanied two distinct local environments existing in 

the polymer complexes. 

10 5 0 
Chomiail shift (ppm) 

,1 
Ojjat 

u 5 t 
Chemical shift (ppm) 

Fig.5 (a)7Li NMR spectra of 90:10 PVAc:LiC104 polymer electrolyte at different temperatures; 

(b) Peakfit analysis of 7Li NMR spectra for PVAc:10LiClO4 at 373K 
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4. Conclusion 

The Solid Polymer Electrolytes PVAc:LiC104 at various compositions have 

been prepared by solution casting technique. FTIR and Micro Raman spectra 

analysis indicates the interaction of Li+ cations with the ester oxygens of PVAc 

polymer matrix. The maximum conductivity values are found to be 1.3xl0"3 Scm"' at 

373K for the system 80wt%PVAc- 20wt%LiClO4. In 7Li NMR spectra reveals the 

existence of at least two inequivalent 7Li quadrupole interactions existing in the 

polymer-salt complexes. 
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Abstract: 

In the present study, PVA based solid polymer electrolyte films complexed with NaSCN at different 

salt concentration have been prepared by the solution cast technique. This PVA-NaSCN polymer 

electrolyte has been characterized by FTIR and ac impedance spectroscopy techniques. The FTIR study 

confirms the polymer-salt complex formation. The temperature dependant conductivity of the polymer 

electrolyte follows the Arrhenius relationship. It has been observed that the conductivity increases with 

increasing salt concentration for all temperatures. The maximum conductivity has been found to be 

3.28x10"' Scm"1 at 303K for 20 mol% of NaSCN doped electrolyte. The dielectric spectra, modulus 

spectra and dielectric loss tangent have also been analyzed. 

1. Introduction: 

The development of polymeric systems with high ionic conductivity is one 

of the main objectives in polymer research. This is due to their potential application 

as an electrolyte in solid state batteries. Polymer battery has advantage of having 

high energy density, solvent-free condition, leak proof, easy processability and light 

weight. Poly (vinyl alcohol) (PVA) is one of the most important polymeric materials 

as it has many applications in industry and is of relatively low cast [1]. PVA is a 

potential material having a very high dielectric strength, good charge storage 

capacity and dopant - dependent electrical and optical properties. The electrical 

conductivity of the PVA blend with inorganic acids and water has been already 

reported by R.A.Vargas and co workers. It is reported that the water content in PVA 

based electrolyte enhanced the conductivity while preserving the dimensional 

stability of the electrolyte [2]. Literature studies reveal that many sodium ion 

conducting polymers have been reported based on Poly ethylene oxide (PEO), 

Polypropylene oxide (PPO), poly bis-methoxy ethoxy ethoxy phosphazene (MEEP) 

complexed with Nal, NaC104, NaSCN, NaCF3S03. Many rechargeable batteries 

have also been reported based on the Na+ ion conducting polymers. A new polymer 
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electrolyte PVA+NaSCN has been prepared and characterized by FTIR and AC 

impedance spectroscopy techniques to find out suitable composition for polymer 

batteries and the results have been presented in this paper. 

2. Experimental: 

Thick film of polymer electrolyte (200um) of pure poly (vinyl alcohol) (Merck, 

Mw= 1,25,000) (degree of hydrolysis = 88%) and poly (vinyl alcohol) doped with 

sodium thiocyanate have been prepared for different ratios by a solution cast 

technique. Aqueous solutions of poly (vinyl alcohol) and NaSCN mixtures have 

been thoroughly stirred to obtain a homogenous mixture. The mixtures are then 

poured onto a glass plate and evaporated slowly at room temperature. The smooth, 

uniform thick films, which are transparent to visible light and good mechanical 

properties, have been obtained. FT-IR measurements have been made with a 

Shimadzu-8000 spectrophotometer instrument in the wave number range of 4000 -

400 cm"1.The electrical conductivity study of the polymer electrolytes has been 

carried out in the temperature range of 303K to 333K over a frequency range of 42 

Hz - 1 MHz using computer controlled HIOKI 3532 LCR meter with a cell having 

stainless steel electrodes. 

3. Results and discussion: 

3.1 FTIR analysis 

The FTIR spectra of pure PVA and PVA doped with 20 mol% NaSCN are 

shown in Figure 1 and 2 respectively. The absorption peaks of pure PVA at 3376 

cm"', 1430 cm"' and 1336 cm"' are assigned to O-H stretching, CH2 wagging and C-

OH plane bending respectively. The vibrational frequencies at 1254 cm"' and 1736 

cm"1 of pure PVA are assigned to C-O-C stretching and C=0 stretching of acetate 

group which is the residual part of PVA. It is to be noted that PVA used in the 

present study is 88% hydrolyzed. The peaks at 2912 cm"', 2944 cm"1 and 850 cm"1 

are assigned to C-H symmetric stretching, C-H asymmetric stretching and C-H 

rocking of pure PVA respectively. The characteristic predominant O-H stretching 

vibration band of pure PVA at 3376 cm"1 found to be less intense in salt doped 

system which indicates the strong interaction of the salt with the polymer matrix. 

The new peaks at 2030 cm"1 and 2049 cm"1 have been observed for NaSCN doped 
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electrolyte, which can be attributed to free ion and contact ion pair of C=N 

stretching of SCN" ion respectively [3]. 

] 

" i — • — i — ' — i — • — i — i — i — ' — i — ' — i — < — i 
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Vtevenumbers (cm1) 

Figure 1: FTIR spectrum of Figure 2: FTIR Spectrum of 

pure PVA - NaSCN 80 mol% PVA+ 20 mol% NaSCN 

Analysis of the changes in the vibrational frequency of SCN" anion helps to 

study the effect of ion - ion interaction in the polymer electrolytes. When SCN" ions 

were added to PVA, the crystalline phase of PVA has been progressively 

transformed into amorphous phase since large-size anions from the salt can play a 

role of plasticizer. 

3.2 Conductivity analysis 

The typical log oac versus log to relation for the polymeric electrolyte system 

with different NaSCN concentrations at room temperature is shown in figure: 3. The 

plot consists of three regions; the low frequency spike which is followed by the 

medium frequency plateau and a spike at high frequencies. The high frequency part 

of the plot corresponds to bulk relaxation phenomenon, whereas the plateau region is 

connected with the adc of the polymer electrolytes. The low frequency spike 

describes electrode-electrolyte interfacial phenomena [4]. 
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Figure: 3 Conductance spectra of PVA - NaSCN at different salt concentrations 

3.3 Temperature dependent conductivity 

The variation of the logarithmic ionic conductivity with inverse absolute 

temperature of the polymer electrolyte is shown in figure:4. The temperature 

dependence of dc conductivity, studied from conductivity spectra has been found to 

obey Arrhenius relation 

adc = a0 exp(-Ea/kT) (1) 

The experimental data indicate that the ionic conductivity of all the samples 

is enhanced with increase of temperature. When the temperature is increased, the 

mobility of polymer chain is enhanced, and the fraction of free volume in the 

polymer electrolyte system increases accordingly, which facilities the translational 

motion of ions. The segmental motion either allows the ions to hop from one site to 

another site or provides a pathway for ions to move. Hence, the ionic motion in the 

polymer electrolyte is due to hopping of ions from one site to another site and the 

dynamic segmental motion of the polymer, which leads to an increase in the ionic 

conductivity of the polymer electrolyte. 
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Figure: 4 Temperature dependent conductivity of PVA - NaSCN at different salt concentrations 

3.4 Composition dependence analysis 

The effect of addition of salt concentration in the polymer matrices on the 

logarithmic conductivity is shown in figure:5. The conductivity has been observed to 

increase with the addition of salt concentration. The initial increase in the 

conductivity is presumably due to an increase in the number of charge carriers in the 

matrix. 

4 6 8 10 12 14 

NaSCN concentration (mol%) 

Figure: 5 Variation of logarithmic conductivity of PVA as a function of NaSCN salt concentration 
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The highest conductivity at room temperature has been found to be 3.28 x 10" 

S cm"' for 20 mol% NaSCN doped electrolyte. The activation energy (Ea) has been 

found to be 0.19 eV for 20mol% NaSCN doped electrolyte. 

3.5 Dielectric analysis 

The measured impedance and phase angle data have been used to calculate 

the real (s') and imaginary (e") parts of the complex dielectric permittivity as 

e* = l/jcoQZ* (2) 

where Z* is the complex impedance, C0 = e0 A/d, A is the area of the sample, d 

is the thickness of the sample and e0 is the permittivity of the free space. The 

frequency dependence of the dielectric constant for NaSCN doped polymer 

electrolyte at 303 K are shown in figure 6. The dielectric constant decreases with 

increase of frequency and saturates at high frequencies. High value of dielectric 

constant at low frequencies has been observed and it may be explained by the 

presence of space charge effects, which is contributed by the accumulation of charge 

carriers near the electrodes [5]. The low frequency aspects of the dielectric behavior 

have also been explained by space charge polarization arising due to the hopping of 

ions in unequal barrier heights. The observed variation in e' with frequency has been 

represented as co'""1* variation or the non Debye type of behaviour, where the space 

charge regions with respect to the frequency is explained in terms of ion diffusion. 

1600000-1 1 

1200000- . A 

• < 

800000 * 

< 
400000- 4 

o- turn tttmm iivM iitSB **mm 

1 — | — i — | — i — | — i — | — i — | — 

2 3 4 5 6 7 

l09o(Hz) 

Figure: 6 Variation of E' with log a for PVA - NaSCN system at different salt concentrations 
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At higher frequencies, the periodic reversal of the electric field occurs so fast 

that there is no excess ion diffusion in the direction of the field. The polarization due 

to charge accumulation decreases, leading to the decrease in the value of e'. 

3.6 Dielectric loss tangent 

The variation of loss tangent (tan8) as a function of frequency at different 

temperatures for the polymer electrolyte system 95 mol% PVA - 5 mol% NaSCN is 

shown in figure 7. 
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Figure: 7 Plot of tan 5 versus log <o for 95 mol% PVA - 5 mol% NaSCN at different temperatures. 

Tan 5 has been found to increase with frequency for all temperatures, pass 

through a maximum value (tan8)max and thereafter decreases. As the temperature is 

increased (tan8)max gets shifted to higher frequencies. It is clear from the figure that 

there exist two types of relaxation peaks. One type occurring at higher frequency (so 

called p-relaxation) may caused by side group dipoles and other set at lower 

frequency (a-relaxation) may be caused by the movement of main chain dipole 

segment. The appearance of two types of relaxation peaks indicate that PVA shows 

two different types of relaxation process having different relaxation time. 

3.7 Modulus analysis 

Many researchers opted to study the dielectric response caused by ion relaxation 

using the reciprocal quantity M*, known as the electric modulus in which the 



662 

electrode polarization artifacts are suppressed. Electric modulus can be represented 

by the following equation, 

M* = 1 / e* = M' + M" = jcoC0 Z* (GO) (3) 

Typical features of modulus spectrum include a broad asymmetric peak in the 

imaginary part and a sigmoidal step in the real part. This feature is due to the storage 

of mechanical stress associated with relaxation process of the conducting species. 

The possible presence of peaks in the modulus spectra at higher frequencies due 

to bulk effect for the polymer electrolyte indicates that the electrolytes are ionic 

conductors. The peak height decrease with increase of temperature suggesting the 

presence of different type of relaxation mechanisms [6]. At low frequencies, M" 

approach to zero indicating that the electrode polarization phenomena make a 

negligible contribution. The observed long tail at low frequencies is due to the large 

capacitance associated with the electrodes [4]. 

Conclusion: 

The polymer electrolyte thick films of PVA complexed with NaSCN with 

different composition have been prepared by solution cast technique. It has been 

observed that the system PVA doped with 20mol% NaSCN has the highest 

conductivity, 3.28 x 103 Scm"1. 
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EFFECT OF FILLER ADDITION ON PLASTICIZED POLYMER 
ELECTROLYTE SYSTEMS 
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Abstract 

Poly (ethylene oxide) PEO based polymer electrolyte films were prepared by solution 

casting method by incorporating PEG -2000 as plasticizers. To find out the effect of 

fillers in the plasticized system Ti02 is added. The interactions between filler, 

plasticizers and PEO chains are studied by Differential Scanning Calorimeter (DSC) 

and FT-IR techniques. Effects of filler and plasticizers on the properties of the PEO-

based electrolyte, such as ionic conductivity and thermal behavior are studied. The 

ionic conductivity of the plasticized system does not found to change much with the 

addition of filler. 

Keywords: Plasticizer, polymer electrolyte, ionic conductivity, filler, FTIR, DSC. 

Introduction 

Research on Polymer electrolytes has attracted ever-increasing interest, both in 

academia and industry, for the past two decades due to the potentially promising 

applications of such electrolytes, not only in all solid-state rechargeable batteries, but 

also in other electrochemical devices such as supercapacitors, electrochromic 

windows, and sensors. Much of the efforts till date has focused on poly (ethylene 

oxide) (PEO) as the host material for solid polymer electrolyte because of its 

beneficial structure in supporting fast ion transport and its exceptional solvating 

nature for variety of ionic salts to form an electrolyte [1-6], but it exhibits poor 

ambient temperature conductivity and mechanical stability. To improve the 

conductivity, modifications of the PEO system and evaluation of various plasticizers 

to PEO, have been much studied. Inorganic fillers, such as glasses, alumina, silica or 

other ceramics on being added to the polymer-salt systems generally improves the 

transport properties and resistance to crystallization [7-9]. In this paper we report the 

effect of filler addition on plasticized polymer electrolyte systems. The interactions 

between filler, plasticizers and PEO chains are studied by Differential Scanning 
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Calorimeter (DSC) and FT-IR techniques. Effects of filler on the properties of the 

PEO-based plasticized electrolyte, such as ionic conductivity and thermal behavior 

are studied. 

Experimental 

The Polymer electrolyte films of pure PEO (M.W. 7,00,000) purchased from Aldrich 

and various compositions of complexed films of PEO with magnesium chloride salt, 

PEG and Ti02 were prepared in weight percent ratios by solvent casting method at 

30°C. Polymer, filler and salt were dissolved in suitable solvent (methanol) and the 

solution of the salt, filler and polymer are stirred continuously to achieve the 

homogenous dispersion of the filler in the solution. When complete homogenisation 

of mixture has 

occurred, the slurry was cast onto a polypropylene dish and left to evaporate solvent 

slowly at room temperature for 24 hours. The film were finally dried at vacuum. 

Traces of residual solvent which is capable of acting as nucleation sites are the 

limitation of this method, the film obtained is self standing with thickness 80 to 100 

microns. Infra red spectra were recorded on Perkin Elmer instrument with a wave 

number resolution of 4 cm"1 in the frequency of 400-4000 cm"1, for that measurement 

the mixed slurry were cast on the KBr wafer and dried via the same steps used in the 

preparation of polymer electrolyte films. Differential scanning calorimeter 

measurements were carried out on Netzsch thermal analyzer, all the measurements 

were carried out at a heating rate of 5°C/min from -100°C tol50°C, the sample 

weights are maintained at 5-10 mg and all experiments were are carried out under 

nitrogen flow to avoid any contact with atmospheric moisture, and empty aluminum 

pan was used as a reference. CHEN-HWA (model 1061) LCZ bridge is used for 

measuring 

Conductivity values in A.C impedance method by applying frequency ranges from 40 

Hz to 200 kHz. 

Conductivity values are calculated by the formula 

Conductivity = t / (A x Rb) S/cm 

t-thickness of the sample, A-Area of the sample 

Rb-bulk resistance 
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Results and discussion 

IR spectroscopic studies 

Polymer complexes with ionic salts, fillers and plasticizer are characterized by IR 

spectroscopy [10-14,18,19]. This technique provides a powerful means to 

characterize the complex formation. 

Formation ofPEO-Ti02-MgCl2 complex 

Marked changes were found when PEO is blended with PEG, Ti02, and MgCl2 salt, 

The absorption band at 2865 cm "l in PEO is attributed to the stretching vibration of 

C-H group, with addition of PEG the band shifts to 2896.1 cm "', but the band shifts 

to 2864 cm "'with the addition of Ti02, The band at 679.6 cm "' corresponding to 

stretching band of Ti-O had been shifted to 653 Cm "' with the addition of PEO and 

MgCl2 thus indicating the complexation and bond formation between PEO-Ti02. The 

resulting bond breaks when PEG is being added to the complex, all these indicate the 

formation of PEO-PEG-MgCl2-Ti02 complex. 

Reaction of Lewis Acid Ti02 with PEO 

Ti02+C-0-C-> C-O-C 

Ti 
1)0 
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Table 1: The IR spectra of pure PEO-MgCl2 and its blending with Ti02 filler. 

PEO 
cm"' 

3399 

2865.3 

2236.3 
2165.6 
1965.7 
1798.0 
1644.7 
1460.8 
1348.2 
1272.8 
1104.8 
950.2 
841.5 

PEO + 
MgCl2 

cm"' 

2742.6 
2700 

1967 

1622 
1460 

1348.1 
1242.1 
1114.8 
960.5 

PEO + 
MgCl2 

+20 %PEG 
cm"' 

2896 

2240.5 
2088.6 
1968.7 

1665.9 
1461.4 
1350.0 
1276.1 
1146.8 
950.1 
839.7 

Ti02 

cm"' 

3379 

2917 

1603 
1465.8 
1383.1 

1106.1 

679.6 

PEO-
Ti02 

cm"' 

3506.4 

2816 

2240.7 

1986.4 
1807.5 
1644.8 
1462.6 
1349.5 
1276.1 
1137.8 
951.4 
841.4 

676.7 

PEO+ 
MgCl2+10% 

Ti02 

cm"' 

3350.5 
3133.5 

2871.5 

2240.4 

1971.4 

1662 
1462.9 
1350.3 
1278.4 
1120.0 
949.8 
799 

653 
487.4 

PEO + 
MgCl2 

+20 
%PEG+10% 

Ti02 

cm"' 

3172.6 

2864 

2244.2 
2088.9 
1972.4 

1662.1 
1463.3 
1350.6 
1277.4 
1091.8 

950 
837.5 
762.5 

DSC studies have been employed to determine the thermal behavior of the polymer 

electrolyte system. The DSC curves of PEO-MgCl2 based polymer electrolyte are 

shown in figure 2. The data presented in Table 2, suggests that thermograms 

obtained in the heating cycle for these films showed a clear glass transition at Tg, at 

which a glassy phase becomes a rubbery amorphous phase on heating. The DSC 

curves suggest the Tg, heat of fusion and melting temperature does not found to vary 

with the addition of Ti02 in the plasticized system. 

Ionic conductivity 

The charge transport in PEO solid polymer electrolyte complex involves dissociation 

of cations from its coordinating oxygen to an adjacent site. The high ionic 

conductivity in an electrolyte is attributed to increased ionic mobility and increased 

ionic charge carrier concentration. The IR studies clearly indicate the complexation 

occurring between polymer, salt and filler. 
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Table 2: Tm, Tg, melting heat and conductivity data of polymer electrolyte systems 

Composition (wt %) 

PEG 5% 

PEO + MgCl2+20 %PEG 

PEO+MgCl2+20%PEG +10% 

Ti02 

Tm°C 

64.3 

62.2 

62.3 

Tg°C 

-8.2 

-15 

-13.7 

AHm 

(J/g) 

101.5 

67.3 

68.3 

Conductivity(s/cm) 

3.7642 

5.3055 

4.5477 

•mt*+<& 

Fig 1. FTIR spectra of (a) pure PEO; (b) Ti02; (c) PEO+ Ti02; (d) PEO+ MgCl2+10% Ti02; (e) PEO + 
MgCl2 +20 %PEG; (f) PEO+ MgCl2+10% TiO2+20 % PEG 
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Fig 2.DSC thermograms of (a) pure PEO; (b) PEO+MgCl2+20% PEG; (c) PEO+ MgCl2+10% TiO2+20% 
PEG; 
(d) PEO+ MgCl2+10% Ti02 

Generally Mg cations give a stronger acid - base interaction with the polymer 

substrate in comparison to lithium salts. Therefore the interaction with ether oxygen 

is stronger compared to lithium .The C-O-C stretching vibration band found in PEO 

is being affected greatly due to the above coordination reaction. In the system with 

no plasticizers, the host polymer can interact with ions significantly and hence 

conductivity is being reduced, but on adding the plasticizer the band at 1114.8 cm "' 

corresponds to C-O-C stretching mode of unplasitcized system is being shifted to 

1146.8 cm "' that is the increase in wave number causes the bond length to decrease 
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and C-O-C band is being least affected, hence the cross linking effect of the salt in 

distinct PEO chains is decreased, that is in the case of plasticized systems the Mg 

ions are coordinated partially by the polymer matrix and partially by the plasticiser 

molecules, leading to the decoupling of Mg ions from the polymer segments. But on 

adding Ti02 in the plasticized system the wave number shifts to 1091.8 cm "' the 

decrease in wave number causes the bond length to increases, 

complexation/coordination takes place, that is the Lewis acid sites on the surface of 

the added filler interact with some of the oxygen atoms of PEG and hence decreases 

the effective interaction of the plasticizer with the ether oxygen of PEO. 

Conclusion 

The IR results clearly indicate the interaction of PEG with polymer and filler i.e. (Ti 

- O (oxygen of PEO)). 

In plasticized systems: 

Mg cations are coordinated partially by the polymer matrix and partially by the 

plasticizer molecule, leading to a decoupling of cations from the polymer segment 

hence conductivity improvement. 

Filler added plasticized system: 

Lewis acid sites on the surface of the added filler interact with some of the oxygen 

atoms of PEG and hence decreases the effective interaction of the plasticizer with the 

ether oxygen of PEO hence conductivity decreases. 
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Conducting polymer bilayers with poly(3,4-ethylenedioxythiophene) (PEDOT) and 
polypyrrole (PPy), each containing dodecyl benzenesulfonate (DBS) as immobile dopant 
species, were synthesized galvanostatically. The electrochemical behaviour of the bilayers 
was investigated using cyclic voltammetry, optical absorption spectroscopy and electro
chemical quartz crystal microbalance (EQCM) techniques. Two important conclusions of 
relevance for actuator performance were reached: It is possible to make a bilayer film that 
does not delaminate - the two polymers are compatible; and both polymers are active in the 
redox process as ions are able to move through the PEDOT layer and penetrate into PPy. 

1. Introduction 

Studies on ion exchange during redox processes of conducting polymers (CPs) such 
as polyanilene (PAn), polypyrrole (PPy), polythiophene (PT) and their derivatives 
have been carried out extensively. CPs can exchange both anions and cations, 
depending on the polymerization conditions,1'2 the type and size of the counter ions 
incorporated during synthesis,1"5 and ions present in the cycling electrolyte.5'6 Ionic 
movement accompanied by varying number of solvent molecules results a change in 
volume in the CPs, which can be exploited in a soft polymer actuator.7 PPy is being 
extensively investigated and developed as the active component in electro-chemo-
mechanical actuators, or "artificial muscles". PPy is an electronically conducting 
polymer whose properties can be changed in a controlled way by the application of 
a redox potential. Mechanical properties such as length and stiffness vary as ions 
from a cycling electrolyte moves in and out of the polymer during cycling. An 
exact knowledge of the nature and amount of ionic motion is therefore crucial to 
understanding and controlling the actuation process. 

PPy is a prime candidate for a conducting polymer actuator, but has the 
disadvantage that the electronic conductivity decreases by two or three orders of 
magnitude as the polymer is reduced. This causes a decrease in performance; since 
only a small part of the polymer film will then be actively contributing to the 
actuation.8 A standard solution to this problem involves the addition of an extra 
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electron conductor, e.g. Au or Pt as thin patterns or as helices. The use of a 
corrugated gold layer on PPy improve d the performance of the actuator.9 

The present work is an attempt to solve the conductivity problem by using a 
second, more highly conducting polymer, to enhance the electronic conductivity. 
The candidate material chosen for this purpose was poly(3,4-ethylene-
dioxythiophene), PEDOT, which has a very high conductivity. The cyclic 
voltammograms as well as the UV -visible spectra of PEDOT and PPy are very 
different, pointing towards the possibility of being able to separate the two films 
experimentally - even when combined in a single film. 

In this paper, we report the preliminary characterization of the bilayer system 
(PEDOT/PPy) having two conducting polymers of PEDOT and PPy by using UV-
visible spectroscopy and electrochemical quartz crystal microbalance (EQCM) 
techniques. Both polymers are doped electrochemically with dodecyl 
benzenesulfonate (DBS) anions to have homogeneous dopants in the film. Different 
thickness combinations were tested, and were compared with those of pure PEDOT 
and PPy films. 

2. Experimental 

Pyrrole (Aldrich 98%) monomer was distilled under nitrogen and stored in cold and 
dark capped vials prior to use. EDOT monomer (Aldrich 98%) was used without 
any further purification. Other chemicals, sodium dodecyl benzenesulfonate 
(NaDBS) (Aldrich) and NaCl (Merck) were used as received. Both PEDOT(DBS) 
and PPy(DBS) layers were formed by galvanostatic electropolymerization with a 
current density of 0.5 mA cm"2. 0.05M SDBS aqueous electrolyte containing 0.05 M 
pyrrole or 0.02 M EDOT was used for the synthesis of PPy(DBS) and 
PEDOT(DBS) layers respectively. 

For the EQCM experiments, the PEDOT(DBS) layers were prepared first on 
0.2 cm2 gold electrodes on AT-cut 10 MHz quartz crystals, to have a thickness 
corresponding to a charge of 32 mC cm"2. They were rinsed in water before the 
deposition of the other layer. The synthesis cell was then filled with the corre
sponding electrolyte to deposit the PPy(DBS) layer on the first layer, and a charge 
of 64 mC cm"2 was used to give a calculated thickness 0.4 (xm. The final bilayer 
PEDOT/PPy was rinsed in water before characterization. A Hewlett-Packard 
E4916A crystal analyzer in combination with a potentiostat (Autolab PGSTAT 30) 
was used for combined mass and redox cycling experiments. The cycling electrolyte 
(1 M NaCl) was purged with nitrogen gas to remove dissolved oxygen. A Pt sheet 
was used as counter electrode and Ag/AgCl (3 M KC1) as a reference electrode. 

UV-visible optical absorption study was performed on bilayer films prepared, 
as described above, on ITO coated glass (Current density = 0.1 mA cm"2) using an 
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Agilent 8453 UV-visible spectrometer. The thicknesses of the PEDOT(DBS) and 
PPy(DBS) layers corresponded to charges of 40 and 80 mC cm"2 respectively. 

3. Results and discussion 

3.1. Formation ofPEDOT/PPy bilayer 

Fig. 1 shows the potential and mass response during the galvanostatic synthesis of 
(a) PPy(DBS) and (b) PEDOT(DBS) on the EQCM Au electrode. During the 
polymerization of PPy(DBS) an overshoot of potential in the first few seconds 
(indicates the initially difficult formation of dimers and oligomers) followed by a 
constant potential of ca. 0.7 V (suggesting the same reaction during the whole film 
formation) was observed, and the corresponding mass change is 68.5 g/mol of 
electrons. It takes a longer time to reach a constant potential (ca. 1.0 V) during the 
synthesis of PEDOT(DBS). The mass change stabilizes at 90.7 g/mol of electrons. 

Fig. 1(c) and (d) show the growth of PPy(DBS) on top of the PEDOT(DBS) 
layer and of PEDOT(DBS) on top of the PPy(DBS) layer respectively. During the 
formation of PPy on PEDOT, the growth stabilizes after ca. 40s, and the potential 
and growth rates are then nearly the same values observed for pure PPy(DBS) film. 
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Figure 1. Potential and mass response during galvanostatic synthesis of (a) PPy(DBS), (b) 
PEDOT(DBS) on pure EQCM Au electrode, and (c) PPy(DBS) on top of the PEDOT(DBS) layer, and 
(d) PEDOT(DBS) on top of the PPy(DBS) layer. 

Initially, the current is consumed not only for the polymerization of PPy but also for 
the oxidation of the PEDOT layer underneath, causing a potential drop and a lower 
rate of growth. During the growth of PEDOT on PPy, the mass and potential 
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responses are almost similar to those of the pure PEDOT layer. The results indicate 
that it is possible to form the two layers electrochemically on top of each other. 

3.2. Optical characterization 

In-situ UV-visible spectra were recorded while films were kept at different 
potentials between -1.0 and 0.5 V vs Ag/AgCl electrode in a 1 M NaCl electrolyte. 
The absorption spectra of pure PEDOT and PPy layers are shown in Fig.2. The two 
polymers have different absorption spectra. In the reduced state, the PEDOT has a 
JWI* peak at a lower energy, indicating a smaller band gap for PEDOT than for PPy. 

Absorbance/AU 

Figure 2. In-situ UV-visible absorption spectra of (a) PEDOT(DBS) and (b) PPy(DBS) films at different 
potentials in 1 M NaCl aqueous electrolyte. 

To study the optical absorption behaviour of bilayers, a bilayer was prepared 
with the PPy(DBS) layer on top of the PEDOT(DBS) layer so that PPy(DBS) is 
exposed directly to the cycling electrolyte. The changes of the spectra for this 
bilayer as a function of potential are shown in fig. 3(a). Fig. 3(b) shows the spectra 
of the bilayer prepared with opposite combination of layers so that the 
PEDOT(DBS) layer is exposed to the electrolyte. 
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Figure 3. In-situ UV-visible absorption spectra of a PEDOT/PPy bilayer at different potentials in 1 M 
NaCl aqueous electrolyte; (a) outer layer is PPy, (b) outer layer is PEDOT 

The spectral response at three different potentials for the bilayer are compared 
to that of pure PEDOT(DBS) and PPy(DBS) films in fig. 4. The bilayer spectra 
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show the characteristic features of both pure constituents. Furthermore, the sum of 
the absorption intensities of the respective single layers is almost equal to that of the 
bilayer. 

The spectra obtained in the oxidized state (> 0.1 V) show a strong absorption 
band centered at 1.4 eV and a broader peak at 2.8 eV (Fig. 4a). The first band shows 
typical bipolaron features from both layers while the latter peak is only seen in PPy 
(Fig. 4a). Upon reduction (with decreasing potential by 0.1 V) the intensity of the 
peak at 1.4 eV decreases, the peak at 2.8 eV grows and another peak develops in 
between. Eventually, in the reduced state, the spectra exhibit two clearly separated 

Figure 4. Comparison of spectra of a PEDOT/PPy bilayer (iv) with pure PEDOT(DBS) (i) and PPy(DBS) 
(ii) at three selected potentials; (iii) indicates the sum of the spectra of the pure layers. Layer thicknesses 
correspond to a charge of 40 mC cm"2 for both layers. 

peaks, one at 2.1 eV and the other at 3.0 eV, and these positions are exactly the 
same peak positions of respective pure films (refer Fig. 4c). These peaks at 2.1 eV 
and 3.0 eV can be assigned to it-it electronic transitions in PEDOT(DBS) and 
PPy(DBS) layers respectively.10"12 Similar spectral behaviour with increasing 
potential (upon oxidation) was observed (not shown). Accordingly, ions in the 
cycling electrolyte are able to diffuse through the outer layer (PEDOT or PPy) to the 
inner layer during the redox process. Furthermore, these results indicate that the 
neutral bilayer has an effective lower band gap than that of the pure PPy layer. 
However, this is true only for thin bilayer film s, as for thicker layers one polymer 
may dominate, depending on the thickness. The spectra allow us to conclude that 
both polymers take part in the redox processes. The bilayers are related, but not 
identical to, the interpenetrating networks formed from the vapour phase .13 

After a number of cycles, the main features of the spectra remain same but the 
absorption intensity corresponding to PPy(DBS) layer in both configurations 
decreases considerably while that of the PEDOT(DBS) layer remains unchanged. 
This indicates that the PEDOT(DBS) layer is more stable than the PPy(DBS) layer. 
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3.3 Electrochemical characterization 

For the study of charge compensation process accompanied with uptake/re lease of 
ions in/out of the bilayer films, an EQCM technique in combination with cyclic 
voltammetry was used. The freshly synthesized films on EQCM electrode were 
immersed in monomer free 1 M NaCl aqueous solutions and their frequency 
changes due to insertion or expulsion of electrolyte ions and current responses were 
simultaneously recorded in the potential range from 0.5 to -1.0 V. It is worth to note 
that cyclic voltammograms (CVs) of PEDOT(DBS) and PPy(DBS) are different in 
shape and size as shown in fig. 5(a) and (b) (scales are different). The CV of the 
pure PPy(DBS) film exhibits strong and well defined reduction and oxidation peaks. 
On the other hand, the PEDOT(DBS) has a capacitive-like current and two pairs of 
barely distinguishable redox peaks. 
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Figure 5. Cyclic voltammograms of (a) PEDOT(DBS) and (b) PPy(DBS) films in 1 M NaCl aqueous 
electrolyte, scan rate 10 mV s"1. Note the different current scales. 

Typical CV and EQCM results obtained for the PEDOT/PPy bilayer (outer 
layer is PPy) are shown in fig. 6. For comparison, the results obtained for pure 
PEDOT(DBS) and PPy(DBS) films are plotted in the same figure. The CV of the 
PEDOT/PPy bilayer films displays the same features as pure PPy(DBS). This 
indicates that the PPy layer plays the dominant role in the redox process of the 
PEDOT/PPy bilayer. However, PEDOT also influences the CV, especially at lower 
potentials (< 0.7 V). This is more clearly observed with bilayers having a thinner 
layer of PPy. This shows that both PEDOT and PPy take part in the redox process. 
This assumption was confirmed by adding CVs of pure PEDOT and PPy films, 
which is almost same as that of the bilayer film. Y. Syritski et al suggest this 
phenomenon as formation of three dimensional structures where the redox process 
occurred both at the surface and in the bulk of the structure involving the 
participation of the inner layer.14 As PEDOT and PPy were doped with the large 
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anion DBS", the charge compensation during the redox cycling occurs mainly 
through cation motion. This is because the larger dopant anion is more strongly 
bound to the polymer and it has low tendency to be replaced by smaller mobile CI" 
ions present in the electrolyte. On the other hand, the frequency curve of the bilayer 

Figure 6. (a) Cyclic voltammograms and (b) mass change plots of (i) a PEDOT(DBS) film, (ii) a 
PPy(DBS) film and (iv) a PEDOT/PPy bilayer (outer layer is PPy) in 1 M NaCl aqueous solution. Scan 
rate 10 mV s"1. Sum of the (i) and (ii) are indicated by (iii). 

has a steep decline centered at the potential where the reduction peak occurred for 
the pure PPy(DBS) film, showing an increasing electrode mass in these ranges. This 
represents the insertion of cations (Na+) with some amount of water molecules into 
the polymer. Upon oxidation, the electrode mass decreases over a broad potential 
range, ascribed to the expulsion of Na+ ions accompanied with water from the film. 
In the pure PEDOT(DBS) film, the electro de mass change is small compared to that 
of the PPy(DBS) during both the cathodic and anodic parts of the cycle, 
corresponding to the smaller peak current observed in fig. 5. A possible explanation 

Figure 7. Cyclic voltammogram and mass change response of a PEDOT/PPy bilayer with a thinner PPy 
layer (16 mC cm"2) in 1 M NaCl aqueous solution. Scan rate 10 mV s"'. 
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is that PEDOT(DBS) may have less tendency to accommodate both ions and 
solvent. However the sum of the frequency changes of the pure films is almost equal 
to the frequency change observed for the bilayer film during reductive/oxidative 
cycling. This may indicate some participation of the PEDOT inner layer in the 
redox process of the bilayer film. 

Fig. 7, obtained for a bilayer PEDOT/PPy with a smaller relative amount of 
PPy (thinner layer), shows a clear effect of PEDOT on the CV and frequency curve. 
This reconfirms our assumption that ion transport does take place in both polymers 
in the bilayer films. With increasing amount of PPy, the influence of PEDOT is seen 
to be masked by the domination of the influence of PPy for the electrochemical 
response of the system PEDOT/PPy. 

4. Conclusion 

Two important conclusions of relevance for actuator performance were reached: 
It is possible to make a bilayer film that does not delaminate - the two polymers are 
compatible. (Delamination is a major problem when using metal coating). Both 
polymers are redox active and ions are able to move through the PEDOT layer and 
penetrate into PPy. The results show the feasibility of using bilayers (or multilayers) 
of different conducting polymers in actuators. 
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The nanocomposite films are prepared from a V2O5 sol and aniline by sol-gel method, 
followed by anode electrophoresis deposition (EDP), and characterized by IR and NMR, 
cyclic voltammetry and ac-impedance spectroscopy, etc. IR spectroscopy and NMR 
results demonstrate the presence of PANI in its emeraldine salt form, as the xerogel is 
formed by negatively charged ribbons, V2O5 act as a counterion to compensate the 
positive charge present on the nitrogen atoms. Electrochemical impedance data at -0.7 V 
show that the Li+ diffusion coefficient in the (PANI)o5iV2Cy 1.30H2O film is 2.92x10'" 
cm2s"', in contrast to the value of 5.10><10"12 cm2s"' obtained for V2O5 and the 
electronic conductivity of the nanocomposite increases compared to V2O5. 

1. Introduction 

The synergic effect which results from the combined properties of organic-
inorganic components in a unique material can produce interesting new 
properties, especially in electrochemistry, electrochromism and conductivity. 
V205 as the host material is known to be an attractive material as Li secondary 
battery cathodes and electrochromic devices [1-2]. A particularly attractive 
feature of V205 is that it can be prepared easily by a V205 power melt quenched. 
However, there are some disadvantages including a low electronic conductivity, 
a relatively low Li+ diffusion coefficient within the host matrix. An approach to 
solving the problem of low conductivity is to prepare composites comprising 
V205 and electronically conducting polymers. Several groups have examined 
ways of producing composites of V205 with such polymer, including polypyrrole 
(PPY), polyaniline (PANI), poly (N-propane sulfonic acid aniline) (PASPAN) 
and poly(2,5-dimercapto-l,3,4-thiadiazole)(PDMcT) + polyaniline [3-7]. The 
aim of this paper is to synthesize and characterize nanocomposite films produced 
from combination V205 and PANI. The synthetic route involves in situ oxidative 
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polymerization of aniline monomer in solutions of V205 sol, prior to gelation [8]. 
Moreover, the film preparation is difficult. An electrophoresis deposition method 
is used in order to achieve better film uniformity and homogeneity. 

2. Experimental 

2.1. Sample preparation 

V205 sol was synthesized by the way of V205 melt quenched. Briefly, The V205 

powders (99.5 %) were heated to 800 °C and kept this temperature for 10 min, 
then were quickly poured into distilled water. A brownish V205 sol was formed. 
The molar concentration was 0.1 M. The V205 film was prepared on ITO 
substrate with cathode electrophoresis deposition through V205 sol. The 
nanocomposites of PANI/V205 were obtained by mixing 0.2 M aqueous solution 
of aniline with V205 sol in the molar ratio of 0.6:1, the reaction mixture was kept 
under constant stirring at room temperature for 24 h in air, resulting in a dark 
green suspension. It was then cast on ITO substrate with anode electrophoresis 
deposition. During electrophoresis deposition process, a dc voltage of 20 V was 
applied between the two electrodes (thin graphite slice and ITO substrate) for 10 
min. At last, the films were heated for 2 h at 80 °C in vacuum. The 
nanocomposite material has the following formula, evaluated by 
thermogravimetric analysis [8]: (PANI)0.5rV2O5T.30H2O. 

2.2. Characterization 

X-ray diffraction (XRD) experiments were performed on a D/MAX-III X-ray 
diffractrometer with CuKa radiation and graphite monochrometer, 40 kV, 30 mA, 
scanning rate 0.1 °/s. Fourier transform infrared (FTIR) absorption spectra were 
recorded on a Nicolet SXB-60 IR spectrometer as KBr pellets, the measuring 
wavenumber range is 400-4000 cm"1.Thermogravimetric analysis (TG) were 
performed on a NETZSCH STA449C thermal analysis system in a flowing 
atmosphere of air using a heating rate of 10 °C/min. All NMR experiments were 
performed using a Varian infinity plus-300 spectrometer, pulse delay 5 s, 
pw90=4 um, ct=3 ms, 4 mm probe-head, magic angle spinning-speed 5 kHz. 

The electrochemical experiments were carried out with an Autolab model 
PGSTAT30 (GPES/FRA) potentiostat/galvanostat interfaced to a computer. The 
conventional three-electrode arrangement was used. The counter electrode was a 
platinum sheet with an area of 1 cm2. The quasireference electrode was saturated 
calomel electrode. An electrolytic solution of 1M LiC104 (Aldrich) in propylene 
carbonate (PC) (Aldrich) was used in all experiments. The working electrode 
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was the thin film on ITO substrate prepared by EDP. Electrochemical impedance 
spectroscopy (EIS) experiments were carried out in the frequency range 1 mHz 
to 10 KHz by using FRA electrochemical system. The excitation signal on the 
system at the equilibrium potential was 10 mV peak to peak. 

3. Results and discussion 

In Figure 1, X-ray diffraction patterns are shown for V205 and 
(PANI)0.5rV2O5-1.30H2O in film form. The result indicates that the lamellar 
structure of the V205 xerogel is preserved (001 basal reflection indices are 
largest), but the inter-planar space increased from 1.129 nm to 1.355 nm in 
agreement with many previous reports for intercalation of organic polymers into 
V205 [6, 8], suggesting that some of the PANI fraction intercalated into V205 to 
produce an inorganic-organic nanocomposite with expanded inter-planar spacing. 

30 

2e/deg 
Figure 1. X-ray diffraction patterns of the (a)V2Os 
xerogel film and (b) (PANI)o5rV2051.30H20 
nanocomposite film. 
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Figure 2. FT-IR spectra of (a) V2O5 xerogel, 
(b)(PANI)o.5i-V205-1.30H20 Nanocomposite 
and (c) bulk polyaniline (emeraldine salt). 

Figure 2 shows the FTIR spectra of bulk polyaniline (emeraldine salt) 
synthesized using previously reported methods [9], V205 film and the 
(PANI)0.5rV2O5-1.30H2O nanocomposite film. The V205 xerogel exhibits three 
main vibration modes in the 400-1100 cm"1 due to the V=0 vibration at 1010 
cm'1, the V-O-V symmetric stretch at 516 cm"1 and the V-O-V asymmetric 
stretch at 758 cm'1. The absorption at 914 cm"1 is associated to the presence of 
H20-V bonds [10]. The FTIR spectrum of the (PANI)o.5rV205-1.30H20 
nanocomposite film (curve b) shows that the characteristic intense peaks 
corresponding to the skeletal ring breathing modes, quinoid and benzoid C=C 
stretching at 1571 cm"1 and 1478 cm'1, and C-N vibration band at 1308 cm'1 

(1587 cm"1, 1495 cm"1 and 1306 cm"1 for bulk polyaniline, respectively), confirm 
the presence of PANI in its emeraldine salt form, which can be described as a 
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repeat unit consisting of three benzenoid rings and a quinine diimine, as the 
xerogel is formed by negatively charged ribbons, V205 act as a counterion to 
compensate the positive charge present on the nitrogen atom [10]. These are the 
reasons that films can be cast with anode electrophoresis deposition. When 
intercalating PANI into the V205 xerogel, the position of the V-O-V vibration 
bands are 514 cm"1 and 752 cm'1, which are similar to those found for the V205 

xerogel. The V=0 vibration shifts from 1010 to 1000 cm"1 , which can be 
explained by a banding interaction between PANI and the V205 framework, 
most likely via NH—0=V bonds [4]. Other important point associated to the 
intimate contact between PANI and the V205 xerogel is the disappearance of the 
band at 914 cm'1. This fact can be attributed to the expulsion of water molecules 
coordinated to the vanadium ions by the inserted PANI, which is consistent with 
the results of XRD analyses. 

Figure 3. 13C MAS NMR spectra for (a) nanocomposite (PANI)o.5rV205-1.30H20 and (b) bulk 
polyaniline (emeraldine salt). 

Figure 3 shows the 13C MAS-NMR spectra of bulk polyaniline (emeraldine 
salt) and (PANI)0.5fV2O5-1.30H2O nanocomposite at a spinning frequency of 
5kHz. As can be seen, the NMR spectrum for bulk polyaniline shows three 
narrower peaks at 120 ppm, 140 ppm and 160 ppm, corresponding to different 
sp2 carbon sites, which is expected to lie in the range 110-170 ppm (all shifts are 
referring to TMS) [11]. For nanocomposite, there is only a different broader 
peak at 130 ppm with increasing the relative peak intensity and line width and 
the other peaks are probably hindered in their free rotation due to a dynamic 
effect. The large difference in the chemical shift between bulk polyaniline and 
(PANI)o.5i-V205-1.30H20 nanocomposite could indicate a different type of 
chemical condition around polyaniline. These results show that aniline is 
polymerized between the layers of V205, which is consistent with the FTIR ones 
that there is a banding interaction between PANI and the V205 framework. 
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Figure 4. Cyclic voltammograms of (a) V2O5 and (b) (PANl)o5rV205l.30H20 film for cycles 2 
through 30,v=50mVs"',and (c)variation of the basal area as a function of the cycle number for V2O5 
(•) and (PANr)o.5i-V2Cvl.30H20 (A). 

The electrochemical stability and reversibility of the films was tested by red
ox cycling. The area At (i is the number of cycles) that is surrounded by each 
cycle curve represents the amount of the insertion of Li+ ions. The cycle 
efficiency is calculated by the following equation, 

fi, = 4 M (i) 

where Qi is cycle efficiency, A, is the area of the first cycle curve and At is the 
area of the ith cycle curve. Figure 4a and 4b show cyclic voltammmograms of 
the V205 and (PANI)0.5rV2O5-1.30H2O xerogel films respectively, in which the 
second, tenth, twentieth and thirtieth cycle curves are plotted. The peak 
potentials shift considerably with cycling, and the amount of the insertion of Li+ 

ions decreases. Figure 4c shows plots of the basal area vs. number of cycles for 
V205 and the nanocomposite. The voltammetry for the two materials is almost 
similar, with both showing peaks near -0.2 V that are characteristic of the V 
(V/IV) redox couple, but the oxidation peak is different. The composite also 
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shows a broader cyclic voltammetric envelope and somewhat higher charging 
currents at potentials positive of this peak, characteristic of the redox response 
expected for PANI. These results demonstrate a very substantial improvement in 
the amount of the insertion of Li+ ions for the nanocomposite compared to the 
parent oxide. This is evidenced by the fact that the basal area at the second cycle, 
A2 and A30 for the nanocomposite are 119.727 uW/cm2 and 77.452 uW/cm2, 
respectively. This is in contrast to the V205 film, which is only 73.402 uW/cm2 

at the second cycle. 
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Figure 5. (a)Nyquist diagrams and (b) impedance modulus as a function of the square root of 
angular frequency for (•) V205 and (A) (PAN)05iV2O5 1.30H2O. E—0.7V. Electrolytic solution: 1 
M LiC104/PC. Sample mass: lOOug. 

Electrochemical injection of Li+ into the (PANI)o.5i-V2C>5-1.30H20 film use 
the standard three electrodes method, the reaction may be written [4], 

(2) xLt +xe~ +[PAN+]y[V2OJ-• LaPAtfWAf"* - > L ^ l P A N l j m f " * 

The electronic conductivity and mobility of Li+ ions injected into host matrixes 
can be analyzed with impedance spectroscopy. Figure 5 shows the Nyquist 
diagrams for V205 and (PANI)o.5fV205-1.30H20. The data were obtained at an 
applied potential of -0.7 V, under conditions where the films are nearly 
completely reduced. These Nyquist plots (Figure 5a) exhibit a semicircle at high 
frequency from which the film bulk resistance (Rb) can be obtained, and a semi-
infinite behavior at low frequency. Figure 5b shows impedance modulus as a 
function of the square root of angular frequency. Analysis of these data using 
standard methods [11], we can approximately calculate Li+ diffusion coefficient 
in film. The chemical diffusion coefficient D can be obtained by the formula 
below [12]: 
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A = 
VM{dEldx) 

-JlZFEfia 
(3) 

where A is Warburg impedance which can be obtained from the slope of the 
plots -Z" vs. co'm, and co is the angular frequency, a is the electrode area (0.65 
cm2 and 0.35 cm2 for V205 and (PANi)o.5i-V205-1.30H20 at the same weight, 
respectively), VM is the effective molar volume of Li+ in the material (=54 
cm3-mol"1) [13], Z is the charge of Li+ (Z=l), F is Faraday constant, dE/dx is the 
slope of potential as a function of the stoichiometric number of lithium ions 
within the host matrix. Test temperature is 300 K. According to the coulometer 
titration curve [13], dE/dx=0.75 (0.8/0.9 < x<\). At a result, the Li+ diffusion 
coefficients at -0.7 V are 5.10><10"12 and 2.92x10"" cms"1 for V205 and 
(PANI)o.5rV2Cyl.30H20 films, respectively, which indicated that the 
intercalation of PANI enhance the mobility of Li+ in V2Os. From the Nyquist 
diagrams, we can obviously see that the semicircle diameter (the film resistance) 
at high frequency of the (PANFjosi^CvOOF^O film is reduced compare to 
V205 film. Namely, the intercalation of PANI increases the electronic 
conductivity of V205 xerogel. 

4. Conclusions 

The nanocomposite films are prepared by PANI intercalation in V205 xerogel in 
sol-gel and EDP method. The inter-planar spacing of V205 xerogel increases 
when PANI is intercalated in V205 xerogel interlayer. The FTIR spectra and 
NMR show a banding interaction between PANI and V2Os, most likely via 
NH—0=V bonds, which effectively shields the electrostatic interaction between 
V205 interlayer and Li+ ions. (PANI) 0.5rV2O51.30H2O nanocomposite films 
have much higher charge capacity and better electrochemical stability relative to 
V205 films. The Li+ diffusion coefficients are greater for the 
(PANI)0.5fV2O5-1.30H2O nanocomposite film than the V205 xerogel by one 
order of magnitude and simultaneously the electronic conductivity is greatly 
enhanced by PANI intercalated in V205 xerogel. 
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A B S T R A C T 

Due to lack of good proton conductive polymer electrolyte working at ambient temperatures, search 

for the new systems have been hotly pursued in the past few years. Hence an attempt has been made to 

synthesis PVA based polymer electrolyte with various compositions of ammonium nitrate using solution 

casting technique. The formation of the complex has been confirmed by FT-IR spectral studies and XRD 

analysis. In the impedance response curve, the absence of the high frequency semicircular portion leads to 

the conclusion that the current carriers are ions & therefore the total conductivity is mainly the result of 

ion conduction. The high ionic conductivity at ambient temperature is found to be 7.5X10"' Scm"' for 

20mol% ammonium nitrate doped PVA. Dielectric behaviour is analyzed using dielectric constant(e') 

and dielectric loss (e") of the samples .The low frequency dispersion of the dielectric constant implies the 

space charge effects arising from the electrodes. The dielectric loss spectra show the very large (-lO6 ) 

dielectric loss at lower frequencies due to free charge motion within the material. 

Key words: proton conduction, XRD, FTIR, ac conductivity. 

1. INTRODUCTION 

Solid polymer electrolytes are attractive topics for both electrochemical and 

materials scientists due to its unique mechanical and electrical properties ,ease of 

fabrication into film of desirable sizes & interactions to strengthen 

electrode/electrolyte contact [l],which bears many important application in high 

energy storage & generation devices. Within the realm of solid polymer electrolytes, 

proton conducting polymer electrolytes have become materials of growing 

interest .This is because of their wide ranging applications in electrochemical 

devices, fuel cells and other devices. Various polymer electrolytes in this category 

are complexes of strong inorganic acids or ammonium salts with commercially 

available electro-donor Poly vinyl alcohol (PVA), Polyethylene 

oxide(PEO);Polyethylene imide (PEI), Polyacrylic acid(PAA) & Polyvinyl 

pyrrolidone(PVP). The protonic transport in these polymer electrolytes generally 

involves motion of groups like H+, NH4
+,H3

+,OH" .It has also been found that proton 
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polymeric electrolytes many a times exhibit conductivities higher than alkali metal 

analogues .Proton conducting polymer complexes with inorganic acids have been 

shown to suffer from chemical degradation and mechanical integrity making them 

unsuitable for practical applications .Considering this fact and due to lack of good 

proton conductive polymer electrolyte working at ambient temperatures, search for 

the new systems have been hotly perused in the past few years. The present work 

aims at developing a new type of proton conducting polymer electrolyte with PVA 

as the host. Polyvinyl alcohol (PVA) which is considered as a good insulating 

material with low conductivity & charge storage capability can be markedly 

influenced by doping the suitable impurities. Also , very few reports are available on 

ammonium salts as dopant, hence an attempt has been made to synthesis PVA based 

polymer electrolyte with ammonium nitrate as salt .The prepared polymer 

electrolytes have been characterized by using XRD, FTIR, and electrical 

conductivity studies . 

2. EXPERIMENTAL 

The polymer PVA (S.d.Fine); Mol. wt.= 1,25,000 and the salt Ammonium 

nitrate (LOBA Chemie) were used as the raw material in this study. Dimethyl 

Sulphoxide (DMSO) was used as the solvent. Separate solutions of PVA & 

NH4NO3 in DMSO were prepared &subsequently mixed in incremental proportions 

resulting in a series of transparent solutions ranging in PVA:NH4N03 ratios of 97:3 

to 70:30 by mol% .The solution was then casted in glass Petri dishes and the samples 

were subjected to an extended drying period in a vacuum chamber prior to analysis 

until complete solvent removal takesplace.Thick films of thickness in micrometer 

range was obtained. 

The FTIR spectrum exhibited by the polymer electrolyte was recorded using 

SHIMADZU 8000 SPECTROPHOTOMETER in the frequency range 400 cm"1 to 

4000 cm"1. Electrical measurements were performed on a HIOKI make LCZ meter 

(model 3532) in the frequency ranging from 42 Hz - 1MHz at various temperature 

ranging from 303K to 323K using stainless steel as blocking electrode. 
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3. RESULTS AND DISCUSSION 

3.1 FTIR spectroscopic analysis 

FTIR spectra of PVA and it's complexes with NH4N03 in different ratios were 

shown in the fig .1 .It is observed that the peak at 1706 cm"' assigned to C=0 

stretching in the acetate group of PVA is absent in the complexes suggesting the 

formation of intermolecular hydrogen bonding between NH4N03 & PVA.The peak 

at 1104 cm"' assigned to C-0 stretching of secondary alcohol of PVA are absent in 

the complexes .This may be attributed to the decreased number of C-O groups in 

the complexes & the specific interactions in the polymer matrices.The peaks at 1295 

cm"' , 856 cm"' are assigned C-C stretching and CH rocking of PVA [2].These 

peaks are less intense in the complexes which gives a strong indication of specific 

interactions between NH4N03 and PVA.The relative intensities of the peaks at 2198 

cm"', 2385 cm"' corresponding to pure PVA are found to be decreased in the 

complexes .This confirms that complexation has been occurred in the polymer -salt 

complexes. 7th 

0 500 1000 1500 2000 2500 3000 3500 4000 

Wavenunbe^cm'1) 

Fig. 1 FTIR spectra of PVA and its complexes with NH„NOi in different ratios 

3.2 X-Ray diffraction analysis 

The XRD patterns of the pure PVA and it's complexes with NH4N03 in 

different ratios are shown in fig.2. According to these observations, a broad peak 

appears at 19.7° [2] which is ascribed to the amorphous nature of pure PVA films. 

This peak has been found to be shifted in the doped system indicating the complex 

formation. Also, the broadness of the peak increases with increase of NH4N03 

concentration revealing the increase in amorphous nature of the complexed 

system.A less intense peak between 36° and 46° appears in the complexed system. 
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This may be due to NH4NO3 concentration. All other peaks corresponding to pure 

NH4NO3 is absent in the complex indicating a complete dissociation of salt in the 

polymer matrix. 

Fig.2 X-ray Diffraction pattern of PVA and it's complexes with NH4NO3 in different ratios 

3.3 Impedance spectroscopy 

The ionic conductivity of a polymer electrolyte depends on the concentration of 

the conducting species and on their mobility .The ionic conductivity values of the 

electrolytes are calculated by using the equation: o =l/RbA ,where 1, A are the 

thickness and known area of the electrolyte film & Rj, is the bulk resistance of the 

electrolyte film which is obtained from the intercept of real part of complex 

impedance plot. The plot for the PVA (70mol%) :NH4N03 (20 mol%) complex in 

the temperature range 303-323 K is shown in fig-3. In the impedence response curve, 

the absence of the high frequency semicircular portion leads to the conclusion that 

the current carriers are ions & therefore the total conductivity is mainly the result of 

ion conduction [3 ]. 
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Fig.3 Nyquist plot of 20mol% NH4N03 doped PVA at various temperatures 
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3.4 Conductance spectra 

According to Almond and west the frequency dependence of ac conductivity 

(oac) of polymeric electrolytes is described by the following equation 

oac(co) = adc + Aco" (1) 

where A and n areparameters 0< n< 1. adc is a dc ionic conductivity and co is an 

angular frequency. 

The typical logoac versus logo relation for the ammonium nitrate doped PVA 

system is as shown in the fig-4. The curve consists of two distinct regions with in the 

measured frequency range. The low frequency spike describing electrode -

electrolyte interfacial phenomena which is ascribed to the space charge polarisation 

at the blocking elctrodes[4], followed by the frequency independent plateau region 

connected with the adc of the complexed polymer electrolyte. As the temperature 

increases, the low frequency dispersion region becomes prominent and shifts to 

higher frequency region and the frequency independent plateau region 

decreases .Hence, the polarisation effect becomes dominant as the temperature 

increases.The variation of conductivity value is in accordance with those obtained 

from the complex impedence plot. 

/

- • -303K 
- • -318K 
- • -333K 
- • -343K 

Fig.4 Conductance spectra of 20mol% NH4NO3 doped PVA for various isotherms 

3.5 Effect of salt Concentration on the ionic conductivity 

Conductivity is related to the number of charge carriers (ni) and their mobility 

(Hi) according to the following equation: 

a = S n^u , (2) 

where q; is the charge on each charge carrier. 
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The variation of logarithm conductivity of PVA with the salt concentration is as 

shown in the fig-5. Three characteristic regions can be easily distinguished. 

concentration (mol%) 

Fig.5 Variation of ionic conductivity as a function of NH4N03 concentration at 303K. 

The initial low concentration region in which a decrease in conductivity is 

observed has been ascribed to ion pair formation ,as is known to occur for solvents 

of low dielectric consant.The subsequent linear region showing an increase in 

conductivity beyond the minimum( at about 5mol%), could be a result of triple ion 

formation or a redissociation effect [5] .The final high salt concentration region in 

which a decrease in conductivity is observed may be due to a rapid increase in 

viscosity [6]. The high ionic conductivity at ambient temperature is found to be 

7.5X10"3 Scm"1 for 20mol% ammonium nitrate doped PVA. 

3.6 Effect of temperature on the ionic conductivity 

Fig. 6 represents the temperature dependence of proton conductivity of 

ammonium nitrate doped PVA. It is found that the proton conductivity of the 

membranes increases with increasing temperature for all the compositions. The 

conductivity verses temperature plots follow Arrhenius equation, 

a = a0 exp (Ea/RT) (3) 

where o0 is the pre-exponential factor; Ea is the activation energy; R is the 

Boltzmann constant. Ea values for different composition are shown in the table-Lit 

is clear from the table that the lowest activation energy (0.19 eV) is observed for 20 
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mol% ammonium nitrate doped PVA system which is a characteristic for the 

electrolyte film of the highest conductivity. 

3.0 3.1 3.2 3.3 

looornic1) 

Fig.6 Arrhenius plot of PVA- NRINOJ complexes for different NH4N03 compositions 

Table-1: Ionic conductivity values of the polymer film with different NH4NO3 Concentration 

Cone of 

NH4NO3 

(mol%) 

0 

3 

5 

10 

15 

20 

25 

30 

Ionic conductivity (x 10"3Scm"') 

303K 

0.002 

0.2 

0.08 

0.2 

3.8 

7.5 

7.0 

5.7 

323K 

0.011 

0.9 

0.4 

0.6 

8.0 

13.3 

10.9 

10.9 

333K 

0.021 

1.4 

0.7 

0.8 

10.0 

15.8 

14.8 

13.5 

338K 

0.026 

1.5 

0.9 

1.0 

12.2 

16.6 

15.9 

14.9 

Activation 

Energy (eV) 

0.66 

0.43 

0.57 

0.38 

0.30 

0.19 

0.22 

0.24 

3.7 Dielectric analysis 

The frequency dependence of real ( e') & imaginary (e") part of dielectric 

constant is as shown in the fig -7. It has been seen that the dielectric constant 

decreases with increase of frequency and saturates at higher frequencies. The 
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reason for sharp rise in dielectric permittivity towards low frequencies is due to the 

electrode polarization effects. At high frequencies, the periodic reversal of the 

electric field occurs so fast that there is no excess ion diffusion in the direction of the 

field. The polarization due to the space charge accumulation decreases, leading to 

the decrease in the value of e'. The variation of e" with logco clearly indicates the 

existence of p -relaxation due to some local movement of side group diploes [7]. 

2 3 4 5 6 7 2 3 4 S 

logcofHz) logo (Hz) 

Fig. 7 Variation of E' & e" with logco for 20mol% NH4NO1 doped PVA at various temperatures 

4.Conclusion 

PVA based polymer electrolyte with various compositions of ammonium 

nitrate has been prepared using solution casting technique. The structural and 

complexation behaviour has been studied by XRD and FTIR analysis. The ionic 

conductivities of the electrolytes have been measured by AC -Impedance technique 

at various temperatures. The influence of salt concentration in the polymer 

complexes is discussed. The maximum conductivity value (7.5X103 Scm"1) is 

obtained for the polymer complex with 20mol% NH4N03. 
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Abstract: 

A systematic investigation has been carried out in PVA complexed with potassium thiocyanate 

prepared by solution cast technique. This PVA-KSCN polymer electrolyte has been characterized by 

FTIR and ac impedance spectroscopy techniques. The temperature dependant conductivity of the polymer 

electrolyte follows the Arrhenius relationship. The maximum conductivity has been found to be 1.63x10"' 

Scirf1 for 15 mol% KSCN doped electrolyte at 303K. It has been observed in the loss tangent spectra as 

the frequency increases, relaxation peak shift towards higher temperature region showing that the 

relaxation frequency increases with temperature. The appearance of two sets of relaxation peaks indicates 

that the system shows two different types of relaxation process having different relaxation times. 

1. Introduction: 

Polymer salt complexes with significant ionic conductivity have been 

extensively investigated over the past few decades due to their potential applications 

as electrolyte material in high energy density solid state batteries [1]. These 

materials consist of alkali metal salt complexes of solid polar polymer, such as poly 

(ethylene oxide) (PEO) [2], poly (ethylene glycol) (PEG)[3], Poly (propylene oxide) 

(PPO) [4] etc. Among these polymer electrolytes based on PVA has attracted many 

researchers due to their good electrical and mechanical properties. Most of the 

commercial poly (vinyl alcohol) samples have been prepared by hydrolyzing the 

poly (vinyl acetate). Due to the presence of hydroxyl group, the hydrogen bond 

between the interchains of the PVA has been developed. This causes the high 

melting point and good mechanical stability of PVA. Arof and co - workers 

developed nickel - zinc cell using PVA - KOH solid polymer electrolyte. But the 

literature survey reveals that the PVA complexes with alkali salts are rare. 

The study of dielectric relaxation in solid polymer electrolytes is a powerful 

approach for obtaining information about the characteristic ionic and molecular 
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interactions. The dielectric parameters associated with relaxation processes are of 

particular significance in ion conducting polymers such as dielectric constant which 

shows the ability of a polymer material to dissolve salts. In this paper, an effort has 

been made to study the effects of alkali ion concentration on dielectric behavior of 

solid polymer complex electrolytes of PVA - KSCN in different stoichiometric 

ratios by measuring the dielectric parameters of the samples. The relaxation 

characteristics are discussed in terms of conductivity and dielectric parameters. 

FTIR study has been carried out to confirm the polymer-salt complex. 

2. Experimental: 

Poly (vinyl alcohol) (Merck, Mw= 1,25,000) (degree of hydrolysis = 88%)and 

the inorganic salt sodium thiocyanate (KSCN) (Sisco) are used in the present study. 

The appropriate weight of PVA and KSCN are dissolved in water. The solution is 

then stirred continuously until the mixture shows a homogenous viscous liquid 

appearance. The resulting solution is poured into a glass Petri dish and the water is 

allowed to evaporate in air at room temperature. The smooth, uniform thick films 

(200 urn), which are transparent to visible light and having good mechanical 

properties, have been obtained FT-IR measurements have been made with a 

Shimadzu-8000 spectrophotometer instrument in the wave number range of 4000 -

400 cm"'.The electrical conductivity study of the polymer electrolytes has been 

carried out in the temperature range of 303K to 333K over a frequency range of 42 

Hz - 1 MHz using computer controlled HIOKI 3532 LCR meter with a cell having 

stainless steel electrodes. 

3. Results and discussion: 

3.1 Fourier Transform Infrared analysis 

The polymer electrolytes have been subjected to FTIR analysis to confirm the 

complexation between the salt and the polymer host. The FTIR spectra of pure PVA 

and PVA doped with 15 mol% KSCN are shown in figure: 1 and 2 respectively. The 

absorption peaks of pure PVA at 3376 cm"1 and 1336 cm"' are assigned to O-H 

stretching, and C-OH plane bending respectively. The vibrational frequencies at 
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1254 cm"1 and 1736 cm"1 of pure PVA are assigned to C-O-C stretching and C=0 

stretching of acetate group which is the residual part of PVA. It is to be noted that 

PVA used in the present study is 88% hydrolyzed. The peaks at 2912 cm"1, 2944 

cm"1 and 850 cm"1 are assigned to C-H symmetric stretching, C-H asymmetric 

stretching and C-H rocking of pure PVA respectively. The characteristic 

predominant O-H stretching vibration band of pure PVA at 3376 cm"1 found to be 

less intense in salt doped system indicating weak interaction of the salt with the 

hydroxyl group of the polymer matrix. It has been observed that the peak at 1736 

cm"1 is shifted to the higher wave number at 1746 cm"1. This shift towards the higher 

wave number may be due to the interaction of K+ ion with carbonyl group (C=0) of 

the PVA. 

VAmirtB-fon) 
Figure 1: FTIR spectrum of pure PVA 

WNBxntBStcrri1) 
Figure 2: FTIR Spectrum of 

85 mol% PVA+ 15 mol% KSCN 

3.2 Impedance analysis 

The typical impedance plots (Z' vs Z") for the polymeric electrolytes are shown 

in figure: 3. The complex impedance diagram (93 mol% PVA: 7 mol% KSCN) (a) 

shows two well defined regions: a chord in the higher frequency range which is 

related to conduction process in the bulk of the electrolytes and the linear region in 

the lower frequency range that is attributed to the effect of blocking of electrodes. 



699 

The angle which the semicircle is depressed below the real axis and the amount of 

inclination in the straight line are related to the width of the relaxation time 

distribution [5]. These results suggest the presence of a constant phase element 

(CPE) at the electrode and electrolyte interface. The disappearance of the high 

frequency chord portion and appearance of the spike confirms the current carriers 

are ions and this leads to a result that the total conductivity is mainly due to ionic 

conduction. Inset (a) and (b) shows the impedance plots of 93 mol% PVA: 7 mol% 

KSCN and 80 mol% PVA: 20 mol% KSCN respectively. The maximum 

conductivity has been found to be 1.63 x 10"3 S cm"' for 15 mol% KSCN doped 

electrolyte at 303 K respectively. 
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Figure: 3 Impedance plots of all the compositions of polymer electrolytes at 303K : (a) 93 mol% 

PVA : 7 mol% KSCN; (b) 80 mol% PVA : 20 mol% KSCN 

5.3 Conductance Spectra 

The frequency dependent conductivity for various compositions at room 

temperature is shown in figure: 4. The spectra consists of three different regions. 

The low frequency spike, medium frequency plateau and a high frequency spike. 

The high frequency spike is attributed to the bulk relaxation phenomena, where as 
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the plateau region corresponds to dc conductivity. The low frequency spike 

describes space charge polarization. 
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Figure: 4 Conductance spectra of PVA - KSCN at different salt concentrations at room temperature 

3.4 Temperature dependence of the conductivity 

The temperature dependent ionic conductivity measurements are carried out to 

analyse the mechanism of ionic conduction in polymer electrolytes. Figure: 5 shows 

the Arrhenius plots of various compositions of PVA - KSCN based polymer 

electrolytes in the range of 303 - 333 K. Linear relations are observed in all polymer 

electrolytes and this meant that there is no phase transition in polymer matrix by the 

salt addition in the temperature range studied. These results suggested that there is 

no dynamic conformational change in polymer matrix. The temperature dependence 

of dc conductivity, extracted from conductivity spectra has been found to obey 

Arrhenius relation 

odc = o0 exp(-Ea/kT) (]) 

where cr0 is the pre-exponential factor and Ea is the activation energy. In polymer 

electrolytes, the change in conductivity with temperature has been explained in 

terms of segmental motion that results in an increase in the free volume of the 
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system which, in turn, would also facilitate the motion of ionic charge. The 

activation energy (Ea) has been found to be 0.26eV for 15 mol% KSCN doped 

electrolyte system. 

— i — i — i — i — i — i — i — i — | — . — i — . — i — i — 
3.05 3.10 3.15 3.20 325 3.30 3.36 3.40 

Figure: 5 Temperature dependent conductivity of PVA - KSCN at different salt concentrations in mol% 

3.5 Dielectric studies 

Dielectric studies have been used to study the ion dynamics in polymer 

materials as well as the transport mechanism for charge carriers. The dielectric 

response can be completely characterized by 

e* (oo) = e'(ffl) + i e"(<») (2) 

where the real (e') and imaginary (e") components represent the storage and loss of 

energy during each cycle of electric field respectively. The log co vs log e' and log co 

vs 8"plots for all compositions of PVA - KSCN electrolytes at room temperature 

are shown in figures 6 and 7 respectively. In figure.6 the low frequency dispersion 

region is attributed to the contribution of charge accumulation at the electrode -

electrolyte interface. A step like feature in dielectric constant reveals the transition 

frequency region from ac to dc conductivity and indicates the existence of an 

additional relaxation. 
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Figure: 6 Variation of log e' with log (0 

PVA:KSCN complexes at room temperature 
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Figure: 7 Variation dielectric loss with log io 

PVA:KSCN complexes at room temperature 

At high frequencies, due to high periodic reversal of the field, the contribution 

of charge carriers (ions) towards the dielectric constant decreases with increasing 

frequency. The higher dielectric constant for 15 mol% KSCN doped PVA compared 

to other salt doped electrolytes implies smaller electrostatic attraction between the 

mobile ions and greater probability of their existence in the free states and hence, 

higher the conductivity [6]. 
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Figure:8 variation of tan 8 with log M at Figure:9 Loss tangent as a function of 

different temperatures temperature at different frequencies 

The variation of loss tangent (tan5) for the polymer electrolyte system 95 mol% 

PVA - 5 mol% KSCN with respect to frequency and temperature are shown in 
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figures 8 and 9 respectively. Tan 6 has been found to increase with frequency for all 

temperatures, pass through a maximum value (tan8)max and thereafter decreases. 

As the temperature is increased (tan8)max gets shifted to higher frequencies. It is 

clear from the figure.8 that there exist two different types of relaxation peaks. One 

type occurring at higher frequency (so called p-relaxation) may be caused by side 

group dipoles and other set at lower frequency (a-relaxation) may be caused by the 

movement of main chain dipole segment. The appearance of two different types of 

relaxation peaks indicate that PVA shows two different types of relaxation process 

having different relaxation time. The peak has been observed in loss tangent as the 

function of temperature for various frequencies. As the frequency increases the peak 

of the relaxation shifts towards a higher temperature region showing that the 

relaxation frequency increase with temperature. 

4.Conclusion: 

The polymer electrolyte thick films of PVA complexed with KSN with different 

composition have been prepared by solution cast technique. It has been observed 

that the system PVA doped with 15m% KSCN has the highest conductivity, 

1.63xl0"3 Scm"1. The appearance of two different types of relaxation peaks indicate 

that PVA shows two different types of relaxation process having different relaxation 

time. 
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Electrolyte materials used in solid state polymer batteries can also be utilised in a special 
type of drug delivery system called an iontophoretic device. This review will describe 
the history, applications and limitations of iontophoretic and related systems and also the 
use of batteries and biofuel cells in medicine. 

1. Introduction 

Life is controlled by electrochemistry. Without redox reactions taking place 
within the body, and without control of the passage of ions in living tissues, life 
as we know it would cease. Electrochemistry also enables the production and 
storage of electrical energy from chemical reactions in power sources such as 
batteries and fuel cells. Solid state power sources have become increasingly 
important as they are inherently robust, compact and spill-proof, thus being 
particularly well suited to medical requirements, especially for implanted 
devices. 

Advances in solid state ionics applications have required painstaking 
and careful materials development over the past forty years. Medical 
applications of power sources and of their component materials impose their 
own strict requirements and constraints on device and material selection and 
often involve highly miniaturised systems. In this paper, three particular 
areas at different stages of maturity - iontophoretic devices, biomedical power 
sources and biofuel cells - have been chosen to illustrate present and future 
applications of solid state ionic devices and their component materials in 
medicine. Applications up to the early part of this decade have been reviewed 
elsewhere. " 

2. Iontophoretic and Related Devices 

There are many routes, each with its own advantages and limitations, that can be 
chosen to convey a drug from outside the patient to the physiological site of 
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action within the body. For example, many drugs can be taken by mouth 
(perhaps encapsulated in an appropriate excipient) but the oral route is 
unsuitable for strong tasting substances. More importantly, some drugs cannot 
survive in the required active form when they enter the body through the 
relatively destructive digestive tract, and others have adverse effects on the 
digestive processes. In such cases, one of a number of alternative pathways 

Q 

needs to be chosen such as 

• Insertion of a suppository or a catheter into an orifice other than the mouth 

• Injection from a syringe that penetrates through the skin into a muscle or a 
vein 

• Inhalation, either nasally or orally, of a drug carried either in wet droplets or 
as dry powder in a carrier gas, into the lung (which has a very large internal 
surface area) 

• Topically, i.e. by external application of ointments containing volatile 
active drug which diffuses into the eye, tooth, nail or skin to relieve chafes, 
scratches, cuts and bites 

• Transdermally, by dry powder syringe which itself does not penetrate the 
skin but which projects the drug material into the subcutaneous layers 
below 

• Transdermally by "passive device" patches, e.g. nicotine worn by smokers 
trying to give up, which act as a local reservoir of an appropriate drug 
which permeates through the skin to the site of action unaided by additional 
fields or forces other than diffusion 

• Transdermally, assisted electrically (i.e. iontophoretically) and/or in other 
ways 

Non-invasive routes minimise the chances of cross infection especially by 
the AIDS virus. 

Skin is one of the largest of the bodily organs, covering 2 m2, weighing 5 kg 
and being 2-3 mm thick. There are two key parts - the outer layer (epidermis) 
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and the inner layer (dermis), between which there is a basement membrane. The 
most important layer within the epidermis is the stratum corneum, a 10-15 urn 
thick lipophilic barrier that minimizes transepidermal water loss, acts as a high-
integrity barrier against egress of foreign material and has a high electrical 
resistance. The equivalent circuit is essentially the same as that for a polymer 
electrolyte as the stratum corneum has a high electrical resistance, in series with 
the dermis, which comprises a leaky capacitor (constant phase element) and a 
resistor in parallel. The stratum corneum is dry (20% moisture compared with 
70% for most of the rest of the body). Penetrating through the epidermis and 
providing a path from the outside world to deep within the dermis are hair 
follicles and pores which, in human skin, take up only about 0.1% of the surface 
area. The pH of the stratum corneum is 4-6, being lowest just below the 
surface, whereas the hydrated tissue just under the basement membrane has a pH 
of about 7.3. 

7 9 

The history of iontophoresis has been-described elsewhere. " The term 
"iontophoresis was introduced in the 19th century but electric shocks from 
torpedo fish were used much earlier in ancient Greece to treat gout and the first 
example of the use of an electric current to increase penetration of ionic drugs 

o 

into and through surface tissue was in 1747. Iontophoretic devices are in 3 parts 
- a power source providing up to 4mA at constant current (corresponding to a 
8 cm2 patch delivering the maximum desirable current density of 0.5 mA/cm2) 
which, in the future, could well be a polymer electrolyte battery - a drug 
electrode which provides the reservoir of active ingredient - and an "indifferent" 

1 1 l O 

(or ground or dispersive) electrode. ' The reservoir can be made from 
materials analogous to the polymer electrolytes originally developed by Michel 
Armand and Peter Wright. " Sensor control of drug flux is very desirable and 
an impedance-based implantable microelectromechanical system (MEMS) 

17 

device has recently been reported. Drug penetration can be enhanced 
18 

by chemical penetration enhancers such as PPG or by sonophoresis using 
ultrasound. 

7 20 

There is a range of techniques related to iontophoresis. ' Electroporation 
can be used to deliver DNA into cells and also to allow transdermal delivery of 

21 

non-ionic drugs. Reverse iontophoresis is used for non-invasive sampling of 
22 

glucose and other blood constituents. A recent study on the effect of charge 
and molecular weight on iontophoretic delivery of zwitterionic dipeptides 
showed that the flux is linearly correlated with the charge to molecular weight 
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ratio. Iontophoresis can be used to treat hyperhidrosis or excess sweating, 
although "botox" has been found to be more successful and it has also been 

25 

successfully used to treat diseases of the eye. 

7 20 

A range of drugs can usefully be delivered by iontophoresis ' including 
lidocaine for local anaesthesia, cisplatin for basal cell carcinoma, vasopressin as 
an anti-diuretic, salmon calcitonin to control post-menopausal osteoporosis, 
heparin as an anticlotting agent and fentanyl for pain relief. Analogues of 
polymer electrolyte materials prepared for conventional solid state ionic devices 
have been shown to be suitable as iontophoretic reservoirs for lithium for the 

28 29 

treatment of manic depression and for lidocaine hydrochloride. 
3. Medical Applications of Solid State Power Sources 

External or implanted power sources such as batteries and fuel cells are used in a 
variety of ways in medicine, including motorised wheelchairs; surgical tools; 
cardiac pacemakers and defibrillators; dynamic prostheses; sensors and monitors 
for physiological parameters; neurostimulators; devices for pain relief; and 
iontophoretic, electroporative and related devices for drug administration. It is 
helpful to separate applications by location of the power source 

• external, i.e. connected to the patient by wire. In some cases the power 
source can be attached or transdermal, i.e. external to the body but located 
on the skin. 

• implanted, i.e. within the body. 

In some cases such as that of the heart pacemaker battery, the implanted 
power source is situated remotely, i.e. at a different location from that of the 

30 

device which it powers. In others, such as planned autonomous sensor-
transmitters powered by ultra-miniature fuel cells, the power source will be 
attached to the device. 

3.1 External Applications 

Some applications such as motorized wheelchairs and some battery powered 
surgical implements have power requirements which are too large to be met by 
solid state devices. There are other cases, e.g. left ventricular assist devices 
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used for patients awaiting heart transplants, where a substantial power 
requirement is met by a combination of external and implanted batteries. 

Prototype devices are being developed to take over the functions of the 
semicircular canals in the ear, which act as physiological rotation sensors to 
preserve balance. They use piezoelectric vibrating gyroscopes to measure the 
angular velocity of the head. Pt electrodes are powered by Li batteries which, 
together with the sensors and computerised frequency converters are mounted 

31 

externally. A variety of sensors and monitors such as glucose sensors for 
diabetics and "halter" monitors storing electrocardiogram signals are powered 

30 

by external batteries at present. In the future, many of these may be developed 
to utilise miniaturised and implanted fuel cells, to provide "real time, true 
location" signal detection. 

7—9 20 

A variety of power sources has been used for iontophoresis ' and for 
related processes such as electroporation. External power sources have also 
been used to control drug delivery from implantable reservoirs in order to 
improve patient compliance with a given therapy, the relative ease of self-dosing 

33 

eliminating the need for multiple intravenous injections. 
Power sources for transdermal devices for iontophoresis and related 

processes can themselves be located on the skin and integrated with the drug 
7 9 

reservoir and electrodes. 

3.2 Implanted Power Sources 

Monitoring the responses of individuals to drugs and other stimuli is very 
important as, in the West, drugs are presently administered at frequencies and 
doses based on averages which have been optimised for large, often 
heterogeneous, populations. Individual behaviour differs, either permanently 
or temporarily, from the average, as is well recognised in Chinese medicine. 
It is therefore desirable to have individualised, integrated medical systems 
comprising implanted sensors, batteries, amplifier, processor and actuator for 
such applications as heart pacemakers and defibrillators. 

Most implanted power sources are located remotely from the device they 
power. Neurostimulators for pain relief, tremour reduction in Parkinson's 
disease, incontinence and epilepsy also have a power demand within the 
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range of implanted batteries. Recent studies have investigated the possible 
interaction between such devices and the high magnetic fields used in MRI 

37 
scanning. 

The largest application of remote, implanted batteries, however, is the heart 
pacemaker in which the Li battery is located below the skin between the 

38 

shoulder and the neck and is connected to electrodes in the heart muscle. The 
39 

heart pacemaker was initially developed in 1959 and the first that was powered 
with a Li battery was implanted in 1972.40 It is designed to assist in bradycardia, 
an illness where the heart beats too slowly. A similar device, the implantable 
cardiac defibrillator, addresses tachycardia, a medical condition where the heart 
beats too quickly and which, if untreated, can degenerate into ventricular 
fibrillation and death. 

An example of a power source directly attached to an implanted device, 
which is currently undergoing clinical trials is a fully implanted hearing aid 
using pacemaker-type batteries integrated with the rest of the device and located 
just behind the ear. Perhaps the most exciting future development, hopefully to 
be realised soon, is implantable sensor-transmitter systems, smaller than 1 mm3 

powered by integral glucose - oxygen biofuel cells. 

3.3 Types of Solid State Power Sources used in medicine 

Li / Silver vanadium oxide (SVO) batteries are used, in conjunction with stacked 
plate aluminium electrolytic capacitors, to power implantable cardioverter-
defibrillators. The electrode balance needs to be carefully optimised. 
Alternative systems include Li / CFX and Li / MnOz (MDX).44 The Li / I2-PVP 
primary battery is the system of choice for low rate applications such as 
pacemakers. ' Implantable Li Ion batteries have been used in test systems for 
undulation pump total artificial hearts. Potential nanobiotechnological devices 
including molecular motors and artificial organs and their power sources have 

48 

recently been reviewed. Optimisation studies are being performed to facilitate 
49 

future implantable fuel cells. Systems involving chitosan (extracted from 
shellfish shells, one of the world's largest sources of discarded materials) are 
also being proposed for implanted batteries. Dangers accompanying the use 
of batteries in medicine have recently been reviewed elsewhere. 
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4. Enzymatic Biofuel Cells 

Batteries and fuel cells are both electrochemical devices in which electrons 
move through an external circuit where they can do electrochemical work and 
the charge compensating ions move from one electrode to another through an 
electrolyte membrane. In the former, the electrode material cannot be 
replenished (although in rechargeable or secondary batteries, the ions can be 
sent back to the electrodes from which they came) whereas in the latter, the 
electrode fuel, usually gaseous or liquid, can be continuously supplied and is 
catalytically converted to active electrode material, usually by a precious metal 
catalyst. 

A biological fuel cell or biofuel cell is a hybrid of fuel cell technology 
and biotechnology and the catalysts are enzymatic, either contained in 
microorganisms or as isolated proteins. There was a particular interest in the 
USA in the 1960s in developing biofuel cells as energy-saving, waste disposal 
systems for extended space flights. Biofuel cells cannot approach the 
performance of conventional systems. Platinum based hydrogen - air and 

2 2 

methanol fuel cells can achieve 1 A/cm and 0.65V and 0.5 A/cm and 0.5V 
respectively whereas the best methanol-air biofuel cells produce less than 10 m 
A/cm2.52 

The focus in this paper is on biofuel cells for medical use (often in 
miniaturized form), powered by physiologically available reactants and used for 
diagnostic and related applications. Biofuel cells are similar to biosensors and 
other devices which use enzymatic biocatalysis although biocatalysed sensors 
are often inexpensive enough to be disposable, so stability for sensors is not a 
major issue. Bioelectrocatalysts form molecular transducers which convert 
chemical into electrical signals. 

Biofuel cells are described as microbial if living cells are involved and as 
enzymatic if they are not. A further distinction is between direct and indirect 
biofuel cells. In the former, fuel is oxidised at the surface of the electrode in an 
enzymatically catalysed reaction whereas in the latter, the fuel reacts in solution 
or in a separate compartment and a redox active mediator shuttles electrons 
between the reaction site and the electrode. Often, enzymes are used in direct 
fuel cells and microorganisms in indirect configurations. 
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Maximising Vcell and Icell so that power and energy output are as large as 
possible represent key challenges to biofuel cell development. For a direct fuel 
cell, Vcell is the difference between the potentials of the fuels, corrected for 
overpotentials (which are non-trivial and reflect the effects of slow kinetics of 
heterogeneous electron transfer, ohmic resistances and concentration gradients). 
For an indirect cell, Vcell is the difference between the mediator potentials, 
again corrected for overpotentials. Icell is influenced by such factors as 
electrode size, rate of electrode processes and rate of ion transport across the 
electrolyte membrane. Power lost to irreversible processes usually appears as 
heat, the management of which is vital in biofuel cells as enzymes are very 
temperature sensitive. 

The most common cathodic fuel for biofuel cells is 02 , being readily 
available with a harmless reaction product (water). It is thermodynamically 
a good oxidant although kinetically it is poor. ABTS (2,2'-azinobis(3-
ethylbenzothiazoline-6-sulphonate) has been used as a cathodic mediator to 
facilitate diffusion processes. 

For conventional fuel cells, typical anodic fuels are H2, methane, natural gas, 
gasoline, diesel fuel or methanol but for biofuel cells reactions involving fuels 
such as glucose, which are present in the bloodstream, are of particular interest. 
The common cofactor or anode mediator of choice is nicotinamide adenine 
dinucleotide (NAD+) which is reduced by the fuel to NADH and subsequently 
reoxidised to continue the enzymatic reaction. Over 60% of the oxidoreductases 
listed in Enzyme Nomenclature have NAD+ or its phosphorylated equivalent 
NADP+ as reactant or product. The standard electrode potential is -0.32V at pH 
7.0 with respect to the normal hydrogen electrode (-0.62V vs. SCE at pH 7.5) 
but in practice, because activities are not unity, there is a IV overpotential which 
requires to be minimised if practical biofuel cells are to be achieved. 

It can be desirable to contain the enzymes and electron transfer mediators 
within a small volume to maximise concentration and activity. Membranes 
cause an unacceptable restriction in diffusional flux and so immobilisation of the 
active species on a surface, or within a tethered polymer brush or network is 
preferred. Similar issues are encountered in the design of polymer electrolyte 

n 

materials for flexible battery applications. 



717 

Enzymes are not only efficient catalysts; they are also very selective. An 
upper rate limit for enzyme catalysis is around 100 Coulombs per minute from 
1 mg of enzyme, i.e. about 1.6A. In practice, however, allowing for practical 
specific activities, 1mA is more realistic. 

The issues involved in using entire microorganisms in fuel cells have been 
well reviewed elsewhere. In these microbial fuel cells bacteria such as 
Clostridium butyricum can lead to the production of hydrogen from the 
fermentation of glucose by a more complicated pathway than is needed for 
enzymatic fuel cells. In bacteria, glucose is converted to pyruvate and NADH 
by the Embden-Meyerhof pathway. The pyruvate is then oxidised with 
ferredoxinox oxidoreductase to produce acetyl - CoA together with C02 and 
ferredoxinred. At the same time, the NADH also reacts with ferredoxinox to 
produce NAD+ and ferredoxinred. The ferredoxinred produced by both routes 
reacts with protons in the presence of hydrogenase to form H2. Ideally 4 mol of 
H2 would be produced from 1 mol of glucose but in practice the yield is only a 
quarter of this. 

In enzymatic fuel cells, the demanding operating conditions required to 
ensure the continuous fermentation of whole living cells are replaced by 
different, but no less stringent, requirements to ensure the stabilisation and 
efficient utilisation of sensitive and expensive enzymes. Just as batteries can be 
used in medicine either as implanted or external devices, enzymatic fuel cells 
can be developed as external power sources or as miniaturised, implantable 
devices. For external applications for potential medium power applications, a 
mediated approach has to be used because redox enzymes cannot directly 
transfer electrons to the electrodes; their redox centres are insulated by the 
protein matrices that surround them. A variety of possible approaches have 
been developed by Willner and co-workers. 

The most promising area for medical applications of biofuel cells is as 
implantable power sources for macro-scale (e.g. heart pacemaker) or micro-
scale (e.g. in-situ, diagnostic, integrated, miniaturised, self-powered sensor) 
applications. 
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4.1 Macro Device applications 

Natural biocatalysts are physiological species which have adapted to optimise 
their functioning in complex physiological environments at physiological 
temperature (~ 37°C) and near neutral pH (-7). They utilise naturally occurring 
fuels and oxidants and produce reaction products that the host can tolerate. 
All these features are promising for potential implantable applications as 
biocatalytic coated electrodes need not be sealed off from physiological fluids. 
This is just as well because the price of achieving stability by using protective 
barrier membranes would be to reduce reactant mass transfer. Typical reactants 
are already present in rather low concentrations (glucose, 5mMol/L; oxygen 
0.1 mMol/L; lactate 1 mMol/L) and maximum current density is therefore 
limited by the ability of such reactants to diffuse into the bioelectrodes. In the 
case of electrodes situated in blood vessel walls, transport can be enhanced by 
blood flow (typically 1 to 10 cm/s). The flux of glucose has been calculated to 
be only about 1 mA/cm2 and rates would be even lower in tissue. 

Heart pacemakers and a variety of other implanted devices were described in 
section 3.2. At present the lifetime of a 1 Wh/mL battery with a typical 
operating regime of 1 uW exceeds 10 years which suffices for pacemaker 
applications. The best biofuel cell operating today can just achieve one-
hundredth of this energy density, giving a lifetime measured in days. 
Potentially, however, if glucose from the body is used as fuel and oxygen 
dissolved in body fluids provides the oxidant, the implantable biofuel cell could 
achieve high power density and infinite energy density. 

Damage is caused by the implantation process, especially into blood vessels 
where clotting is a hazard. Here the surgical procedures are worthwhile only if 
the cell itself is stable and benign enough to survive more than a year, whereas 
in tissues shorter lifetimes may still confer benefit. Another risk issue for tissues 
is the toxicity of the implanted cell components. Many of the relevant enzymes 
have received GRAS (generally recognised as safe) recognition from the 
US Food and Drug Administration. Mediators sometimes involve osmium 
compounds, certain of which are considered as toxic although others have been 
used for treatment of arthritis and haemophilia. It is suspected that, whereas 
concentrations involved in manufacture may be hazardous, toxicity at in vivo 
concentrations may be low. 



719 

The range of difficulties outlined above means that, even at the present 
day, the majority of enzyme fuel cells actually involve only one bioelectrode, 
coupled with a noble metal counter electrode. True biofuel cells involving two 
enzyme electrodes are still either limited to levels of performance below those 
which would be useful (e.g. 5 uW/cm2) for implantable applications, or which 
are microbial rather than enzymatic. A key problem is to achieve two electrodes 
both working at the physiological pH value of 7. This has been achieved in a 
methyl viologen mediated bacterial cell in which both electrodes had carbon felt 
sheets immersed in pH 7 phosphate buffer with freely diffusing catalysts and 
mediators, the two compartments being separated by an anion exchange 
membrane. The voltage was adequate at 1.17V and the current density was 0.45 
mA/cm2 but the lifetime was unacceptably low at 2 hours ; the same team are 

57 

also working on a compartmentless glucose - oxygen cell. 

4.2 Microscale devices 

Heller has recently reviewed the work of his team in developing miniature, low 
cost glucose - oxygen fuel cells to power autonomous sensor-transmitters 
designed for implantation in the tissue under study. Their goal is to produce fuel 
cells smaller than 1 mm3, lighter than 100 ug and costing less than 1$ to power 
autonomous sensor - transmitter packages broadcasting such information as 

• local tissue temperature so that inflammation can be monitored 

• local pressure in particular blood vessels or other fluid channels so that fluid 
blockage and the success of steps taken for its release can be monitored 

• deviation from the normal concentration of a chosen chemical whose 
presence can be used to monitor the progress of a disease. 

The sensor is likely continuously to consume only about luW. The 
remaining few uW produced by the miniature fuel cell are needed to charge a 
small ultracapacitor, capable of storing about 1 uJ which can produce 1 GHz 
bursts of lOmW, for 1 ms every 10s to power the transmitter. 

A number of prototype fuel cells have been built which are more than 100 
times smaller than the smallest present day battery or fuel cell. This size 
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reduction has been achieved by eliminating seven of the nine components 
needed in conventional fuel cells. The redundant items are 

• plumbing to anode and cathode compartments as the cell is surrounded by 
its fuel dissolved within the ambient body fluids 

• an external case and case seal, designed to encapsulate the cell components 
and prevent leakage into the environment 

• a membrane and seal providing a sealed matrix for the ion conducting 
electrolyte 

A conventional fuel cell using a platinum group metal as catalyst has to 
incorporate a membrane because the catalyst is capable of promoting not only 
the desired oxidation of the fuel but also the highly undesirable reduction of 0 2 

and a compartment-separating membrane is needed to prevent this. Incidentally, 
many early glucose - electrooxidising cells also required a membrane because 
the platinum metal catalysts at their 0 2 electrodes were fouled by the glucose 
electrooxidation products. The selectivity of enzyme based catalysts means 
that undesirable side reactions are not promoted and compartment isolation 
becomes unnecessary. The classic development that led to biofuel cells 
without membranes was when Willner and co-workers used immobilised 
bioelectrocatalysts, their enzymes being "wired" to electrodes through 
electronically conducting hydrogels, to catalyse either glucose oxidation at the 

58 

anode or 0 2 reduction at the cathode but not vice versa. 

An early design involved enzymatic electrodes immobilised within, and 
mediated by, osmium-based redox hydrogels deposited on 7 p.m diameter carbon 
fibres. At present, the cell operates at pH 5 in a citrate buffer saturated with air 
and containing 15 mMol/L of glucose and produces 340 \xAJcm2 and 0.4V at 
37°C. Current density decreases by 8% a day because of limitations in anode 
performance. The pH is too far from the physiological level, the redox potential 
of the anode mediator is too high and the deposited hydrogel film is too thick to 
permit rapid electron transport. A variant on this design uses an anode mediator 
with a lower redox potential and a cathode catalyst that functions at pH 7. 
The voltage is 0.52 V and the current density is 340 uA/cm , thus more than 
doubling the power density achieved. The stability, however, is only marginally 
better at 6% current density loss per day. Recent developments are summarised 

file:///xAJcm2
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by Heller. Barton and colleagues have discussed the key issues that need to be 
addressed for implanted biofuel cells to be widely adopted - biocompatibility; 
better activity and stability (achieved by engineering both the protein molecule 
and also its environment, perhaps by biomimetics ); increased current density; 
improved mediators and / or better immobilisation using controlled nanoporous 
substrates; extended device lifetimes; greater power (mW to W scale in blood 
vessels and |iW in tissue); and better integration with electrical devices, 
including multi power source stacks. 

Solving these problems requires the same type of multi-disciplinary 
approach (from chemists, chemical engineers, materials scientists and, of course, 
biologists) as was needed to launch the field of solid state ionics. 
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The present lithium ion battery technology is based on liquid organic electrolytes, which have 
several disadvantages and severe problems. These are related to safety concerns because of 
potential electronic short circuits of the electrodes, formation of reaction product layers at the 
interfaces ("solid electrolyte interfaces, SEIs"), leakage of the liquid, low electrochemical 
decomposition voltages and flammability of the electrolyte, and accordingly restrictions with 
regard to higher energy densities. Solid electrolytes may provide solutions to the problems. 
However, so far all discovered compounds had either high ionic conductivity or high 
electrochemical stability, but not both. In addition, some of the compounds became 
predominantly electronic conductors, e.g., (Li,La)Ti03, within the lithium activity range given by 
the cathode and anode. Furthermore, since polycrystalline materials are being used for practical 
applications, large grain boundary resistances are commonly observed in addition to the bulk 
resistance and therefore control the total cell resistance. 
Here, we report predominant ionic conduction in garnet-type structures of the general 
composition Li(,ALa2M20i2 (M = Ta, Nb; A = Sr, Ba) and we show that these materials 
overcome the existing problems. The tantalum compounds are stable against reaction with 
molten elemental lithium, have high decomposition voltages, which allow application of the 
highest energy density cathodes, and exhibit fast 3-dimensional lithium ion conductivity similar 
to that of the best (but unstable) known solid electrolytes. Furthermore, the grain boundary 
resistance is negligible compared to that of the bulk. 
Thin film all-solid-state lithium batteries have been made on the basis of chemically and 
electrochemically stable solid electrolytes with high voltage intercalation type cathodes and 
aluminium as anode in the discharged state. 

1. Introduction 

Development of solid-state lithium ion conductors (SSLICs) for all-solid-state 

secondary (rechargeable) lithium batteries and other galvanic cell applications has 

become an important task since a few decades [1-5]. Lithium batteries are attractive 

as energy sources for several types of portable electronic equipment, including 

notebooks, cameras, toys, mobile phones, and increasingly electrical transportation. 

Useful solid-state lithium-ion conductors for high energy density lithium 

secondary batteries should have the following electrical, chemical and physical 

properties [6-8]: 

(i) High lithium ion conductivity at the operating temperature (preferably room 

temperature); 
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(ii) Negligible electronic conductivity over the entire employed range of lithium 
activities (i.e., from the activity of elemental lithium (au = 1) to at least that of 
LiCo02 (aLi = 10~70) and range of temperature; 
(iii) Small or no grain-boundary, electrode-electrolyte interface and charge 
transfer resistance; 
(iv) Stability against chemical reaction with anodes, especially with elemental Li 
or Al, LiAl; 
(v) High electrochemical decomposition voltage (~ 6 V vs. elemental Li); 
(vi) Stability against chemical reactions with the cathode material; 
(vii) Matching thermal expansion coefficients (TEC) with both the anode and 
cathode material; 
(viii) Environmental benignity, non-hygroscopicity, low cost and easiness of 
preparation. 

Up to now, lithium ion conduction was reported for a wide range of crystalline 
and non-crystalline metal oxides, sulfides and halides with different types of 
structure [6,7,9-10], e.g., Li14ZnGe4016 (LISICON), Li3N, Li-P-alumina, 
NASICON-type LiTi2(P04)4 phosphate, Li4Si04i Li3P04 and perovskite type 
(Li,La,D)Ti03 and glasses. Among them, silicate (Si(V~) and phosphate (P04

3~) 
frame-work structure based electrolytes exhibit high electrochemical stability and 
chemical compatibility with both electrodes (cathode and anode) [11,12], 

Current all-solid-state thin film Li-battery developments make use of LiC6, 
elemental lithium or inorganic compounds such as silicon-tin oxynitrides, Sn3N4, 
Zn3N2 or metal films that include Cu and In as anodes, LiCo02 and LiMn204 as 
cathodes and LiPON as electrolyte [12]. 

In our attempt to develop advanced solid-state lithium ion conductors for 
application in secondary batteries, we have investigated compounds with similar 

constituents as in the case of the known best lithium ion conductor (Li,La,D)Ti03 

but without Ti as well as other metal ions such as W, Mo or V which may be readily 
reduced by lithium. The investigated compounds with the nominal chemical 
compositions Li5La3M20|2 and Li6ALa2M20i2 (A = Ca, Sr, Ba; M = Nb, Ta) show a 
garnet-like structure, which is a new crystal structure for fast lithium ion 
conduction. 

We have also successfully replaced elemental Li by Al metal as anode and 
conventional LiCo02 by other alternative high-voltage cathode materials, e.g., 3D 
spinel structured Li2MMn308 (M = Fe, Co) [13], to increase the operating voltage 
compared to present all-solid state batteries that utilize LiPON as electrolyte 
[11,12]. 

2. Structure and Conductivity of Garnet-Like Li5La3M2Oi2 (M = Nb, Ta) 

Garnets are orthosilicate minerals with the general chemical formula A3
nB2

m(Si04)3, 
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where A and B refer to 8- and 6-coordinated cation sites, respectively. The structure 
is a 3D framework built of B06 octahedra and S1O4 tetrahedra, in which each 
octahedron is connected to six tetrahedra by sharing comers. Each tetrahedron 

* % . * « " ^ * is 

* * * a # 
1> * * * * * * » %* 

e ** * * » * ^ *»« « * ^ * 

» ^ ** ** ^ »# ** % « 

-13 A 

Fig. 1. Crystal structure of LisLajMaO^ showing a garnet-like structure (a = 12.797 A for Nb and a = 
12.804 A for Ta; space group 12/3, No.: 199) with an excess of 16 lithium atoms. M and Li occupy the 
6- fold oxygen coordination sites [16]. 

shares its corners with four octahedra. The composition of the framework is equal to 
"B2S13O12" [14,15]. A has a larger ionic size and occupies the 8-fold coordination 
(dodecahedral) site 24c in the framework (space group: Ia3d) [14,15]. 

A variety of complex metal oxides was found to crystallize in gamet-like 
structures with other elements replacing silicon and having the general composition 
A3B5O12 (A = alkali, alkaline earth ions, Mg, Y or Ln = La or rare earth; B = 
transition metal ions such as Al, Fe, Ga, Ge, Mn, Ni, V) [14,15]. 

Metal oxides with the nominal chemical formula LisLnjM^O^ (Ln = La or rare 
earths; M = Nb, Ta) were found to crystallize in a cubic symmetry, for example, 
with the lattice constant a = 12.797 A for Nb and a = 12.804 A for Ta and the space 
group 12/3 (space group no. 199, Z = 8) with an excess of 16 lithium atoms 
compared to the ideal garnet composition. La3+ and Nb5+ ions occupy the 8- and 6-
coordination sites, respectively, and the Li+-ions occupy 6-fold coordination sites 
(Fig. 1) [16-18], 

The similarity between the structures of the ideal garnet and Li5La3M20i2 is that 
the rare earth ions occupy the dodecahedral (8-fold) coordination site, and B and M 

I 
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atoms occupy the 6-fold coordination site. The main difference is that Si (or other 
metal ions) in the former case occupy the 4-fold coordination and Li in the latter 
case occupies the highly distorted octahedral sites. Among the two types of lithium, 
Li(I)06 is more distorted than Li(II)06. M0 6 octahedra are surrounded by six Li06 

octahedra and two vacant lithium sites. For the same composition, a different garnet 
space group laid has been proposed based on powder XRD data, in which all the 
sites are completely occupied. In this model, Li ions are distributed over both 4- and 
6-fold coordination sites [17]. 
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Fig. 2. Ac impedance data of Li5La3Ta2Oi2 at 40 °C em-ploying lithium ion blocking Au electrodes. A 
very small bulk resistance is observed in the high frequency regime. Grain boundary contributions and a 
tail are observed at the low frequency side. The inset shows an enlargement of the high frequency part of 
the impedance spectrum. 

Compounds with the garnet-like chemical formula Li5La3M20i2 (M = Nb, Ta) 
can be prepared by solid-state reaction using required amounts of La(N03)3-6H20 or 
La203 (heated at 900 °C for at least 24 h), LiOHH20, and M205 (M = Nb, Ta) at 
elevated temperatures [19]. 10 wt.% excess of LiOHH20 was added to compensate 
the loss of lithium oxide due to evaporation at elevated temperatures [19]. 

Figure 2 shows typical impedance plots (HP 4192 A Impedance and Gain-Phase 
Analyzer, 5 Hz-13 MHz; Au electrodes) of Li5La3-Ta20i2 measured in air at 40 °C 
using sintered pellets (~ 0.2 cm in thickness and ~ 0.95 cm in diameter), indicating 
clearly the bulk (grain interior, Rb) resistance at the high-frequency side, grain 
boundary (Rgb) resistance and a tail in the low frequency regime. Accordingly, the 
low temperature impedance plots could be well resolved into bulk, grain boundary 
and elec-trode effects. The appearance of a low-frequency tail is a first indication 
that the con-duc-tivity of the investigated garnet type material is ionic in nature [20-
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22]. The impedance diagram is similar to that of the perov-skite-type lithium ion 

conductor (Li,La,D)Ti03. 
Figure 3 shows the equilibrium conductivity data of the total (bulk + grain 

boundary) ionic conductivity of Li5La3M20i2 (M = Nb, Ta). Both Li5La3M20i2 
compounds exhibit the same order of magnitude of lithium ion conductivity of about 
-lO-6 S/cm at 25 °C. The activation energies for the electrical conductivity (< 300 
°C) are 0.43 and 0.56 eV for Li5La3Nb2012 and Li5La3Ta2-012) respectively [19]. 

Temperature ("C) 

600 400 200 
-r-f 1 — ] 1 1 • 

A • 
A 

(b) A " 

1,5 2,0 2,5 3,0 

1000/T(K"1) 

Fig. 3. Arrhenius plot of the total (bulk + grain boundary) conductivity of (a) Li5La3Nb20|2 (•) and (b) 
Li5La,Ta2012(A)[19]. 

3. Alkaline Earth Ions Doped LijLajMzOu (M = Nb, Ta) 

Since the garnet-like compounds Li5La3M20i2 (M = Nb, Ta) show low lithium ion 
conductivity, we have optimized the electrical conductivity by further doping of the 
La-positions. Compounds of the nominal chemical compositions Li6ALa2M20i2 (A 
= Ca, Sr, Ba) have been prepared by solid state reactions at 700-900 °C using 
appropriate amounts of high purity (> 99 %) La203 (pre-dried at 900 °C for 24 h), 
LiOHH20, Ca(N03)2-4H20, Sr(N03)2, Ba(N03)2 and M205 (M = Nb, Ta) [8, 23, 
24]. Powder XRD patterns of Li6ALa2Nb20|2 show that all members of the 
investigated compounds crystallize in the parent garnet-like Li5La3Nb2012 structure. 
The cubic lattice constant increases with increasing ionic radius of the alkaline earth 
ion. The 8-coordinated ionic radius in-creases in the order Ca2+ (1.12 A) < Sr2+ (1.25 
A) < Ba2+ (1.42 A). The corresponding value for La3+ is 1.18 A [25]. 
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Li6CaLa2Nb20|2 shows both bulk and grain-boundary contributions, especially 
at lower temperature. The magnitudes of the capacitances of the bulk, grain 
boundary and electrode-electrolyte interface region are of the order of 10"", 10~8 

and 10 F/cm , respectively. These are characteristic values for the bulk, grain 
boundary and electrode-electrolyte interface contributions of ionically conducting 
ceramic materials [20-22]. 

The Sr- and Ba-substituted compounds (Fig. 4) show nearly a single arc for the 
bulk conductivity contribution at high frequencies and a tail in the low frequency 
regime, which results from the lithium ion blocking Au electrodes. It is surprising 
that the grain boundary contribution is only about 10 % of the bulk contribution at 
room temperature (~ 20 °C) and decreases further with increasing temperature 
[23,24], As a general feature, the alkaline earth ion substitution in the parent 
compound Li5La3Nb20|2 decreases drastically the grain boundary resistance. This 
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Fig. 4. Ac impedance (5 Hz-13 MHz) data of (left) Lif,SrLa2Nb20i2 and (right) Li(,BaLa2Nb20|2 at a few 
temperatures employing lithium ion blocking Au electrodes. The applied voltage was 100 mV. A bulk 
resistance at high frequencies, a grain boundary contribution and a tail at low frequencies are observed. 
The appearance of the tail at the low frequency side indicates blocking nature for the mobile lithium ions 
and provides evidence that the garnet-type materials are ionic conductors. The open circle shows 
measured data and the solid line represents simulated data using the EQUIVALENT (B.A. Boukamp, 
Equivalent Circuit, Report No. CT88/265/128/CT89/214/128, University of Twente, Enschede, 1997) 
program with an equivalent circuit consisting of a parallel resistance-capacitance and capacitance 
contributions (RbQbXQei.) [23]. 
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finding is a most attractive feature of the investigated garnet-type material compared 

with other ceramic lithium ion conductors. For comparison, the best lithium ion 

conductor based on perovskite (Li,La,D)Ti03 exhibits a very high grain-boundary 

resistance (Rgb « 50 Rb) under similar solid state synthesis conditions. 
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Fig. 5. Arrhenius plots of the bulk and grain boundary conductivity of (a) Li6SrLa2Ta20i2 and (b) 
Li(,BaLa2Ta20i2. The conductivity data obtained during the first heating and cooling and subsequent 
cycle follow the same line, indicating equilibrium conductivity being observed [24]. 

The Arrhenius plots of the total (bulk + grain boundary) conductivities of 
Li6ALa2Ta20i2 (A = Sr, Ba) are shown in Fig. 5. 

Table 1 lists the electrical conductivity data and activation energies of lithium 
ion conductivity of Li6ALa2M20i2 together with that of the parent compound. 
Among the compounds investigated, Li6BaLa2Ta20i2 exhibits the highest ionic 
conductivity of 4.0 x 10~s S/cm at room temperature with an activation energy of 
0.40 eV. The conductivity is higher than in the case of Li- P-alumina, thin film 
Li2.9PO3.3N0.46 (LiPON) [11,12], Li9SiA108 [26], Lil + 40 mol A1203 [27] and 
Li35Sio.5Po.sO4 (LiSiPO) [28] and is comparable to that of the rather unstable Li3N 
(decomposition voltage 0.445 V vs. Li). The high ionic conductivity in the present 
class of materials is believed to be due 

to the migration of lithium ions through interstitial sites (Fig. 6). In contrast to Li-(3-
alumina and Li3N, the garnet is an isotropic compound and hence the conductivity 
occurs in three dimensions [18]. 

Using reversible elemental lithium as electrode, Li6ALa2Ta20|2 (A = Sr, Ba) 
shows a single semicircle with a total resistance of 22.5 kQ for the Sr- and 7.5 kQ 
for the Ba-compound at 23 °C [24]. The appearance of the low-frequency intercept 
in this case is a second and more definite indication of lithium ion conduction in the 
investigated garnet-type materials, while using lithium ion blocking electrodes has 
shown a tail in the low frequency regime due to blocking of the mobile lithium ions. 

http://Li2.9PO3.3N0.46
http://Li35Sio.5Po.sO4
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The resistance values obtained using AC and DC methods using reversible lithium 
electrodes are nearly the same, indicating the absence of electrolyte-electrode inter
face resistances due to possible formation of interface reaction products [24]. 

Table 1. Comparison of Cell Constant and Lithium Ion 
Conductivity Data of Li5LajM20|2 (M = Nb, Ta) and 
LJ<ALa2M20|2 (A = Ca, Sr, Ba; M = Nb, Ta) 

Compound 

LisLa3Nb2Oi2 

LisLa3Ta20i2 

Li6CaLa2Nb20i2 

Li6SrLa2Nb2Oi2 

Li6BaLa2Nb20|2 

Li6SrLa2Ta20i2 

Li6BaLa2Ta20u 

Lattice 
constant (A) 

12.826 

12.829 

12.697(2) 

12.811(1) 

12.868(1) 

12.808(2) 

12.946(3) 

0RT 

(S/cm) 

8.0x10* 

1.3x10* 

1.6x10" 

4.2x10* 

6.0x10* 

7.0x10* 

4.0xi0'5 

E, 
(eV) 

0.43 
(< 300 °C) 

0.56 
(< 300 °C) 

0.55 
(25-300 °C) 

0.50 
(20-200 °C) 

0.44 
(20-200 °C) 

0.50 
(20-300 °C) 

0.40 
(20-300 °C) 

Fig. 6. Bond valence models for Li* transport pathways in Li5La3Nb20,2 in the "global instability index 
(GH)"-optimized model for A V(Li) = 0.1 v. u. [ 18]. 
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4. Chemical Reactivity Investigations Employing Lithium Battery Electrodes 

Stability of Li6BaLa2Ta2012 against chemical reaction with several potential lithium 
battery cathode materials were investigated by reacting mixed powders of the 
electrolyte and cathode material in approximate 1:1 wt.% ratio at 400, 600, 800 and 
900 °C for 24 h in air. Commercially available (Merck, Darmstadt) LiCo02, LiNi02, 
and LiMn204 cathode powders were mixed with Li6BaLa2Ta20|2 powders and 
ballmilled overnight in 2-propanol. The powders of Li2MMn308 (M = Fe, Co) were 
prepared by the glycine-nitrate combustion method. Appropriate amounts of LiN03, 
Co(N03)3-6H20, Fe(N03)3-9H20, Mn(N03)2-4H20 and H2NCH2C02H were 
dissolved in a minimum volume of de-ionized water to obtain aqueous solutions. 
We observed that Li6BaLa2Ta20i2 is found to be chemically stable against chemical 
reaction with layered structured LiCo02 up to 900 °C, while Ni, Mn and Co,Mn 
containing electrodes react with the electrolyte at relatively low temperature. Figure 
16 shows the powder XRD data of reaction mixtures of Li6BaLa2Ta20i2 and LiCo02 

[8]. 

Stability of Li6ALa2Ta20]2 (A = Sr, Ba) against chemical reaction with molten 
lithium was investigated inside an Ar filled glove box by reacting the sample 
powders, pellets or crucibles with large excess of molten lithium for 3-7 days in Mo 
crucibles. The results show that the colour and XRD patterns of the materials remain 
the same before and after the reaction, suggesting that the electrolyte is chemically 
stable against reaction with elemental lithium [24]. 

5. All-Solid-State Lithium Ion Cells 

The galvanic cells 

(-) Al | LiPON | Li2MMn308 (M = Co, Fe) (+) (II) 

were deposited onto alumina substrates with a typical LiPON thickness of 1 \xm. 
Sputtered Ptl0wt.%Rh films were used as current collectors. The various layers 
were prepared according to the sequence: (i) sputtering of the Pt/Rh current 
collector layer, (ii) e-beam evaporation of one of the cathode materials (Li2MMn30g 
(M = Co, Fe)) (-500 nm), (iii) annealing at 700 °C in air, (iv) rf sputtering of the 
LiPON layer (~1 um) and (v) rf sputtering of the aluminium layer (100 nm) 
[25,26], 

An ionic conductivity of the LIPON thin films of about 10 S/cm is obtained at 
room temperature with an activation energy of about 0.5 eV. These values are 
comparable with those reported in the literature [11,12]. 
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Galvanostatic charge and discharge measurements were made using constant 
currents. The results are shown in Fig. 7 a) and b) for the Co- and Fe-member, res
pectively. The first cycle consisted of a charging process until a voltage of 4.8 V 
was reached, whereas a maximum voltage of 5 V was allowed during the following 
cycles. There exist two plateaus which are expected from the valence changes of Mn 
at 3.7 V vs. Al,LiAl and of Co / Fe at around 4.8 V vs. Al.LiAl [32]. 

The chemical diffusion coefficient (D) was found to be of the order of 10~13 to 
10"12 cm2/sec for any corn-position x of Li2_xMMn308 (M = Fe, Co) in the range 
from 0.1 to 1.6 by employing the galvanostatic inter-mittent titration technique 
(GITT). AC impedance studies revealed a charge transfer resistance of 260-290 fi 
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Fig. 7. Galvanostatic charge and discharge measurements of the complete solid state cell set-up, i.e., (-) 
Al | LiPON | Li2MMn308 | Ptl0wt.%Rh (+), (a: M = Co and b: M = Fe) using a constant current of 5 uA 
and an electrode area of 6.7 cm2. The thicknesses of l^CoMfyOj, LiPON and Al layers are 500 nm, l urn 
and 100 nm, respectively. During the first cycle, the cell was charged until a voltage of 4.8 V was 
reached, whereas a maximum voltage of 5 V was allowed during the following cycles [32,33], 

and a double layer capacity of- 45-70 uF for an electrode area of 6.7 cm2 [25], 

6. Conclusions 

In the present study we have shown that the garnet-type Li5La3M20|2 and 
Li6ALa2Ta20i2 (A = Ca, Sr, Ba; M = Nb, Ta) materials form an attractive new class 
of fast solid lithium ion conductors with the highest con-ductivities (besides that of 
bulk Li3N and (Li,La, )Ti03, which are practically not applicable). The Ca-
substituted Li5La3M20i2 exhibits both bulk and grain boundary contributions to the 
total resistance, while the Sr-and Ba-substituted compounds show mainly bulk 
resistances with a rather small grain boundary contributions (~10 % of the total 
resistance at 20 °C) which further decrease with increasing temperature. 
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Among the investigated compounds, the Ba-compound Li6BaLa2Ta20|2 shows 
the highest ionic conductivity of 4.0 x 10~5 S/cm at 22 °C. The activation energy of 
0.40 eV is comparable with those of other lithium ion conductors, especially with 
the presently employed solid electrolyte lithium phosphorus oxynitride (LiPON) for 
all-solid-state lithium ion batteries. More importantly, unlike other fast lithium ion 
conducting compounds, such as Li14ZnGe4016, (Li,La,n)Ti03 and 
Li, 3Ti| 3Alo.3(P04)4, the members of the garnets investigated here, especially the Ta-
members, are less reducible by lithium metal than the Nb analogue, and the 
conductivity occurs in three dimensions. 

All-solid-state thin film batteries are feasible by employing an Al anode and 
LiPON electrolyte fabricated by subsequent deposition of these materials by 
sputtering and Li2MMn308 (M = Fe, Co) as cathode by e-beam evaporation. These 
thin film cells could be operated between 3 and 5 V vs. Al.LiAl. 
The chemical diffusion coefficients for these materials, as determined by the 
galvanostatic intermittent titration technique (GITT), resulted in values for both 
cases in the ranee of 10"'3 to 10~12 cm /s. This indicates that diffusion of lithium in 
the cathode material is the rate determining step. 
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Abstract 

Intermediate temperature solid oxide fuel cells have attracted considerable 
attention due to their good performance at relatively low operating temperatures, 450 -
650CC. This temperature range is favourable for many reasons, the temperature is high 
enough for efficient catalysis, still low enough to avoid problems associated with high 
temperature operation. Reversible fuel cells may operate as regular fuel cells as well as 
electrolysers and are therefore an interesting option in applications where the demand 
and surplus of energy is alternating, as for example, in solar energy plants. The 
possibilities to use reversible intermediate temperature solid oxide fuel cells using 
ceria-based electrolytes are reported in this paper. 
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Apart from the reduced scale of transport lengths, enhanced surface-to-volume ratio in nano-
crystals lead to a variety of exciting phenomena in the field of nano-ionics. We consider here 
some of those with special emphasis in the context of lithium batteries, addressing anomalies in 
thermodynamic, transport and storage properties: (a) Nanocrystallinity does not only lead to 
modifications in the cell voltage typically < 100 mV due to Gibbs-Kelvin term in the chemical 
potential, it also affects the shape (no longer necessarily plateau) of the discharge curves in a 
lithium battery, (b) Nanocrystallinity also allows for a storage anomaly. RUO2 and Ir02 elec
trode materials, exhibit a high storage capacity (600 - 1130 mA h g"1) with nearly 100% Co-
lumbic efficiency at the first discharge/charge cycles, (c) Nano-sized rutile exhibits remarkable 
electrochemical performance in up-taking 0.8 Li* per Ti02 as compared to bulk rutile (which 
incorporates only about 0.1 - 0.25 Li+) and showing excellent capacity retention and rate per
formance. (d) Apart from the enhanced storage capacity and efficiency, another important fea
ture of nanocrystallinity is "Heterogeneous interfacial storage" explaining extra Li storage at 
low potential. Here, we briefly present both the experimental and theoretical results supporting 
this interfacial storage mechanism. 

1. Introduction 

Nanocrystalline materials have triggered great excitement due to both technological 
as well as of fundamental interest.1"3 An often cited example is the change of ther
modynamic stability, for example, the suppression of the melting point in the case of 
nano-sized Au particles by several hundreds of degrees which is due to the excess 
surface free energy of the small particles4 according to: 

JUMX (nano) = MZx + (2? ' * > (1) 
where, } is the average surface tension, r is the average radius and v is the molar 
volume. While electronic materials are widely investigated at nano-size1'2, this is not 
so much the case for ionically as well as mixed conducting materials, although they 
play a significant role in a variety of applications such as batteries, fuel cells and 
sensors. Though classical in nature, nano-ionic effects are by no means less striking ' 
5"7. In the present article, we emphasize these nano-size effects in ionic/mixed con
ducting materials and present few phenomena that we observed recently with special 
emphasis to the lithium batteries, addressing few selected anomalies in storage, 
thermodynamics and transport properties. 

2. Thermodynamics of Nanoparticles 

Energetics of nanoparticles have been well studied using calorimetric techniques, 
among which the excess surface enthalpy measured by molten calorimetry experi-
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ments on nanoparticles of alumina and titania by the group of Navrotsky are worth 
mentioning.8,9 Electrochemical e.m.f. measurements are also known to provide ther
modynamic data of both excess surface enthalpy as well as entropy if measured as a 
function of temperature.10'11 Our recent e.m.f. measurements on nanosized rutile 
particles (25 and 100 nm) in the temperature range 300 - 400°C using an electro
chemical e.m.f. cell comprising of a composite of Na2Ti60i3, rutile and gold powder 
separated by Na-B" alumina as electrolyte - provided valuable thermodynamic infor
mation in particular of the excess surface contributions. While the reference electrode 
consists of 2 \xm sized rutile, the working electrode contains nano-sized rutile parti
cles of either 25 nm or 100 nm. To a first approximation the e.m.f. is related to the 
Gibbs free energy of coarsening through the Nernst equation by: 

( 2 f / r ) v = - n F E (2) 
It has however to be pointed out that in e.m.f. method the experimentally acces

sible interfacial contributions stem from the electrode particles at the elec
trode/electrolyte interface.10'12 A stable excess e.m.f. of about 62 mV was obtained at 
350°C for the nano-sized rutile of 25 nm versus 2 um bulk rutile which corresponds 
to an effective f of 0.75 J m"2.13 

3. Transport Anomalies in Nanostructured Materials 

In the nanocrystalline materials, owing to a largely enhanced surface-to-volume ratio, 
the overall electrical response may be dominated by the boundary contributions. The 
space charges at boundaries might refer to accumulation or depletion situations. 

Epitaxial heterolayers of CaF2/BaF2 prepared by molecular beam epitaxy by Sata 
et al.,14 have shown anomalous transport behavior with mesoscopic situation in 
which all the electro-neutral bulk has disappeared and the boundary layers overlap 
resulting in an artificial ion conductor. 

Acceptor doped, ZrC>2, Ce02 and SrTi03 ceramics are well investigated materi
als for the depletion situation, where the grain boundaries have been found to be 
positively charged and accompanied by space charge zones in which electron holes 
and oxygen vacancies are depleted.15'16 Detailed impedance analysis of dense nano
crystalline SrTi03 ceramics (80 nm) in comparison to microcrystalline samples (2500 
nm) gives direct and unambiguous evidence of a space charge overlap as characteris
tic size effect.17 While, two relaxation times are clearly identified for the micro-
crystalline SrTi03 (2500 nm), in nanocrystalline SrTi03 only a single relaxation time 
referring to the low frequency signal remains. Thus unlike microcrystalline SrTiC>3 
exhibiting both bulk and semi-infinite interfacial contributions to conduction, in 
nanocrystalline SrTi03 the bulk contribution disappears and space charge effects are 
observed throughout. The Debye length is deduced to be larger than the grain size, 
thus confirming the appearance of a mesoscopic phenomenon that the depleted space 
charges overlap within the grains.17 This phenomenon is the counterpart to the ac
cumulation layer overlap discussed above14 but occurs at much larger spacing owing 
to a lack of screening (depletion of carriers) and the larger dielectric constant. 
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4. Lithium Batteries 

Nanostructured materials are advantages for device applications that operate at tem
peratures that are low or moderate. In this context, nanosized materials are highly 
beneficial for lithium batteries that work at room temperature. Let us now discuss a 
few phenomena related to nanocrystallinity that are relevant to lithium batteries. 

4.1 Anomalous Energy storage 

Rechargeable Li ion batteries are key components of modern portable electronic 
devices. Commercial rechargeable Li ion battery which uses rocking chair cell 19 

with LiCo02 and C as the positive and negative electrodes respectively has the ad
vantages of both excellent cyclic performance and coulombic efficiency (exceeding 
95%). However, such a homogeneous storage process suffers from low storage ca
pacity resulting in a low energy density (~ 150 W h kg"1). Most of today's high-
performance portable microelectronic devices demand a high energy density. In this 
context, high lithium storage has been achieved in several transition metal oxide 
compounds (CoO, NiO, FeO, Cr2C>3 etc., ) using a reversible heterogeneous reac
tion20 that involves conversion of oxides to a composite of metal and Li20 at nano-
size on incorporation of Li. Apart from oxides, this heterogeneous conversion reac
tion has also been reported in fluorides, such as TiF3, VF3, FeF2, etc. 21"23 Although 
an enhanced Li storage capacity (in the range 800-1200 mA h g"1) has been achieved 
through conversion reaction in the above cited materials, the reversible capacity 
(coulombic efficiency) during first cycle is only about 70 - 80 %, while remaining 
20-30% of lithium is lost permanently within the Li20 host matrix. 

We have shown that Ru0 2 as an exceptional material exhibits not only high 
lithium storage capability but nearly 100% coulombic efficiency.24 Fig. 1 shows the 
reversible Li storage in a Ru02/Li electrochemical cell using nano-sized (100 nm) as 
well as micro-sized (10 \x,m) Ru02 . During first discharge, three distinct regions (a, b 
and c) are observed for 100 nm sized Ru02 . The first short plateau (a) appears at 2.1 
V due to insertion of Li into Ru02 , the second plateau (b) occurs at 0.9 V due to the 
conversion reaction forming Ru/Li20 nanocomposite in the size range 2- 5 nm while 
the third sloped region (c) is an extra storage of Li due to the formation of a Li-
containing solid electrolyte interface (SEI) and the interfacial storage discussed later. 
Thus high Li storage of ~ 1130 mA h g"1 has been achieved due to the incorporation 
of 5.6 Li+ at a rate of C/20. Furthermore, virtually all Li+ ions can be extracted out in 
the case of 100 nm Ru0 2 corresponding to a nearly 100 % coulombic efficiency at 
the first cycle. It may be noted that Ru0 2 exhibits very high electronic conductivity 
(rje0n)25 and reasonably high Li diffusivity.26 Moreover, the preliminary thermogra-
vimetric measurements on Ru0 2 suggest that it is relatively easy to introduce non-
stoichiometry within Ru02 providing an indirect indication of high oxygen diffusion. 
Thus, achieving a complete reversibility through complex heterogeneous solid-state 
electrochemical reactions is believed to be due to the formation of nanoscale 
Ru/Li20 (2-5 nm) composites during Li incorporation and nano-Ru02 (2-5 nm) 
during Li excorporation, in addition to the favorable transport properties of Ru02 

itself. 
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Micro-sized Ru02 exhibits similar electrochemical behavior as seen from Fig. 
1; however, the first plateau occurs at 1.1 V, that is the insertion reaction at a rate of 
C/20 seems to be too sluggish for 10 \m\ Ru02 and occurs at 1.1 V due to polariza
tion. On discharge at a rate of C/200, the first plateau occurs at 1.5 V, revealing the 
kinetic problem of the incorporation of Li into 10 nm Ru02. Owing to high o"eo„ 
insertion is limited by the Li+ conductivity. It is worth mentioning that the conver
sion reaction occurs at the same potential in both samples and a complete extraction 
of Li has been achieved in both nano- and micron- sized Ru02 

x in Li RuO, 
X 2 

0 200 400 600 800 1000 1200 
Capacity / mAh g"1 

Figure 1. Electrochemical discharge/charge curves for the Ru02/Li cell. Solid lines refer to 100 nm 
grain size, while the dashed line refers to 10 (im Ru02. Note that the grain size of Ru02 during second 
discharge (solid line) is around 5 nm.24 

Electrochemical performance of Ir02 having similar rutile structure as that of 
Ru02 is investigated in the same voltage window (0 - 4.3V). Both Ru02 as well as 
Ir02 exhibit nearly the same order of electronic conductivity,25 and the insertion 
reaction is reported to occur nearly at the same potential (2.1 V).27 Fig. 2 shows the 
discharge/charge curve for Ir02 of 10 p,m particles with a porous structure resulting 
in rod shaped grains of 100x400 nm. Such a mesoporous Ir02 exhibits a high Li 
storage of ~ 650 mA h g"1 upon incorporation of 5.4 Li. Analogous to Ru02, the 
incorporation of Li+ into Ir02 involves three regions: first, plateau (a) due to inser
tion of Li into Ir02, second, plateau (b) due to conversion reaction forming Ir/Li20 
nanocomposites and third, the slope region (c) due to extra Li storage. No alloy re
action between Li and Ir has been observed. As seen from Fig. 2 and, unlike Ru02, 
during charging only about 74 % of Li could be extracted from the Ir/Li20 nano-
composite. The first plateau due to the incorporation of Li into Ir02 indeed occurs at 
1.3 V much below the expected potential of 2.1 V. However, upon incorporation at a 
slow rate, the insertion occurs at a slightly higher potential of 1.6 V (not shown in 
Fig. 2). 
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Comparison of the insertion of Li+ into Ru02 and Ir02 indicates that the incor
poration reaction requires sufficient ion conductivity (ae0n)- The fact that only 74 % 
of Li could be extracted from Ir02 indicates a sluggish mass transport within Ir02. 
By introducing oxygen non-stoichiometry into Ir02 intentionally through appropriate 
heat treatment under reduced atmosphere, extraction of Li+ was achieved to nearly 
100% from Ir/Li20 nanocomposite, indicating the importance of oxygen transport 
during the reversible reaction. 

1 1 1 1 1 1 1 1 • 1 1 1 1 1 • 1 1 1 • 1 1 1 1 1 1 1 • 1 • • 1 • 1 1 1 1 

0 100 200 300 400 500 600 700 

Capacity / mA h g"1 

Figure 2. Discharge and charge curves for IrCVLi cell. Note that the Coulombic efficiency increases on 
charging with slow rate. 

4.1 Cell Voltage and Shape of the Curve 

Nano-size results in an excess cell voltage that can be estimated by Eqn. 1. For a 
grain size of 1 nm, } being ~ 0.1 J m"2 and v, the molar volume assumed to be 25 
cm3 mole"1, the cell voltage may be modified by about 100 mV.28 

In general, different storage mechanisms will result in different charging/ 
discharging curves during conversion reaction. Since these curves usually are affec
ted by overpotentials due to kinetic reasons, we assume here that the charging rates 
are very small, such that the curves can be considered on a thermodynamic basis. 
We may expect three storage mechanisms: (i) homogeneous insertion of Li into 
bulk. The corresponding charge/discharge curve will be slightly sloped due to the 
entropy part and the interaction terms of the Li chemical potential (anomalies are 
possible due to structural transitions), (ii) As the saturation limit is reached, the 
conversion reaction takes place, where the charge/discharge curve is flat. A non-
vanishing slope (see the second discharge of Ru02 in Fig. 1) occurs due to nano-size 
effects according to Eqn. 1. (iii) After the completion of the conversion reaction, a 
further storage is possible due to the presence of interfaces. This storage mechanism, 
which will be explained in the next section, yields a capacitor like char
ging/discharging behavior. 
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Note again the consequences of the Gibbs-Kelvin Term for the Li chemical 

potential ( v u is the partial volume of Li in LiX): 

JULI(7) = JUZ+2(^-)VU (3) 

r 
Not only does a variation of y and r with Li content explain variation in the slope 

of the discharge/charge curve in macroscopically non-variant situations, Eqn. (3) also 

predicts, according to a constancy of JULi ( r ) within the nanocrystalline electrode, a 
composition distribution in the grain ensemble as a consequence of the grain size 
distribution. 28 

4.3 Interfacial Storage 

A recent striking observation in M/Li20 nanocomposites (where M means transition 
metals such as Co, Cu, Fe, Ni, Mo, etc., that do not alloy with Li) investigated for 
rechargeable Li batteries, is the occurrence of an extra Li storage at low potential. 
To make this point clear let us recall the storage behavior of the Ru0 2 electrode 
material. As mentioned earlier, incorporation of 4Li per Ru0 2 formula unit leads to 
the formation of a Ru/Li20 nanocomposite with crystallite sizes of 2-5 nm.24 Further 
incorporation (up to 5.6Li per Ru02) results in a sloped behavior. On charging, if the 
voltage is limited between 0.02-1.2 V (as the slope ends at 1.2 V), a reversible Li-
storage capacity of 120 mA h g"1 is observed at a slow rate (i.e. discharge in 45 min.) 
with a capacitive behavior.30 A storage capacity of 70 mA h g"1 was achieved at a 
fast rate {i.e. discharge in 1.3 min.) within this voltage window. A similar behavior 
observed in the Co/Li20 nanocomposite at low potential has been tentatively ex
plained by a reaction of Li with the conducting-type polymer film formed in situ?9 

However, at least in the case of Ru/Li20 nanocomposite, it is clear from the high 
resolution transmission electron microscope images2 that the passivation layer 
mainly decomposes on charging beyond the sloped region (1.2 V). This observation 
and the fact that the storage can occur even at a fast rate suggest that the extra Li-
storage is due to a process that is different from the homogeneous insertion and het
erogeneous conversion reactions. Another explanation given in the literature31 is the 
segregation of metal at the grain boundaries/interface and subsequent alloy reaction 
of metal with the incorporated Li. This possibility is, however, unlikely in the case of 
the Ru/Li20 nanocomposite, as no alloy reaction has been known between Ru and Li 
metals. 

In Ref. [28], a Heterogeneous interfacial charge storage mechanism was pro
posed to explain the origin for this anomaly. As shown in Fig. 3 according to this 
model, Li+ ions are stored on the oxides side of the interface while electrons (e~) are 
localized on the metallic side resulting in a double layer storage. If the spacing of the 
interface is of the order of the screening length the difference between a capacitor 
and a battery is blurred. 
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Figure 3. Schematic representation of the interfacial lithium storage. 

In order to check these ideas, in Ref. [30] ab initio hybrid DFT-HF B3PW cal
culations were performed for the Li20/Ti interface. Although it is known that TiC>2 
cannot be electrochemically reduced to metal, the Li20/Ti interface has been chosen 
here as a model interface mainly due to a proper lattice matching and absence of 
irregular structures and steps at the interface. The Li20/Ti interface is modeled by a 
slab infinite in two dimensions and containing six (111) planes of Li20, in contact 
with one or two Ti (0001) planes. 

Different positions of inserted Li atoms have been considered: positions at the 
slab surface opposite to the Ti/Li20 interface, positions at octahedral interstitial sites 
inside the slab, and finally at the interface between Ti and Li20 slab. Self-consistent 
calculations in this special case show a considerable electron transfer from excess Li 
atoms towards Ti atoms if it is close to the interface, providing evidence for the inter
facial lithium storage.30 

4.4 Lithium storage in nano-sized rutile Ti02 

Amongst the transition metal oxides, nanostructured Ti0 2 has been widely investi
gated for Li insertion because it is not only a low-voltage insertion host for Li, but 
also a fast Li insertion/extraction host, which renders it a potential anode material for 
high-power Li-ion batteries.32"35 Fig. 4 presents, the electrochemical behavior (lith
ium insertion/extraction) of rutile with different particle sizes and shapes. The differ
ence in Li insertion between the micro- and nano-sized rutile is evident. For all the 
micrometer-sized particles, only a small degree of Li insertion (0.1-0.25 mol) into 
rutile was observed, as it is typical for micro-sized rutile.35 In contrast, in the case of 
nano-sized rutile, a substantially higher amount of 0.8 mol Li can be inserted in the 
first discharge process, and about 0.5 mol Li can be reversibly inserted/extracted in 
the subsequent discharge/charge processes. This major difference in the electro
chemical behavior of nano- and micro-sized rutile is explained by the small diffusion 
length and the anisotropy of mass transport. 
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Fig. 5 in which cycling was carried out at a rate of C/20 between voltage limits 
of 1 and 3 V, shows an irreversible capacity in the first discharge and charge process, 
which was also observed for anatase,3 or Ti02-B nanowire,36 and is not fully under
stood so far. However, after the first cycle, the coulombic efficiency is above 98% 
and thereafter the retention of capacity on cycling is excellent, which can be ascribed 
to the stability of the morphology and the better accommodation of the structural 
changes at nano size. Another excellent property of this nano-sized rutile is the high 
rate capability. Results are shown in Fig. 5 in which rates of up to 30C have been 
employed. The cell was first cycled at C/20 and, after 50 cycles, the rate was in
creased in stages to 30C. A specific charge capacity of around 160 mA h g"1 was 
obtained at a rate of C/20 after 50 cycles; this value is lowered to 150 mA h g"1 at 
C/5, 132 mA h g"1 at 1C, 110 mA h g"1 at 5C, 100 mA h g'1 at 10C, 81 mA h g-1 at 
20C, and finally, 70 mA h g"1 at 30C. As far as titania is concerned, this seems to be 
the best rate performance especially at higher rate. This high rate capability results 
from the transport advantages of this special nanostructure, such as shorter transport 
lengths for both electronic and Li+ transport as well as a higher electrode/electrolyte 
contact area. 

x in LixTi02 

0.0 0.1 0.2 0.3 0.4X 0.5 0.6 0.7 0.8 0.9 

11 11 11 ri 11 | i i i i i i i i r | i i i i i i i i i | i i i i i i i i i | i i i 11 ri i 11 i i i r i i n r 

0 50 100 150 200 250 300 

Capacity (mA h g"1) 

Figure 4. Voltage profiles of rutile electrodes with different particle sizes and shapes cycled between 1 and 
2.8 V (Ref. 37). 



744 

300 

250 

T o ,200 . 

1 150' 

CO 
Q . 
CO 

o 5 0 -

C/20 

• i i—r-

• Charge capacity 
• Discharge capacity 
• Charge capacity at C/20 
o Discharge capacity at C/20 

• i—i—r~ • i — i — r -

20 40 60 

Cycle number (n) 

80 

Figure 5. Variation in discharge/charge capacity versus cycle number for nano-sized rutile electrode 
cycled at C/20, C/10, C/5, 1C, 2C, 5C, 10C, 20C, and 30C between voltage limits of 1 and 3 V. (Ref. 37) 

5. Conclusions 

In this article, we have discussed different anomalous phenomena due to nano-size 
effects. The emerging field of nano-ionics is relevant not only for fundamental sci
ence, but also important for technological applications. It is shown that the nano-
crystalline electrodes exhibit both high storage capacity as well as high coulombic 
efficiency and in some cases high rate performances. An interfacial lithium storage 
mechanism which is a consequence of nanocrystallinity has been discussed to ex
plain the extra storage at low potential in metal/Li20 nanocompoites. 
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Electrochromic (EC) materials are able to change their optical properties, 
persistently and reversibly, under insertion/extraction of ions and electrons. 
When integrated in solid state devices, they can be used for a variety of appli
cations such as energy efficient "smart windows" in buildings and vehicles, 
visors and goggles, displays, etc. This paper summarizes some recent work 
with special emphasis on nano features of EC materials and devices. 

1. Introduction 
Modern Man normally spends some 90 % of his time inside buildings and 
vehicles. The quality of the indoor environment hence is of the greatest 
importance, and more and more energy is used to maintain it at a level that is 
both comfortable and healthy. Looking at the EU, some 40 % of the energy 
supply is used for heating, cooling, ventilation, and lighting of buildings, as 
well as for appliances; in financial terms this corresponds to some 4 % of the 
Gross National Product.1'2 

The purpose of this article is to emphasize that new solid state ionic 
nanomaterials offer a number of attractive alternatives to employ solar energy 
for maintaining a benign indoor environment. More specifically, we consider 
heating, cooling, lighting, and visual contact between indoors and outdoors, 
which calls for "smart windows" capable of changing their throughput of 
visual light and solar irradiation by utilizing electrochromic (EC) materials 
characterized by specific nanostructures, thereby avoiding excessive solar 
heating while taking advantage of this heating when there is a need for 
such.3'4 Other nanomaterials, which lie outside the scope of this article, 
include cheap nanomaterials-based sensors for air quality used to accomplish 

747 

mailto:claes-goran.granqvist@angstrom.uu.se
mailto:andris.azens@chromogenics.se


748 

energy efficient "ventilation on demand", and nano-structured photo-catalysts 
that can be used for solar-energy-related air cleaning5 and consequently redu
ced ventilation. Most of the results summarized below are from recent work 
by the authors and their collaborators, as apparent from the citations to the 
various publications. 

2. Electrochromics for Energy Efficient "Smart Windows": 
Device Design and Materials 

Figure 1 shows a prototype of a "smart window" with four 30 x 30 cm2 EC 
foils4,6,7 mounted between glass panes. The upper two panels are fully colored 
while the lower two are fully bleached. Each of the panels can shift gradually 
and reversibly between the dark and transparent states in about a minute, i.e., 
during the time it takes for the human eye to adapt to different lighting con
ditions. It is important to note that the window maintains its primary funct
ion—that of providing unmitigated visual indoors/outdoors contact—irres
pective of the state of coloration. The windows cannot give privacy, though. 

Fig. 1. Smart window prototype with four 30 x 30 cm2 panels. 

The EC "smart window" exhibits some resemblance to a thin-film elec
trical battery, as evident from Fig. 2. The device has five superimposed layers 
on a transparent substrate, typically of glass or flexible polyester foil, or posi
tioned between two such substrates in a laminate configuration.3 The outer-
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most layers are transparent electrical conductors, typically of In203:Sn (i.e., 
Indium Tin Oxide, ITO).8 One of these layers is coated with an EC film, 
whereas the other is coated with an ion storage film, with or without EC pro
perties. Both of these films must comprise nanomaterials characterized by 
well specified nano-porosities. A transparent ion conductor (electrolyte) is at 
the middle of device and joins the EC and ion storage films. A voltage pulse 
applied between the transparent electrodes leads to charge being shuttled bet
ween the EC and ion storage films, and the overall transparency is thereby 
changed. A voltage pulse with opposite polarity—or, with suitable material 
combinations, short circuiting—makes the device regain its original proper
ties. The optical modulation requires a DC voltage of as little as 1 to 2 V. The 
charge insertion into die EC film(s) is balanced by electron inflow from the 
transparent electrode(s); these electrons can make intervalency transitions 
(i.e., yield polaron absorption), which constitutes the basic reason for the 
optical absorption. 

Fig. 2. Prototype EC device, showing transport of positive ions under the action of an 
electric field. From Ref. 3. 

Regarding materials in EC devices, the ITO can be replaced by ZnO:Al, 
Sn02:F, or similar oxides.9,10 The global availability of In is larger than is 
sometimes anticipated," and ITO may well be the option even for large-scale 
production of EC-based "smart windows". The EC film is W03-based in 
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almost all devices for window applications, whereas there are many possi
bilities for the counter electrode. ' 2'13 Among the latter, films based on Ir02 

and NiO have enjoyed much interest recently. Ir02-based alternatives are 
inherently expensive, but good EC properties are maintained after dilution 
with cheaper Ta205.

14 Figure 3 shows a high-resolution transmission electron 
micrograph of an Ir02 film from which a well defined nanostructure with 
nanometer-sized crystallites is apparent;15 films containing Ta displayed a 
more fine-grained structure. NiO-based films combine moderate cost with 
excellent optical properties, especially when the NiO is mixed with another 
oxide characterized by a wide band gap such as MgO or A1203.

16 EC devices 
can use many different electrolytes, either being hydrous oxides exhibiting 
proton conduction or polymers with ion conduction due to added salts. 

Fig. 3. High-resolution transmission electron micrograph of an Ir02 film made by 
reactive magnetron sputtering. From Ref. 15. 

EC devices have been discussed a long time, ever since the display-type 
devices presented shortly after the discovery of electrochromism in W03 

films.17 Generally speaking, the progress of technologies based on electro
chromism has been slow, which may be associated with the necessity of 
simultaneously mastering a range of non-conventional technologies as 
follows: (/') the ITO must combine excellent electrical conductivity with very 
low optical absorption, which is challenging in particular for films on temp
erature sensitive substrates such as polyester; (ii) the EC and counter elect
rode films must exhibit well specified nano-porosities over large areas, which 
require non-standard coating technologies; (Hi) viewing the EC device as a 
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type of "thin film battery", it is evident that charge insertion/extraction and 
charge balancing must be accomplished by properly controllable and indust
rially viable techniques, such as gas treatments;18 (iv) the electrolyte must 
combine good ion conductivity with adhesiveness and high transparency for 
ultraviolet irradiation; and (v) long-term cycling durability demands adequate 
strategies for voltage and current control during coloration/bleaching—just as 
it does for charging/discharging of batteries. All of these challenges can be 
successfully met, however, and EC technology finally may emerge as a tech
nology for large-area, large-scale applications.19 

Film porosity on the nano scale is necessary, as stressed above. Virtually 
any thin film technology may be capable of achieving the desired properties, 
though with more or less difficulty. Regarding sputtering, the deposition 
parameters should be confined to those giving "zone 1" films in the well 
known "Thornton diagram".20 The specific nano-topography then accomp
lished has been referred to as "parallel penniform" at least in the case of some 
Ti02 films.21 Figure 4 shows a cross-sectional image of such a film. The 
combination of large internal surface and contiguity makes this structure ide
ally suited for applications in electrochromics as well as in other types of 
solid state ionic devices. 

Fig. 4. High-resolution transmission electron micrograph of a cross section through a 
Ti02 film made by reactive DC magnetron sputtering. From Ref. 21. 
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3. Device Data and Energy Efficiency 
Figure 5 shows characteristic data for a 5 x 5 cm2 flexible EC foil incorpo
rating W03 , NiO modified by addition of a wide band gap oxide such as 
MgO or A1203, PMMA-based electrolyte, and ITO films.6'7 The mid-
luminous transmittance (T550, where the subscript denotes the wavelength in 
nanometers) rapidly attains ~68 % upon bleaching and drops to ~36 % during 
a coloration period of 50 s. Still lower values can be reached with extended 
coloration times. The modulation is smaller, but still significant, for blue light 
(T400) whereas it is larger for red light (r775). The substantial transmittance at 
the ultraviolet end of the spectrum is associated with the oxide added to the 
NiO. Durability was manifest for several tens of thousands of coloration/ 
bleaching cycles. The open circuit memory is excellent, and the optical pro
perties are maintained virtually unchanged for many hours. 

TO 
fci 

TO 

400nm 
•B—550nm 
*- -775nm 

150 

Time (sec) 

300 

Fig. 5. Time-dependent transmittance during coloration/bleaching of an EC device, 
recorded at three wavelengths. 
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The energy efficiency inherent in the "smart windows" technology has 
been difficult to come to grips with, partly since the most fundamental func
tion of a window or glass facade—that of providing unmitigated visual con
tact between indoors and outdoors—has not always been fully appreciated. 
From a strict energy perspective, it may be beneficial to eliminate the win
dows entirely, but this is highly detrimental to the wellbeing and working 
efficiency of the persons using the building, who normally would rather 
prefer a panoramic view of their ambience. Energy efficiency of the windows 
hence must be reached with a full understanding of their need to provide 
transparency. 

A "back-of-an-envelope-analysis" of the energy efficiency22 can be made 
by first setting the solar energy falling onto a vertical surface per year to 1000 
kWh/m2. This represents a nominal value, and more correct numbers for 
South-facing/North-facing/horizontal surfaces are 850/350/920,1400/450/ 
1700, and 1100/560/1800 kWh/m2 for Stockholm (Sweden), Denver 
(U.S.A.), and Miami (U.S.A.), respectively. Half of this, i.e., 500 kWh/m2, is 
visible light. This latter number is used in the analysis since infrared radiation 
can be eliminated—at least in principle—by use of known technology for 
"solar control" that does not require variable transmittance.9'10 If the trans
parency can be altered between 7 and 75 %22—which is by no means unlikely 
given further EC technology development—the difference between having 
the window constantly colored and constantly bleached is 340 kWh/m . 
Actually, the stated range of optical modulation can be accomplished already 
today,22 but at the expense of slow coloration dynamics and some degrada
tion under extended cycling. 

The next issue is then to contemplate when the "smart window" should 
be colored and when it should be bleached. With physical presence of per
sons as the basis of the control strategy, the question is when a room is in 
use—or, more precisely, the fraction of the solar energy that enters when 
nobody is present. Considering that a normal (office) room is empty during 
vacations, holidays and weekends, early mornings and late afternoons (when 
the sun stands near the horizon), etc., it may be a conservative estimate that 
50 % of the energy enters when no one is present to look through the win
dow. This estimate then yields that 170 kWh/m2 is the amount of energy 
saved annually by adopting the given control strategy. In order to answer the 
question whether this savings is significant or not, one can note that 17 % is a 
typical value for today's best thin-film solar cells and sub-modules.23 Thus 
these solar cells would be able to generate 170 kWh/m2 if they were to 
replace the "smart window" in the example. Clearly the analogy between 
energy savings in "smart windows" and energy generation in solar cells is not 
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tied to the choice of the incident solar energy being 1000 kWh/m2 but applies 
generally irrespectively of the orientation of the surface under examination. 
The "smart window" saves thermal energy, but if a cooling machine for 
providing comfort cooling—operating with an efficiency of 300 %, say— 
runs on electricity generated with an efficiency of 33 % then the analogy 
becomes perfect. This latter consideration implies that one employs a 
"national scenario" for the energy, with a "Coefficient-of-Performance" 
("COP-factor") equal to unity. 

A complementary view on the energy efficiency of "smart windows" can 
be reached from building simulations, which have been completed recent
ly.24'25 Specifically, calculations for a standard office module with well 
defined size, window area, lighting demand, occupancy, equipment, etc., 
showed that the energy savings potential was considerable for the cooling 
load. The studied office block was oriented with one facade facing South and 
one facing North, and the simulations were performed with climate data 
applicable to Rome (Italy), Brussels (Belgium), and Stockholm (Sweden). 
When using "smart windows" instead of conventional static solar control 
windows, the energy for space cooling, on an annual basis, could be reduced 
by as much as 40 to 50 %. The amount of saved energy is obviously climate 
dependent. In moderately warm climates, such as those of Brussels and 
Stockholm, the number of days with very high outdoor temperatures is 
relatively small but the energy required for balancing excessive solar energy 
inflow nevertheless is substantial, and an interesting result of the simulations 
was that the cooling power could be reduced so that air conditioning may be 
completely avoided when "smart windows" are used, thus indicating that the 
additional cost for "smart windows" can be more than balanced by the 
elimination of an air conditioning system. Similar analyses can be made with 
regard to vehicles.26 

Irrespectively of the analysis being intuitively based or rooted in ela
borate energy simulations, the energy efficiency is very significant and the 
"smart windows" technology stands out as a very important one for allevia
ting our current dependence on non-renewable energy resources. But there 
are other assets of relevance as well. Thus the ability to change the trans
parency at will makes it possible to create an ambience with enhanced indoor 
comfort, characterized by less glare and thermal stress, when the room is in 
use. Lowered electrical lighting is another interesting possibility.27 
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Gas sensors has been currently in great demand due to serious concern over environmental 
pollution and public health considerations resulting from tremendous growth of 
industrialization. Concurrently, there have been continuous efforts to obtain sensors with 
improved performance. This article presents the factors contributing towards a gradual 
development of electrochemical solid-state gas sensors in terms of a continuous tailoring of its 
two basic components i. e., solid electrolyte and reference electrode. Particularly, the 
conductivity data of optimized carbonate based solid electrolytes indicated about three orders 
of magnitude enhancement in conductivity due to glass dispersion. The sensor performance of 
glass as well as ferroelectric dispersed composite electrolytes is better than mono-phase. 

1. Introduction 

Today the whole world is in the grip of global warming, ozone layer depletion, 
acid-rain and toxicity resulting from various gaseous pollutants released by 
tremendously grown industries, automobiles and homes. 

Most industrial processes and their safety as well as operability in turn the 
economic performance depend substantially on how perfectly they have been 
controlled. Therefore, significant incentives exist to either employ controls to 
processes that be short of in them or make better the control of those already being 
regulated. Sensors, in general, and gas sensors, in particular have been the root of a 
number of intelligent control systems used for improved process operation and 
environmental protection. Consequently, there has been ever increasing demand for 
compact, economical sensor for making a device, which detects gases in real-time. 

Both legislation and marketing factors have greatly influenced devices based 
on gas sensor in recent years and the state of art achieved technology [1, 2]. 
However, the current dominant influence with regard to gas detectors/analyser 
development, without doubt, been pressure from environmental protection and 
vehicle pollution control. Present paper deals with technical subject on C02 

electrochemical gas sensors. It was thought imperative to discuss the present state 
of art followed by our own experimental details, results and discussion on each 
technical part. 

As a matter of fact, C02 gas is very difficult to detect by conventional gas 
sensors for the reason of its high stability at ordinary temperatures. Many kinds of 
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compact C02 sensors using various materials, such as solid electrolytes [3-6], 
mixed oxides [7], zeolites [8], polymers with carbonate solutions [9] and so on, 
have been investigated so far. None of them seems to have achieved sufficient 
performance characteristics for practical use. Among these, solid electrolyte based 
sensors have been of particular interest again from the viewpoint of low-cost, 
simple structure, high sensitivity and simplicity of detection mechanism. 

The C02 sensors developed, in initial stages, have been utilised carbonate 
based solid electrolyte and gaseous (C02+02+Ar) reference electrode. The use of 
gaseous reference electrode, however, has been found very cumbersome and 
involved complexity in many practical applications. Nevertheless, the use of alkali 
carbonates makes the best choice for its high selectivity. These electrolyte materials 
suffers from the following major drawbacks: 
• Hygroscopic nature of pure carbonates (e.g. K2CO3[10,l 1]) drifts the cell emf 

under humid condition. Other alkali carbonates employed, including Li2C03 

[12,13], Na2C03 [14-18], and Cs2C03 [19], slightly lowers the water cross-
sensitivity. 

• Required to operate at high temperatures to get sufficiently high ionic 
conductivity (~10"4 S cm"1 or greater) [20-22]. 

• Porosity and poor mechanical strength of pure alkali carbonates has also 
restricted their use. 

In order to overcome the last two difficulties, mentioned above, altogether 
a different configuration (type III cell) has been proposed. In this configuration any 
good ionic conductor is used as an electrolyte over which a thin layer of carbonate 
is spread for gas sensing purpose. 

The first type-Ill C02 gas sensor has been proposed with use of NASICON 
(Na3Zr2Si2POi2) and Na-/3-alumina as electrolyte [23]. A porous layer of Na2C03 

has been attached on one of its surface as gas sensitive auxiliary phase. Various 
ratios of Na20/Al203 in the solid electrolyte have been tried. The following 
equation gives the theoretical emf of sensor 

E _ AGWa2Q + AGCO; ~ A G ^ C Q , RT 3wa2oPc02 , ] \ 

IF 2F " P* 

where AG" is the standard free energy of formation for species /, 0^020 the activity 

of Na20 in NASICON, PC02 and P* are C02 partial pressure and atmospheric 
pressure of 1.01x10s Pa, respectively. The activity of reference has e been fixed by 
the electrolyte itself. A comparison of performance of different sensors having 
either gaseous or sealed reference electrode is given in table 1. The major drawback 
associated with gaseous or sealed reference electrodes is its hermetic sealing from 
test gas. Moreover, for the sensors where reference activity is fixed by the 



758 

Table 1: A comparison of potentiometric C02 sensors with gas reference and sealed reference 
electrodes (concentration is in ppm unless specified) 

Sr.# 

1. 

2, 
3. 

4. 

5. 

6. 

7. 
8. 
9. 

10. 

11. 

12. 

13. 

Reference 

Gas 

Gas 
Gas 

Gas 

Gas 

Gas 

Pt, Na20 
Pt, Na20 
Pt 

Pt 

Pt sealed 

Pt sealed 

Pt sealed 

Electrolyte/ 
Test electrode 

0.99Na2CO,+ 01BaCO, 

Na2C0,+BaC0,+Y20, 
Lil.3AI0.7Ti0.7(PO4), 
Li2CO, AP 
LiTi2(PO4)2+0.2Li,PO4 

Li2CO,+Li20 AP 
LiTi2(PO4)2+0.2Li,PO4 

Na2CO,+Li2CO,+K2CO, AP 
Na2CO,+BaCO,;Na2CO,+Ba 
CO,+ Y20, AP 
NASICON /Na2CO, AP 
NASICON/Na^O, AP 
NASICON/Na2CO,+46at%B 
aCO,AP 
NASICON/Na2CO,+60at%Sr 
CO, AP 
K.20-Sm20,-6Si02/K2C0, 
AP 
Li20-Sm20,-2Si02/Li2COj 
AP 
MAlSi206 (M: Li, Na, K, Rb 
& Cs) AP 

T 
(°C) 

560 

500 
-

650 

350 

500 

523 
417 
550 

550 

270-
600 
450-
550 
400 

iw 
(sec) 

-

1-2 
4-5 

<30 

30 

1-2 

-
<2 
8 

-

-4 

~1 

Range 
(ppm) 

0.8-1.4 
V% 
1.5-103Pa 
80-13000 

-

80-13000 

1.5-10'Pa 

l.llx!05Pa 
-
4ppm-4% 

-

lOppm-
1% 
0-3x104 

Pa in air 

Cross 
sensitivity 

H20, 
S02&C12 

Humidity 
N2for 
PCO2<80 
-

N02, S02 

< 20; H20 
H20 

-
H20&HC1 

H2Oat 
high PCo2 

Ref 

[29] 

30] 
[31] 

[32] 

[33] 

[34] 

[35] 
[36] 
[37] 

[38] 

[39] 

[40] 

[41] 

AP - Auxiliary phase 

electrolyte itself, e.g. NASICON, Na-/?-alumina, ionic glass, etc. formation of 
Na2C03 or corresponding carbonate at reference electrode becomes unavoidable at 
higher C02 partial pressures. 

Hygroscopic nature of pure carbonates has been the chief impediment in 
realizing a practical C02 sensor. Strikingly, high concentrations of alkali earth 
carbonates viz., CaC03, SrC03, BaC03, etc., as a second component in alkali 
carbonates, has suppressed completely the humidity cross-sensitivity at 497-554°C 
[24-27]. The response time for the sensor with cell configuration 02, C02, N2, 
Na2C03-BaC03, Pt/ NASICON /Pt was found much reduced, as short as < 8 sec 
[28]. This has been attributed to modification in surface energy and grain 
topography of test electrode responsible for reaction kinetics. Other binary and 
ternary compounds of alkali carbonates have also been tested as an auxiliary phase 
with alkali ion conducting phosphates as electrolyte and gaseous reference [42]. 
The sensors with Li2C03:Li20 has been found quite sensitive to S02 (/

).so2>20ppm) 
and water vapour, forming Li2S04 or LiOH at 650°C. With the use of eutectic 
mixture of Li2C03-K2C03-Na2C03, operating temperature of the device has been 
brought down to 350°C. 
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The inert particle dispersed heterogeneous composites reported to enhance the 
rate of electrode kinetics due to increased defect concentration near grain boundary 
[43]. Dubbe et al have used Na2C03+BaC03+Y203 as electrolyte and 
Na2C03+BaC03 as an auxiliary phase with gaseous reference [44]. Jacob and his 
coworkers have achieved much reduced response time tW) >1 sec following an 
Arrhenius type law [45] 

t9() =A exp(EykT). (2) 

Both the response time t90 and the activation energy Ea have been found dependent 
on metal electrode and electrolyte materials. Noteworthy, yttria addition gave 
increase in the response time on the other hand, exactly opposite results seen upon 
BaC03 addition. However, above equation has not been found valid for t90 well 
below one second [46]. In recent past, a sensor with Li2C03-Li3P04-Al203 
composite electrolyte and reversible cathode LiMn204, as reference electrode, has 
been successfully tested for dry and wet (50%RH) air [47]. Room temperature 
potentiometric sensor based on NASICON with ln203 initially shown cross 
sensitivity to humidity has been improved by addition of Na3P04 or Na2C03 or 
NaHC03[48], 

NASICON and Na-p alumina have been used extensively for the 
fabrication of type-HI sensor (table-II.2). These electrolytes not only possess good 
ionic conductivity at elevated temperatures but also they are thermodynamically 
stable. In addition to these, they provide good mechanical compatibility with large 
number of electrolytes (auxiliary) and electrode materials. However, they require 
relatively higher operating temperatures, and develop micro-cracks after large 
thermal cycling. NASICON, particularly, has been found quite sensitive to S02 

concentration (>20ppm) in the test gas, which ultimately hampers the performance 
[49]. In order to overcome these drawbacks, the different types of glass ceramic 
and vitreous solid electrolytes have been developed. 

The rare earth silicates, M20: Re203: «Si02 (M = Li, Na, K, Rb and Cs; 
RE = La, Nd, Sm, Gd, Dy, Y, Ho, Er, Yb; n =1-14), investigated for sensor 
applications, have been composite of glass-ceramics i.e., LiRESi04 comprises 
LixReio-xSi602403_x (1 < x < 3) and amorphous phase including some kinds of 
lithium silicate glasses [50]. Sensors using Li+ conductors viz. LiLaSi04, LiNdSi04, 
LiSmSi04, Li2Zr(P04)2 and LiAlSi206 have been tested with Li2C03 auxiliary 
phase [51]. In one of the attempts the sensor with K20-Sm203-6Si02 has been used 
in sensor [52]. Similarly, different aluminum silicate solid electrolytes (MAlSi206; 
M = Li, Na, K, Rb & Cs) have been exploited for miniaturization low cell 
impedance [53]. The KAlSi206 based sensors offered reduced operating temperature 
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along with increased temperature range of operation. Sealed reference electrode, all 
these sensors, has been one of the major technical difficulties. 

Sensors with binary or ternary alkali carbonate auxiliary electrode and 
corresponding alkali metal phosphate electrolytes such as LiTi2(P04)2 +0.2Li3PO4 

54], MZP: MZr4(P02)6 (M: Mg and Zn)[55] have been tried either with or without 
gas reference electrode. Problems associated with reference electrode could be 
solved if some electrolyte insensitive to test gas but sensitive to oxygen would be 
used with porous carbonate layer for C02 sensing. 

Use of established 02 gas sensor with O2" ion conductor as an electrolyte 
and carbonate auxiliary electrode has been found to make an intelligent choice. This 
electrolyte being immune to presence of C02 at the reference electrode; and 02 

pressure being equal at both the sides its effect will be cancelled. Miura has 
proposed use of MgO-stabilized zirconia (MSZ) with coating of Li2C03 fixed to it 
by melting [56]. The response time and recovery time of the order of tens of 
seconds about 8 min, respectively have been seen. To achieve an electrochemical 
junction between Li2C03 and MSZ, the presence of a solid phase containing both 
the Li+ and the O2" at the interface has been assumed, to act as a so-called ionic 
bridge, as Li2Zr03. In the same study, sensor with LaF3 as solid electrolyte and 
Li2C03 auxiliary phase has been successfully tested. Similar type of sensors has 
also been reproduced and tested with cells Pt /Au, 02, C02, Me2C03 / YSZ /02, 
(C02), Pt with Me = Li, Na, K but with no stable response [57]. Owing to failures 
in reproducibility of these sensors and high operating temperatures, a very few 
sensors of this kind have been realized. However, a more practical variant of this 
configuration has been developed using two electrolytes as a separator between the 
test and reference electrode as discussed below. 

Introducing a layer of alkali ion conductor as a second electrolyte has 
modified the sensor with O2" conducting electrolyte, and largely studied. The first 
bi-electrolyte galvanic cell consisted of NASICON or Na-/?-alumina and an oxygen 
ion conductor [58]. In these sensors, the equilibrium between the carbonate and the 
electrolyte with the surrounding gas atmosphere comprises not only C02 but also 
necessarily 02. The thermodynamic condition at the Na-^-alumina and stabilized 
zirconia interface has been proved to give more stable performance than above one 
[59]. The use gold wires for internal electronic short circuiting, through the alkali 
ion conductors, guarantees instantaneously balance of sodium potential gradient 
through out this layer is out by an ambipolar sodium diffusion. Recently, few high-
performing sensors have been reported with bi-electrolyte configuration as 
compiled in table 2. From the performance of various types of cell configurations 
discussed, it could be seen that for the development of fast sensors, which fulfills 
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the other characterization parameters, rate of electrode interactions is to be 
enhanced. 

Table 2: A comparison of CO2 sensors with anion conducting electrolytes and pt reference. 

Sr.# Electrolyte/Test electrode T("C) (»(min) Range Cross- Ref. 
sensitivity 

Reference / Electrolyte (anion) / Auxiliary electrode, Test gas 
1. MSZ/Li2CO, AP 440-600 10 60-1000ppm - [60] 
2. LaF3/Li2C03AP 400-650 10-20 40-2000ppm, 50pprnNO, [61] 

50ppm NOz 

3. MSZ/Li2C03AP -do- 1 -do- wet air [62] 

Reference / Electrolyte I (anion) / Electrolyte II (cation) /Test gas 
1. YSZ/NASICON/Na2CO, AP 723 - 30Pa - [63] 
2. YSZ/Na20-Al20,-4Si02/Na2CO, AP 450 <2 10-104ppm H20 [64] 
3. YSZ/Li20:Sm203:2Si02/Li2C03AP 400-600 <4 0-3x10" Pa in No influence [65] 

air. of humidity. 

The potentiometric CO2 gas sensors prepared with open reference electrodes are 
one of the best-reported sensors so far with very short response time (Is), large 
sensitivity and good thermodynamic stability [66]. Moreover, the demand of sensor 
operation under low oxygen pressure directed the researchers in utilizing the oxide 
materials as a reference electrode, to give stable potential on wide range of partial 
pressures. Maier et al have constructed a simple electrochemical cell using open 
solid reference, which responded to PC02 in a thermodynamic way [67,68]. 
Moreover, such sensor can, as a whole, be exposed to a uniform atmosphere 
without the necessity of sealing. Later, he elaborated this idea and developed a 
sensor using various new solid-state open reference electrodes [69]. A comparison 
of sensor with metal and open reference electrodes in table 3. 

Table 3 : Comparison of CQ2 sensors with metal and open reference electrodes: 
S# Reference Electrolyte/ T tm Range Ref 

electrode Test electrode (°C) (sec) 
Metal reference / Electrolyte / (auxiliary phase)Test gas 
1. Ag K2CO,-Ag2SO, 
2. Na P"-A120,/ Na2CO, AP 

Open reference / Electrolyte / (auxiliary phase)Test gas 
3. Na20<M02+M02 Na-P"-Al203/ Na2CO, AP 

4. Na2ZrO,+ Zr02 Na-P"- Al20,/Na2CO, AP 
5. Na2Co02 Na-P"- AI2Oj/Na2CO, AP 

6. LiMn204 Li2CO,+Li3P04+Al20, 

726 
450 

300-
600 
-
400-
500 
330-
420 

-
few 

2 

-
-

90-
110 

-
-

0.12-
9.2% 
-
-
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10000 

[701 
[71] 

[721 

[73] 
[741 
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The use of open reference electrode in C02 sensor is not only convenient and 
easy method to prepare but also convenent to employ for a number of practical 
purpose. 

2 Experimental 

The details of procedures followed for preparation of electrolyte, sensor fabrication 
and evaluation were similar to discussed elsewhere [76]. The open reference 
electrode materials (Li2Ti03, Na2Zr03 and NaxCo02.y) were prepared by employing 
solid state sintering technique. The initial ingredients (Li20, Ti02, Zr02, Co02) 
were of 99.99% pure (Aldrich, USA). 

3. Results and Discussion 

The conductivity data of optimised compositions is summarised in table 4. Evidently, 
the glass dispersion in MeC03 enhances the conductivity by about two orders of 

Table 4: The pre-exponential factor \og(aT)lt], conductivity (<r) and activation energy (£„) of 
optimised carbonate based solid electrolytes. 

Sl.# Optimised composition Log(oT)o 
(S/cm K) 

a (200 °C) 
(S/cm) 

<j(400 °C) 
(S/cm) (eV) 

1. 
2. 

(b). 
(i) 

3. 
4. 

(ii) 
5. 
6. 

(lii) 
7. 
8. 

(c) 
9. 

10. 

(d) 
11. 

12. 

13 
14 

Li2C03: Li-glass 
Na2CO,:Na-glass 

7.671 
5.620 

ABOj type compound dispersion: 
BaTiOj dispersion: 

50Li2CO,:50BaTiO, 
80Na2CO,:20BaTiO, 

LiNb03 dispersion: 
50Li2CO,:50LiNbO, 
60Na2CO,:40LiNbO3 

KNbOi dispersion: 
70Li2CO3:30KNbO, 
60Na2CO,:40KNbO3 

Inert particle dispersion: 
70Li2CO,:30Al2O, 
90Na2CO,:10Al2O3 

5.424 
5.983 

7.733 
6.129 

5.349 
4.845 

7.001 
5.685 

Binaries of some carbonates: 
90Li2CO,:10Na2CO, 
20Li2CO,:80Na2CO, 
90Li2CO,:10K2CO, 
10Li2CO,:90K2CO, 
70Li2CO,:30CaCO, 
70Li2CO,:30BaCO, 

8.925 
8.887 
8.925 
8.887 

4.963 

2.50x10* 
2.05x!0-7 

1.34x10-6 

9.01x107 

1.12x10* 
5.37x10"7 

7.27x10'7 

5.63x10'7 

9.56x10"8 

6.69x10'7 

-
-
-
-

5.09x10-" 

2.48x10'5 

8.33x10-' 

3.44x10"4 

3.81x10-" 

1.47x10-' 
2.93x10" 

2.10x10-" 
2.93x10"" 

7.99x1 O* 
2.52X10"7 

7.27x10-' 
4.12x10"' 
5.57x10"' 
2.05x10"4 

8.93x10-' 

0.996 

0.809 
0.879 

1.034 
0.914 

0.828 
0.914 

1.066 
0.863 

1.133 
1.139 
1.119 
0.976 
0.859 
0.743 
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magnitude at 400°C. Further more, 50Li2CO3:50LiNbO3 composite is seen to be the 
highest conductivity giving composition amongst the ferroelectric 
(BaTi03/LiNb03/KNb03) dispersed composites. A marked conductivity enhancement 
(about two orders of magnitude) in both glass and ferroelectric dispersed composites 
is due to formation of space charge layer across heterogeneous interface giving rise to 
high ion conducting percolating paths. 

A typical response curve for Au/Li2C03+BaC03/LT+Ti02+Elect./Au sensor is 
depicted in figure la. The emf of sensor increases exponentially from 500 mV and 
attains 650 mV (saturation in emf) on switching the gas concentration from 250 to 
1000 ppm and vice versa. The response time is found to be « 45 seconds. The 
identical behavior of sensor (nature of change and saturated emf value) on each 
cycle (Fig. la) suggests good reversibility. The variation of sensor emf with time, at 

700 • 

650 > 

600 • 

550 • 

500 • 

450 -

' 100 ppm C02 

250 ppm C 0 2 

At450"C 

—I 1 

900 

300 

700 

E 
i 500 

400 

300 
0 

(a) 

100 200 300 

Time /S ->• 
4C 0 

(b) 

C0 2 = 250 ppm 

J A1450°C 

100 200 300 400 500 600 

T ime/Min - > . 

Figure 1: Sensor emf versus time (a) after change in P^-Q and (b) at a fixed P(Q and temperature. 

a fixed C02 partial pressure (at 400 °C), shown in figure lb indicates its good 
operational stability. Invariance in sensor emf over a long period of time also 
suggests negligible electronic transport number of solid electrolyte. Figures 2a and 

> 
E 

0 20 

(a) 
40 60 80 100 120 

Time / min—•• 

-6.7 -6.2 -5.7 -5.2 -4.7 -4.2 -3.7 

( b ) IntPCO,)—y 

Figure 5: Variation ofemf(a) with time after change in Pco and (b) as a function of P( CO, 
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2b depict variation of sensor emf 
with time (for various gas 
concentrations) and \n(Pcoi), 
respectively. Evidently, sensor 
seen to obeys the Nernst law within 
the concentration range of 
investigation. It is worth 
mentioning here that the electrolyte 
content in the reference electrode 
was optimized so as to achieve 
good electrode-electrolyte interface 
thereby good reversibility, stable 
cell emf and fast response time. 

The variation of sensor emf 
with operating temperature 

depicted in figure 3 suggests its operability over a temperature range 300-490 °C. It 
is to mention here that the response time was found faster at higher temperature vis-

590 

Figure 3: Variation of C02 sensor emf with operating 
temperature. 

Table 5: Comparison of C02 sensor parameters with earlier reporting. 

SI. 
# 

1. 

2. 

3. 

4. 

5. 

8 

12 

13 

16 

17 

18 

Reference 
Electrode 

Na or Na.CoOi 

Na2ZrO,/Zr02 

Na2SnO,/ Sn02 

Na2Tif,0„/Ti02 

Li, jAlojTio.7 

Na.Co02.y 

Li2TiO, + Ti02 

Na2ZrO,/Zr02 

Na2ZrO,/Zr02 

Na2ZrO,/Zr02 

Na2ZrO,/Zr02 

Na2ZrCVZr02 

Solid Electrolyte 

Na+-(3"-Al20, 

Na-p-Alumina 

Na-P-Alumina Na-p-
Alumina 

CaCO,/CaO 

Na+-P"-Al20,or 
NASICON 
80Li2CO,:20AI2O, 

70Na2CO, :30BaCO, 

70Na2COj:30CaCO, 

80Na2CO, :20BaTiO, 

Na2CO,+ LiNb03 

50Na+glass+50Na2CO, 

Sensing 
electrode 

Na2C03/Pt 

Na2CO,/Au 

Na2CO,/Au 
Na2CO,/Au 

Li2CO,/Pt 

Na2CO,/Pt 

Na2CO,/Pt 

Li2CO,/Au 

Li2CO,/Au 

Li2CO,/Au 

Li2CO,/Au 

Li2CO,/Au 

T„("C) 

350-
550 
350-
750 
675-
775 
350-
775 
650 

400 

400 

-do-

-do-

-do-

-do-

-do-

t, 

5m 

Sec 

Sec 
Sec 

Min 

Min 

30S 

Sec 

Sec 

Sec 

Sec 

Sec 

R 

1-6.3% 

1-3.0% 

0.14-
8% 
0.12-
9% 
0.008-
1% 
0.001-
1% 
-do-

-do-

-do-

-do-

-do-

-do-

Ref 

[71] 

[73] 

[28] 

[71] 

[73] 

* 
* 

* 

* 

* 

* 

T„ -> Operating temperature; (, ->• Response time; R -> Sensing range; *-> Present study. 
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a-vis lower one. It is also observed during the investigation that for detection of 
higher C 0 2 concentration, the sensor should be operated at relatively lower 
temperature. On the other hand, it should be operated at high temperature for the 
measurement of very low concentrations; i. e. by changing the sensor operating 
temperature one can modify its detection/sensitivity range. The cross sensitivity for 
N0 2 , H2 and Cl2 is found negligible. The performance of a few C 0 2 sensors 
investigated is compared with earlier reported one in table 5. 
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Some conjugated polymers can convert electrical energy to mechanical energy (via chemical energy), 
thereby acting as electro-chemo-mechanical actuators or "artificial muscles". The advantage of this type 
of actuator is that the process can be driven by the application of a small potential (1-5 V), opening the 
possibility of making control and measurement both safe and accurate. The actuation process is identical 
to charging and discharging an electrochemical cell during redox cycling of a rechargeable battery. It 
involves ions moving between the electrolyte and being inserted in, or expelled from the matrix of a 
polymer electrode - thereby causing volume expansion which can be converted into work. Solvent 
molecules are able to penetrate the polymer too. A precise description of the nature of these ionic and 
solvent movements is therefore important for understanding and improving the performance. This work 
examines the influence of solvent, ionic species and electrolyte concentration on the fundamental 
question about the ionic mechanism involved: Is the actuation process driven by anion motion, cation 
motion, or a mixture of the two? In addition: What is the extent of solvent motion? The discussion is 
centered on polypyrrole (PPy), which is the material most used and studied. The tetraethyl ammonium 
cation (TEA) is shown to be able to move in and out of PPy(DBS) polymer films, in contrast to 
expectations. There is a switching between ionic mechanisms during cycling in TEAC1 electrolyte. 

1. Introduction 

The discovery of electronically conducting polymers in the 1970's (three pioneering 
researchers were awarded the Nobel Prize in chemistry for 2000), opened a new 
class of materials and the possibility for new types of phenomena1. A novel property 
of these polymer materials was their ability to switch between different states by the 
application of a small (1-5 V) voltage. Within certain limits, many properties can be 
controlled reversibly2, including conductivity, optical absorbance, capacitance, 
hydrophobicity and also mechanical properties such as stiffness and volume. 
Increasing and decreasing the voltage is identical to charging and discharging an 
electrochemical cell, and is accompanied by the reversible motion of ions from an 
electrolyte in and out of the polymer matrix which functions as an electrode. 

In most of the applications, the volume change is either an irrelevant side effect 
or a nuisance, since it may cause lack of electronic contact after repeated redox 
cycling, but during the 1990's it was recognized that the effect might be turned into 
an advantage. The expansion/contraction made possible the controlled 
transformation of electrical energy to mechanical energy (via chemical energy)3. 
These types of "artificial muscles" were soon demonstrated in practice, both as 
simple bending actuators4, and in the form of ingenious microdevices5. 
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The field of conducting polymer actuators received a strong impetus by a 
seminal article published in 1996 by Baughman6. This work compared the polymer 
muscles with different types of natural muscle, and estimated the maximum 
achievable energy and power densities. The analysis yielded favorable predictions 
for the strengths and speed of conducting polymer artificial muscles, and although 
especially the estimate of the power density was probably overly optimistic, there 
was still scope for the production of highly promising actuator systems. A large 
number of different designs and applications have been proposed and developed in 
the past 10 years7, including the very important field of biomedical applications8. 

Since the actuation depends on the insertion or expulsion of ions into the 
polymer matrix, a precise description of the mechanisms of ion motion is necessary 
for understanding the process. This work examines the influence of the choice of 
electrolyte and ions in the cycling electrolyte, as well as the synthesis conditions on 
the ionic mechanisms responsible for the performance of PPy artificial muscles. 

Of prime importance is the question of whether the actuation is driven by the 
insertion of cations during the cathodic sweep (reduction), by the insertion of anions 
during the anodic sweep (oxidation), and which role the solvent molecules play. It is 
also of importance to determine if the mechanism is stable during cycling (the ideal 
case), or whether it gradually changes making control of the actuator more 
complicated, since there is no longer a one-to-one correspondence between applied 
potential and force/position values. One way to distinguish between the two 
mechanisms is to observe the direction of the expansion process, which is differs for 
the two mechanisms because of the necessity of charge neutrality: 

• Anion mechanism: Expansion on oxidation, contraction on reduction. 
• Cation mechanism: Expansion on reduction, contraction on oxidation. 
Since polypyrrole can only accept a positive charge on the backbone, PPy is 

formed by oxidative polymerization, and is therefore necessarily formed with 
charge compensating anions incorporated as counterions in the polymer matrix: 
Synthesis: nPy + nxA—> poly(Pyx+-xA~)n +nxe' (1) 
Where x is the maximum possible oxidation level per pyrrole monomer (x ~ 0.30-
0.35) and A" is a monovalent counterion. In the remainder of the article, the term 
pohXPy* • xA~)n will be abbreviated to PPy*+ • xA~ for convenience. It is 
advantageous to keep in mind that two distinct situations can be defined9: 

• A~ is a small, and therefore mobile anion, e.g. Cl~, BF4~, C104~ etc. 
• A~ is a large and/or entangled, and therefore immobile anion, e.g. dodecyl 

benzene sulphonate (DBS"). 
It is also important to be aware that the first reduction may be significantly 

different from the succeeding cycles. Both because conformation changes take place, 
perhaps accompanied by the irreversible insertion of solvent molecules, and because 
more ionic options are available to the system after the first reduction. 
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2. Results and Discussion 

2.1 The simplest picture: Small, mobile synthesis anions, small cycling ions, 
anion mechanism 

If any contribution from solvent insertion is at first ignored, the simplest model 
involves performing the synthesis in the presence of small anions, with subsequent 
cycling in an electrolyte also containing small anions (not necessarily the same 
anion). The first reduction will then involve the expulsion of anions: 
Reduction: PP/+ • xA~ + xe~-> PPy0 + xA~ (2) 
Oxidation: PPy0 + xA~ -> PP/+ -xA~ + xe (3) 

In this case, the oxidation is just the reverse of the reduction, and the 
subsequent cycles repeat the same mechanism: Expansion on oxidation (figure 1). 

X-

* lyh-

X-

Figure 1. Anion mechanism: Expansion on oxidation by the insertion of X ions. A PPy film on a non-
expanding backing (gray) forms a bilayer bending actuator (seen from the side). 

In this model, the size, shape and charge of the cations do not interfere with the 
actuation process. By analysis of the dependence of the potentials of the peaks in 
PPy cyclic voltammograms on the electrolyte concentration, it was shown that this 
mechanism is the dominant one when using Li+ and C104~ in propylene carbonate10. 

2.2 Small, mobile synthesis anions, small cycling ions, cation mechanism 

When cycling the same type of PPy films using Li+ and C104~ in acetonitrile instead, 
the result was unexpected: The data corresponded to a cation mechanism10. The first 
reduction can now be written: 
Reduction: PPf+ • xCl04 + xe~ + xhC -> PPy0 • x(Li+ • C104~) (4) 
Oxidation: PPy0 • x(Li+ • ClOf) -> PPy*+ • xClOi + xe + xLi* (5) 
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The oxidation is again just the reverse of the reduction, and subsequent cycles 
are identical to the first. The result showed an unexpected influence of the solvent, 
which does not formally enter into the reaction equation. This was an indication that 
the solvent may play a decisive role in determining the nature of the redox process". 

A significant difference between equations (2) and (4), is that the reduced form 
in the latter case, PPy° • x(Li+- C104~), formally contains the neutral salt LiC104. The 
ions are not necessarily directly combined with each other in pairs, but it still leaves 
open a new option: Salt draining, since both ions are small and mobile: 
Salt draining: PPy° • x(Li+ • ClOf) -> PPy° + xLi+(aq) + xClOf(aq) (6) 

This phenomenon has been identified as a slow (~1000 s) process in PPy 
synthesized in the presence of the tosylate anion (TsO~), which was originally 
believed (erroneously) to be bulky enough to remain permanently in the polymer12. 
The gradual draining of LiTsO means that the mechanism changes with time when 
cycled in LiC104: The synthesis follows equation (1) with A~ = TsCT. The first 
reduction and first few cycles correspond to a Li+ cation mechanism as in equations 
(4) and (5) with TsO" instead of C104~, since the tosylate ion is bulky enough to 
move only slowly. After sufficient time to for the salt draining to be completed, the 
mechanism then shifts to an anion mechanism, as in equations (2) and (3) with A~ = 
C104

_. The extent of salt draining can be influenced by keeping the polymer at a 
fixed potential for longer periods of time: At a reducing potential to enhance, and at 
an oxidizing potential to minimize the process. 

The gradual switch in mechanism in the PPyx+ • xTsO" polymer cycled in 
aqueous LiC104 electrolyte underscores two points: 

• The initial mechanism may not be identical to that of the ultimate, steady 
state situation - slow conformation relaxation, draining processes etc. may 
occur. Only cycling perhaps hundreds of times enables unambiguous 
conclusions about the mechanism. 

• Determining whether an ion can be regarded as "small", i.e. mobile or 
"large", i.e. immobile in the polymer matrix is no simple matter. TsO" is 
immobile for the first few cycles, but mobile under long term cycling, or 
after being kept at reducing potentials for an extended period. 

2.3 Large, immobile synthesis anions, small cycling ions, cation mechanism 

Since the object is to be able control positions and forces in a precise way, the ideal 
actuation mechanism involves only one type of ions moving. A stable mixture of 
anion and cation mobility is also a feasible solution, but the opposing motions 
would tend to produce a smaller volume change. Models of bender actuators have 
been based on this stability assumption13"15. An attempt to solve this is to 
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incorporate a large immobile anion during synthesis, thereby forcing the mechanism 
to be dominated by cations. This was achieved by using the surfactant molecule 
dodecyl benzene sulphonate (DBS)16. Figure 2 shows five monomer units of a PPy 
polymer chain together with two different isomers of DBS~ anions. 

. 4 

Figure 2. Model of a 5 monomer unit segment of a polypyrrole chain with two different isomers of 
dodecyl benzene sulphonate ions associated (one strongly branched, the other almost linear). The two 
sulphonate groups are assumed to be attracted to N-H groups of pyrrole. 

Two anions per five pyrrole monomers would correspond to a degree of doping, 
x = 0.40, not far from the maximum values obtained (0.35-0.37). The figure 
indicates two points: 

• The DBS~ ion is not likely to be easily able to move, both because of its 
size, and because of the possibility of entanglement. 

• The detergent anions occupy a very large percentage of the polymer 
volume (-50%). Despite this, the film has the properties of "normal" PPy 
in most respects. 

The expected mechanism for this system cycled in aqueous NaCl is then: 
Synthesis: nPy + nxDBS~ -> poly(Pf+ • xDBS)„ + nxe~ (6) 
Reduction: PP/+ • xDBS~ + xe~ + xNa+ -> PPy0 • x(Na+ • DBS) (7) 
Oxidation: PPy0 • x(Na+ • DBS') -> PPf+ • xDBS~ + xe~ + xNa+ (8) 

The experimental results verified the cation mechanism, at least for the initial 
cycles, as determined by the direction of bending17, and also by peak potential 
dependence, Electrochemical Quartz Crystal Microbalance (EQCM) and force 
measurements18. 

Salt draining was a priori not expected in this system, but was found to occur to 
some degree if the polymer film is held in the neutral (reduced) state for a long 
time17. In this state, there is no charge on the PPy backbone to attract the DBS" 
anion; in addition, the polymer is swollen because of the presence of inserted 
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cations, making diffusion out of the matrix easier. Furthermore, the polymer can 
also incorporate a significant number of water molecules at this potential, as 
discussed in the next section. This makes movement of all species more feasible. 

2.4 Solvent influence: Solvated H20 and osmotic effect: Complications of the 
simple mechanisms 

Combining cyclic voltammetry with in situ mass measurements via EQCM is a 
powerful way of elucidating the nature of mobile species: The voltammogram is 
sensitive to charged particles moving or reacting at the film surface, whereas the 
microbalance will show the direction and magnitude of all changes of mass, thereby 
revealing also the influence of uncharged solvent molecules entering or leaving the 
film. The results were of great importance to the understanding of the actuation 
process: A large number (10-20) of H20 molecules was observed to move in and 
out of the PPy(DBS) film during redox cycling18. This means that the main volume 
expansion/contraction cycle is actually dominated by solvent motion rather than by 
ionic insertion/expulsion. 
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Figure 3. First reduction/oxidation cycle of PPy(DBS) in aqueous 1 M NaCl. Simultaneous cyclic 
voltammetry and EQCM. The cycle starts at A and ends at E. A 1 Hz frequency decrease (relative to 
10 MHz) corresponds to a mass increase of 0.904 nanogram. Potentials vs Ag/AgCl. 

Figure 3 shows the simultaneous measurement of capacity and frequency (i.e. 
mass) change. From A to B there is no current and also no mass change: Neither 
charged nor uncharged species interact with the film. From B to C, the frequency 
falls steeply - this correlates exactly with the very sharp cathodic reduction peak 
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centered at -0.5 V. Since this is the first reduction the peak can only be interpreted 
as representing Na+ ions entering the film (equation (7)). This is borne out by the 
fact that BC represents a mass increase. However, an unexpected phenomenon 
occurs form C to D: There is a large increase of mass over the whole potential 
interval, but there is no reduction reaction associated with it (the broad capacity 
peak around -0.7 V is known to stem from the reduction of dissolved 0 2 on the film 
surface - it can be removed totally without changing the mass increase). The mass 
increase even continues for a while after the current is reversed at D - another 
indication that it signifies something different from ions reacting with the film. 

This unexpected observation was explained by the development of an osmotic 
model for H20 and Donnan equilibria between the polymer and the aqueous 
electrolyte solution19. The mass increase at B to C is caused by the insertion of Na+ 

ions, but turns out to be much larger than corresponding to the charge calculated 
from integration of the sharp cathodic peak: About 4 H20 molecules follow the 
cation - this is interpreted as being the inner solvation shell of Na+ in water. The 
insertion of these ~4 strongly bound molecules is as fast as the Na+ insertion. The C 
to D segment corresponds to the insertion of about 6.2 H20 molecules - this 
osmotic mechanism is much slower, and since it is dependent on the value of the 
potential alone, it is not reversed immediately on reversing the current. 

The osmotic model predicts that the number of solvent molecules inserted in 
the C to D segment should depend on the concentration of the cycling electrolyte: 
Being largest at very low concentrations, and decreasing at high concentrations. 
These predictions have been verified by experiments on NaCl electrolytes20: The 
number of molecules inserted via the osmotic effect is -10 at 0.1 M and only about 
1 molecule at 5 M. 

The difference in time constants of the BC and CD mass (and volume) changes 
has important connotations for actuator use: If fast actuation is desired, it may be 
necessary (and unavoidable) to bypass the slow, osmotic insertion - thereby 
exploiting solely the faster insertion of Na+ ions with strongly bound H20 attached21. 
The idea that faster scan rates will decrease the importance of the slow osmotic 
insertion has been verified experimentally22. 

As a further complication, the osmotic model also predicts that the balance 
between cation and anion mechanisms should depend on the electrolyte 
concentration19: At low concentration, the cations will dominate - at higher 
concentrations (up to ~5 M in NaCl), the anions become more important, and the 
mechanism approaches an almost 50/50 mixture19. This conclusion has also been 
verified by experiment20, and is important for understanding and designing actuator 
performance. The analysis based on figure 3 is not affected by this complication 
since it refers to the first reduction, which has cation insertion only. 
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2.5 Forcing a simple mechanism I? Charge of cycling ions 

The gradual realization of the complexity of cycling mechanisms even when using a 
large, immobile synthesis anion (e.g. DBS"), provided the momentum for 
attempting to find ways of simplification. One path explored was to choose the 
cycling ions in the electrolyte so as to avoid both ions moving. Since the inserted 
cations are attracted to the DBS" ions by Coulomb forces, an obvious idea is to use 
a divalent or trivalent cation in combination with a monovalent anion. During the 
initial, first reduction, cations will have to be inserted, since there are no small 
anions in the film to expel. Perhaps the cations will then stay fixed in the film and 
subsequent cycles will be via a pure anion mechanism. 
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-1.0x10" 

l / A PPyDBS in 0.05 M BaCI 

Cations leave 

-1.0 
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-0.5 0.5 

Figure 4. First full cyclic voltammogram cycle (starting with reduction from +0.3 V) of a PPy(DBS) 
polymer in BaCt electrolyte. Cl~ anions dominate the oxidation because the divalent Ba" ions inserted 
during the first reduction are bound more strongly in the film. 

Figure 4 shows the results of such an attempt, using BaCl2 as cycling 
electrolyte23. As is typical for PPy(DBS) in aqueous electrolytes, there are only 
three distinct current peaks: a sharp reduction peak at -0.6 V, a broad oxidation peak 
at ca. -0.55 V, and a second broad oxidation peak at ca. +0.3 V. The latter peak is 
known only to occur when mobile anions enter as part of the process. The other 
broad anodic peak is known to signify cations being expelled. Even with a mixed 
cation/anion mechanism, there is usually only a single, sharp cathodic peak; it 
therefore represents cations entering simultaneously with anions leaving the film 2. 
The reason for the ions operating in tandem is probably associated with the strong 
decrease in electronic conductivity as the polymer is reduced past the cathodic peak. 
The first reduction, however, can involve only cations entering. 
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Figure 4 indicates that the idea is partially confirmed: The charge (area) of 
the -0.6 V cathodic peak is considerable larger than that of the -0.55 V anodic peak, 
and there is a very large charge associated with the anion insertion at +0.3 V. The 
mechanism is then dominated (but not exclusively) by anions, as predicted. The 
following reactions can be written: 
Synthesis: nPy + nxDBS-> poly(Pyx+ • xDBS)„ + nxe~ (9) 
1st Reduction: PPf+ -xDBS~ + xe~ + x/2Ba++ -> PPy° -x/2Ba++-xDBS~ (10) 
1st Oxidation: PPy" • x/2Ba++ • xDBS +(l-r)xCl~ ->• 

PP/+ • (l-r)x/2Ba++-xDBS~- (l-r)xCF + xe~ + rx/2Ba++ (11) 
2nd Reduction: PP/+ • (l-r)x/2Ba^-xDBS~- (l-r)xCl~ + xe~ + rx/2Ba++ -> 

PPy0 • x/2Ba++• xDBS +(l-r)xO~ (12) 
In the reaction set, r is the fraction of Ba++ions that move. Equations (11) and 

(12) are her depicted as just the reverse of each other, but actually, r changes during 
cycling, so that the simple model is not valid until after 10-20 cycles, where a 
steady state, mixed mechanism is reached. A pure anion mechanism does not occur, 
and the results underscore the prospect of yet another complicating factor: The 
possibility of gradually building up a concentration of neutral salt inside the 
polymer - at all potentials, not just in the reduced state as in equation (6). 

2.6 Forcing a simple mechanism II? Size and shape of cycling ions 

A second way of attempting to impose a single ion mechanism on the actuator is to 
use a large and perhaps three-dimensional ion as part of the cycling electrolyte. We 
have performed experiments using tetraethyl ammonium chloride (TEAC) for 
cycling PPy(DBS) polymers. The TEA+ cation is shown in figure 5. It is both bulky 
and three-dimensional and therefore may be expected to compel the system to work 
via a pure anion mechanism in the steady • 
state. Since the first reduction can involve 
cations only, it is expected to be very CH, 
different from the subsequent cycles. 

Figure 6 shows the first two cycles. 
The first reduction confirms to expectation: 
It seems to be difficult to insert TEA+ into 
the film. On oxidation, a sharp peak in the 
potential region usually associated with H C^ CH 
anion insertion occurs, whereas there is no 
sign of cation expulsion. 

H2C, 

H„ 

N^-c2 

.ChL 

•CH, 

Figure 5. Structure of the tetraethyl 
ammonium ion (TEA). 
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The second cycle is very different, as expected, but does not seem to 
correspond to an obvious anion mechanism. The anodic peak seems to indicate 
cation mobility, or perhaps a mixed mechanism (subsequent cycles are identical to 
the second). The EQCM results are difficult to interpret, and may be strongly 
influenced by H20 motion. 
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Figure 6. First (full line) and second (dashed) cycles (10 mV/s) of a PPy(DBS) film in 0.1 M TEAC 
aqueous electrolyte. Starting with reduction from +0.3 V vs Ag/AgCl. 

This was an unexpected result, and expansion measurements were performed to 
further investigate the mechanism. The results (not shown, but analogous to those of 
figure 7 after 6000 s: One maximum and one minimum per cycle) confirmed the 
cycling data: The film expanded during reduction and contracted during oxidation 
as expected from a cation mechanism. (More negative AL = expansion). 

Figure 7. Length change of a 5 mm PPy(DBS) film cycled in TEAC electrolyte. 14 cycles. 
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The film was then held at -0.9 V for 16 hours to see if any change in 
mechanism occurred. The results are shown in figure 8, which depicts the first 4000 
seconds of figure 7, and is very different from the normal and steady state situations: 
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Figure 8. The first 5 cycles of a 5 mm PPy(DBS) film in TEAC electrolyte after 16 h at -0.9 . Reduction 
and oxidation part of the cycles are indicated. More negative AL = expansion. 

The length/time curve is now more complex, with two maxima per cycle, and 
even more surprising, there is an initial contraction upon reduction, corresponding 
to an anion mechanism. The mechanism unexpectedly seems to switch to mainly 
anion for about 5 cycles after long term reduction. The two competing processes 
means that the strain obtained is rather low initially (0.021 mm, -0.4%). The 
mechanism gradually switches back to cation domination (figure 7, last cycles), and 
the relative expansion then reaches 0.079 mm, or 1.6%. This very interesting 
phenomenon is difficult to explain at the present and deserves further investigation. 

3. Conclusions 

The many complex interactions in the solvent/electrolyte cation/electrolyte 
anion/synthesis anion/polymer system means that these systems do not have a well-
defined state or mechanism. It is necessary to reach a steady state before concluding, 
and the system may still switch between mechanisms. 

Avoiding this dependence on solvent and redox history may be the reason for 
the success of system using ionic liquids, which do not contain any solvent. 
1 million cycles has been reached, and they may represent the most promising type 
of conjugated polymer actuator at the present24. 
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Abstract 

Conducting polymers have high potential for FRET. The development of Light 
Emitting Diodes (LED) has taken place at quite a fast pace due to their nontoxic, easy 
processing and low cost development techniques. The LEDs based on conducting polymers 
are mechanically flexible and strong. However, the commercialization of these devices has 
not yet been made. During the work on the development of conducting polymer based 
(MEH-PPV) LED, we have identified four problems which have to be taken care of before 
the device fabrication: 

a) To maintain a balance between electron and hole concentrations one has to use a 
composite structure of two polymers one a hole transporting layer (HTL) and other a 
electron transporting layer (ETL). To use a single layer of emissive polymers is not 
desirable. 

b) The thickness of ETL must be optimized so that the recombination of injected 
electrons and holes takes place near the cathode; the exciton will break due to high 
electron affinity of ETL resulting in the loss of electro luminescence (EL). On the 
other hand if the recombination takes place near anode, the exciton will again break 
due to high ionization potential of HTL. 

c) The work function of the cathode should be as low as possible so that the potential 
barrier for electron injection at the cathode is low. To use buffer layers of material 
such as LiF, K or Ba with optimized thickness between the ETL and Al cathode 
contacts is a possible solution. 

d) The mobility of the injected carriers should be as high as possible. For this the 
morphology of the films should be improved by optimizing the concentration of the 
solute before spin coating the film on the ITO coated glass substrates. The speed and 
duration of spin coating should also be optimized. 

780 
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After studying all the above-mentioned problems, using MEH-PPV/Alq3 

composite LED structures we entered into the area of development of blue LED 

using PFO and its copolymers such as F8BT, PF3t, PFTS02 and TPP. The blue 

LEDs are in great demand for full colour display. They are more stable as 

compared to the MEH-PPV based LEDs. 

These commercially available polymers are dissolved in solvents xylene and 

toluene. The films of PFO, PFO/F8BT, PFO/PF3T, PFO/PFTSO2 and PFO/TTP are 

spin coated on ITO coated glass substrates. The concentrations of the copolymers 

of PFO and TPP are optimized so that Forster Resonance Energy Transfer (FRET) 

occurs between the two composite materials. In that case the PL from PFO (donor) 

is quenched and PL from the copolymers is significantly enhanced. Colour tuning 

right from blue to red wavelength region with highly stable and intense EL can be 

obtained in this way. The cathode contacts are Al with Ba buffer layer while the 

anode contacts are ITO with a buffer layer of PDOT-PSS. The thickness of the 

buffer layer is optimized to achieve maximum possible intensity of EL. Attempt is 

also made to reduce the turn on voltage of the devices and keep it below 10 Volts. 

Conjugated polymer based opto-electronic devices such as Light Emitting 

Diodes (LED) and Solar Cells have high potential due to their non-toxic 

environmentally friendly techniques, high mechanical strength and flexibility and 

low cost as compared to inorganic semiconductor based devices. Though a large 

number of papers have been published in this area, the commercialization of these 

devices has not taken place as yet. We have been working for the past four years or 

so on the development and characterization of MEH-PPV based LED and have 

successfully produced devices giving electroluminescence (EL) at a peak of 580 

nm (yellow-orange region) and shelf life ~ 1400 hrs. [1-3]. The half life of these 

diodes -100 hrs, luminance 500 cd/m2 and power efficiency 0.2 Im/watt at an 

operating voltage of 15 volt. The EL characteristics of these devices at three 
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different bias voltages are shown in Fig.l.The I-V characteristics of one of the 

devices is shown in Fig.2. 
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While the MEHPPV based working LED have been successfully been 

produced by us, long way has to go if they are to be commercialized. During the 

course of our work we realized that there are few outstanding problems, which have 

to be taken care of first before we can try to produce a workable efficient and stable 

LED. These are the following: 

(i) Rather than using a single layer of the emissive polymer one must use 

a composite structure of two polymers, one a hole transporting layer 

(HTL) and the other an electron transporting layer (ETL).This 

because in most of the polymers the mobility of holes is much higher 

than that of electrons, resulting in imbalance of hole injected from 

anode and holes from cathode. Working of a typical LED is shown in 

Fig.3 and FigAThe ETL must have its LUMO level below that of the 

emissive polymer so that the injected electrons encounter a work 

function, which enables them to pass through ETL. Similarly the 

HOMO level of ETL must be well below that of the emissive material 

so the holes injected from the anode are blocked to go to ETL and 

recombination of electrons and holes occurs in the emissive region. 

Due to these reasons we selected a composite of MEH-PPV/Alq3 for 

our LED. 
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Fig.3 Energy level diagrams to show working of a MEH-PPV LED 
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Fig. 4 Structure of the MEH-PPV LED 

The next important point is optimization of the concentration of the 

emissive polymer in the solvent. For MEH-PPV we selected p-xylene 

as a solvent and used the spin coating technique for depositing the 

films on ITO coated glass substrates. We found that if the 

concentration of the solute is too high, the morphology of the films is 

not good and they suffer from kinks, disorder and overlapping of the 

chains. It is also found that the mobility of charge carriers in the films 

is very low and these films are not suitable for device fabrication. On 

the other hand if the concentration of the solute is too low, the EL 

emission from the material will be very poor. For MEH-PPV we 

found the optimum concentration of the polymer to be ~ lOmg/ml. 

The recombination of injected electrons and holes must take place 

near the polymer ETL interface, but in the emissive material. If 

recombination takes place near the cathode its high electron affinity 

will break the exciton before it can decay from the excited state to the 

ground state. Similarly if the exciton is formed very close to the 

anode, it will not be allowed to decay radiatively because the high 

ionization potential of the anode will dissociate the exciton. Knowing 

the mobility of the holes and electrons one can calculate the desired 

thickness of the films. It was found that the optimum thickness of the 

MEH-PPV films is ~180nm and that of Alq3 a^ is- lOOnm. 
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tiv) One of the most prominent problems encountered in the development 

of the polymer based LED is a growth of suitable cathode contact. 

The cathode must have low work function and ideally the LUMO 

level of the conducting polymers lower than the work function of the 

cathode. This will allow the electrons injected from the cathode to 

enter the ETL without encountering any potential barrier. We tried to 

develop Ca contacts on our MEH-PPV films. The work function of 

this material is 2.8 ev and therefore the potential barrier for the 

electron injection in MEH-PPV is very low. However Ca has 

tendency to form clusters and gets oxidized easily. Besides this it also 

forms Ca^ ions. The Ca cathode contacts are therefore deteriorated 

very fast. 

The material that is very stable and suitable for the Cathode contacts is Al. 

However, the work function of Al is very high (~ 4.3ev) and therefore the injected 

electrons encounter a very high potential barrier. While we did use Al as a cathode 

contact material for our MEH-PPV LED, we put a thin buffer layer of 30-50nm 

thick Ba between Al and the polymer. The optimum evaporation rate of Ba was 

found to be 0.3 nm /sec and that of Al was 0.6 nm/sec. We measured the J-V 

characteristics of the device with and without buffer layer. These are shown in Fig. 

5. It is found that there is a significant increase (more than by an order of 

magnitude) in the current densities as a result of inserting the buffer layer. This 

shows that the buffer layer significantly lower the potential barrier for electron 

injection. 
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We are applying all these experiences acquired from our work on MEH-PPV 

diodes for the development of a blue PLED based on PFO. This material has a 

energy gap of 3.68 ev [4] and the primary emission peak is at 436 nm [5]. For ETL 

we have selected PBD, which has got LUMO and HOMO levels at 2.5ev, and 6.0 

ev respectively [6], The LUMO level of PFO is at 2.1 ev and the HOMO level at 

5.8ev [7]. The conditions for PBD to act as an ETL are therefore satisfied. ETL will 

also block the diffusion of Al and Ba atoms into the polymer thereby preventing the 

generation of quenching centers. For PFO we are using xylene and toluene as the 

solvent The purpose of using two solvent is to examine the effect of the solvent on 

the morphology of the film and hence on the onset voltage of the device. We are 

also using a thin PEDOT layer (~100-200nm thick) in between ITO and the PFO. 

This layer acts as a HTL and also lowers the potential barrier for hole injection 

from the anode. Our objective is to obtain a luminance of 3500 cd/m2 and power 

efficiency of 0.8 lumens/watt at 6 volts. 

For colors tuning several workers [8,9] have used copolymers of PFO such as 

F8BT, PF3T, PFTS02 and TPP with alternate arrangement of PFO and copolymer 

molecules eg. ABABAB where A is PFO and B is copolymer. However we shall 

use FRET [10] to obtain colour tuning. We shall grow a composite film of the PFO 

and the copolymer and shall optimize the concentration of the copolymer to obtain 

efficient FRET between the two. This means that the blue PL from the PFO will be 

quenched and the characteristic PI from the copolymer will be significantly be 

enhanced and the efficient FRET between the two occurs. We shall be able to 

colour tune the LED from blue to red wavelength region in this way. 
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MESOPOROUS AND NANOPARTICULATE METAL OXIDES: 
APPLICATIONS IN NEW PHOTOCATALYSIS 

COLIN BOXALL 
Centre for Materials Science, University of Central Lancashire, Preston PR1 2HE, UK 

E: cboxall@uclan.ac.uk; T: +44 1772 893530; F: +44 1772 892996 

Semiconductor metal oxides find application in dye-sensitised solar cells and as 
photocatalysts for a range of environmentally and industrially useful reactions. In both 
technologies, the systems are driven by the initial absorption of photons to form charge 
carriers. These charge carriers may subsequently recombine or diffuse to the oxide 
surface where they may undergo interfacial electron transfer. In the case of modern 
solar cells, this involves transfer of the photogenerated charge from the sensitising 
dye to the semiconductor matrix; in the case of photocatalysis, this involves transfer 
of the photogenerated charge from the semiconductor to solution. In solar cells, 
the semiconductor is most often employed in the form of a mesoporous layer; in 
photocatalysis, it may be in form of either a mesoporous layer or as nanoparticles. 

Since 1972, the main foci of photocatalysis have been the photodestruction of 
organic pollutants and the splitting of water for hydrogen generation. Our studies have 
focussed on new applications of photocatalysis beyond these areas, in particular the 
applications of photocatalysis in nuclear fuel reprocessing; the development of novel, 
magnetic nanocomposite photocatalysts; and the production and characterisation, for 
sensor applications, of conducting mesoporous metal oxide films that exhibit high 
degrees of photo-induced superhydrophilicity. 

This lecture will present an overview of these studies, concentrating on our work on 
superhydrophilic materials - the onset of superhydrophilicity in metal oxides being 
thought to be due to the photogeneration of oxygen vacancies within the semiconductor 
lattice. We are currently using Quartz Crystal Microbalance-based photo-induced 
condensation experiments (Fig. 1, the first time such a phenomena has been reported) to 
study these systems and shall report on our attempts to correlate the degree of 
condensation within the metal oxide mesopores with photo-induced surface energy 
changes on the metal oxide by use of the Kelvin Equation for capillary condensation. 

Time (seconds) 

Fig. 1. MTi02 on QCM: Frequency (mass increase) v time measurements conducted using 315 nm 
light with varying relative humidity. 

788 

mailto:cboxall@uclan.ac.uk


PROTON CONDUCTING (PC) PEROVSKITE MEMBRANES FOR 
HYDROGEN SEPARATION AND PC-SOFC ELECTRODES AND 

ELECTROLYTES 
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National Renewable Energy Laboratory (NREL), 
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Abstract 

SrCe03, SrCe^xMxOa compositions were synthesized by 
sonochemical treatment followed hydrothermal method and sintering is 
done by microwave heating. Ce02 hydrated gel was obtained from Ce(IV) 
ammonium nitrate and mixed with Sr(OH)2 and sonicated for 30 min., then 
the reactants were subjected to hydrothermal treatment at 150°C for 4 h. 
SrCe03 was found to form orthorhombic perovskite above 1200°C of heat-
treatment. The powders were characterized by XRD, TEM, and EIS 
techniques. The effect of ball milling was also studied on sintering of the 
pellets. The 10% substitution of dysprosium at Ce site does not form single 
phase. Instead Sr2Ce04 is formed along with SrCe03. Similarly, Eu, Er (10 
% and 90 %Ce ) were also attempted to substitute at Ce site; however, 
SrCe^xMxOs (x=0.10) does not take up 10 % substitution. The electrical 
conductivity measurements were carried out on the single phase pellets by 
ac impedance techniques. The results of the experimental results obtained 
in this study are discussed in this paper. 

1. Introduction 

Proton conducting perovskite solids have been investigated by many 
research groups across the globe to arrive at optimized compositions to 
achieve enhanced proton conductivity at relatively lower temperatures. The 
property of selective hydrogen permeation through the solid in a wide a 
range of temperatures makes it attractive to be considered as hydrogen 
separation membrane [1-6]. Proton conducting solids can be used as 
electrolyte in solid oxide fuel cells in place of traditionally known oxide ion 
conducting ytteria stabilized zirconia (YSZ) electrolyte (Fig.1). YSZ or Sr-
and Mg-doped LaGa03 (LSGM) are good oxide ion conducting solid 
electrolytes, however, these materials need to be operated at 700-1000°C 
temperatures to work as an effective electrolyte. The higher operating 
temperature of the electrolyte affects the material life, problems in operating 
the cell at higher temperature, selecting the compatible electrode and 
interconnects components. The higher operating temperature of solid oxide 
fuel cell can be avoided by replacing intermediate temperature proton 
conducting perovskite solid electrolytes in place of oxide ion conducting 
electrolytes. Perovskites can be suitably tailored to exhibit proton 
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conduction at relatively lower temperatures which will enable fabrication of 
low or intermediate temperature fuel cells (Fig.1) and hydrogen separation 
membranes (Fig.2). 

2HT+l/202+2e" , 

Cathode 

02+ 4e" 1 

Oxidant, Air 
orO, 

Cathode 
exhaust N^X 

Overall reaction 
H2+I/2O2 •rfcO 

Figure 1. Schematic of SOFC with proton conducting perovskite solid electrolyte. 

I 
D.C power 
snurne 

H+ H2 + other 
pases 

Hydrogen separation membrane/ 
hydrogen pump 

Figure 2. Schematic of hydrogen separation membrane 

This could be done by doping a single phase oxide or by forming a two-
phase composite material. We are investigating the structure and transport 
properties of a number of doped and undoped perovskites. Dense 
perovskite membranes made of mixed electronic and protonic conductors 
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provide a simple, efficient and cost-effective means to separate hydrogen 
from gas streams. High proton conductivity has been reported for various 
perovskite-type oxides such as cerates and zirconates in hydrogen/humid 
atmosphere. However, only a few, if any, satisfy both high protonic 
conductivity and thermodynamic stability that are prerequisites for the 
application of such membranes as successful separators. This paper deals 
with the study and development of dense, thin ceramic membranes of: 1) 
proton conducting perosvskites (A2+B4+03) as hydrogen separation 
membranes, and 2) mixed [electron & H+] aliovalent ion substituted 
perovskites (A^-i.xMxB^.yNyOsis) as electrode (porous) and electrolyte for 
proton conducting (PC)-SOFCs. 

The limitations of the perovskites used as electrolytes in PC-
SOFCs are: 1) high grain boundary resistance observed in case of ytteria 
doped BaZr03 (BYZ) which leads to reduced ionic conductivity, and 2) 
stability of the B-cation in the 4+ oxidation state in cerates which influence 
the ionic conductivity and structural distortion of the crystal lattice. To 
overcome these limitations, we have adopted novel wet chemical methods 
of synthesis including: 1) sonochemical, 2) hydrothermal, 3) gel to crystallite 
conversion, and 4) regenerative sol gel methods to achieve nano particles 
for improving sintered density while stabilizing high symmetry single phase 
structures (alkali and rare-earth substituted strontium cerates, composite 
Ba(Zr,Ti)03) with enhanced proton conductivity at low temperatures. The 
mechanism of proton conduction and the influence of preparation 
conditions on the microstructure and proton conductivity of the A2+B4+03 

perovskites and its doped compositions are reported. 
BaCe03, SrCei.xMx03 compositions were synthesized by 

sonochemical treatment followed hydrothermal method and sintering is 
done by microwave heating. Ce02 hydrated gel was obtained from Ce(IV) 
ammonium nitrate and mixed with Sr(OH)2 and sonicated for 30 min., then 
the reactants were subjected to hydrothermal treatment at 150°C for 4 h. 
SrCe03 was found to form orthorhombic perovskite above 1200°C of heat-
treatment. The 10% substitution of dysprosium at Ce site does not form 
single phase. Instead Sr2Ce04 is formed along with SrCe03. The 
electrochemical and surface chemistry, cell testing measurements were 
performed using advanced spectro-electrochemical characterization 
techniques such as XRD, TEM, and EIS techniques. The effect of ball 
milling was also studied on sintering of the pellets. 
2. Experimental 

2.1 Hydrothermal method 

Stoichiometric concentrations of Sr(OH)28H20 and 
Ce4+(NH4)2(N03)6 were taken. Ce4+ (NH4)2(N03)6 was dissolved in 
deionized water and NH4OH was added to precipitate Ce02. x H20 . 
Sr(OH)2 was added to a teflon bowl and Ce02. x H20 was transfered in to 
the bowl. The bowl was kept in stainless steel autoclave and heated at 
150°C for 4 h. The content was transferred and heated to dryness and 
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calcined at 1150°C for 6 h. The powders were characterized by XRD and 
other techniques. 

2.2 Ball milling 

Stoichiometric concentrations of Sr(OH)2 8H20 and 
Ce4+(NH4)2(N03)6 were taken and ball milled for 1 hour in a SPEX CertiPrep 
8000-series MIXER/MILL. The powder obtained after ball milled was 
palletized and heated in a furnace at 900°C and 1200°C. The powder and 
pellets were characterized by XRD. 

2.3 Glycine nitrate combustion 

Stoichiometric concentrations of Sr(OH)2 8H20 and 
Ce4+(NH4)2(N03)6 were taken and dissolved to clear solution and adding 1:1 
HN03 and ultrasonication using a ultrasonic processor (M/s. Sigma Aldrich), 
750 watt power. To the clear solution glycine was added and the entire 
reactant beaker was heated on a hot plate (at ~100°C). The solution froth 
and yielded a fluffy mass. Substitution of Dy, Eu, Er were substituted at Ce 
site as 10 % and 5 % by taking corresponding concentrations and same 
procedure was followed to prepare the substituted compositions. The 
precursor powder was further calcined at 750°C and 1200°C for 6 h each. 
The powders were characterized by XRD and other techniques. 

2.4 Characterization 

The powders were characterized by X-ray diffractometry using 
Siemens D 500 or D5000 machine with a scan rate of 0.02 deg./sec and a 
counting time of 1 sec per step. Elecrical conductivity of the pellets were 
measured at 25-1000°C using a HP impedance spectrometer. 

3. Results and discussions 

The hydrothermal technique is a very suitable method of 
preparation for perovskites with higher concentration of hydroxyls. The 
hydrothermal method used here did not yield single phase perovskites of 
SrCe03 or its doped compositions after hydrothermal treatment at 
150°C/4h. The precursor formed contains nano-crystalline Ce02 hydrated 
gel along with other amorphous constituents. This was observed from the 
XRD (Fig. 3) peaks which correspond to Ce02. The nanocrystalline nature 
of Ce02 was also confirmed from the selected area electron diffraction 
(SAED) pattern as shown in the Fig. 4(a) and TEM micrograph (Fig.4 (b)). 
The ring pattern (Fig. 4(a)) is indicative of nano-crystalline nature of the 
particles. Then hydrothermal method did not yield single phase SrCe03 or 
its doped compositions at 150°C/4h condition. The preparation of SrCe03 

and its doped compositions by hydrothermal method needs optimization to 
yield the final product at elevated temperatures or by changing the solvents. 
The substitution of Dy, Er, Eu at 10% level at Ce-site did not form single 
phase, instead two or three phase mixture of compounds were obtained. 
The phases like SrCe03, Sr2Ce04 and Ce02 were obtained as shown in 
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Fig. 2, The Ce02 lattice constants calculated by indexing the corresponding 
XRD patters are a= 5.411 A, space group=Fm3m. The Sr2Ce04 lattice 
constants are a=6.119 A, b= 10.349 A, c=3.597 A .The stability of phase 
pure compositions with 5 % substitution is under progress. In case of ball 
milling methods of preparation, Sr(N03)2 was observed at initial stage of 
reaction at room temperature. On calcinations to higher temperature 
(1250°C/6h) single phase SrCe03 was formed. The crystal structure of 
SrCe03 on indexing the XRD pattern was found to be orthorhombic with a 
lattice constant of a=6.153A, b=6.012 A and c=8.589 A, Space 
group=Pbnm.. I 
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Figure 4 (a) SAED of SrCe03 hydrothermal precursor heated at 400°C, showing narto-

crystalline nature of Ce02 gel (b) TEM micrograph of the hydrothermal precursor gel. 
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The glycine nitrate method also did not form phase pure perovskites 
immediately after charring the precursor on a hot plate. This may be 
attributed to the insufficient provision of insitu heating to form the product. 
On adding excess glycine the powders were observed with burning flame. 
The precursor powders needed further calcinations to yield the phase pure 
SrCe03. 

The electrical conductivity of the compositions was measured by ac 
impedance method. The electrical conductivity plot on SrCe03 is shown in 
Fig. 5. The electrical conductivity of the sample increases with increasing 
applied frequency and temperature. The electrical conductivity observed at 
25 C or room temperature is attributed to adsorbed water and the hydroxyls 
present in the lattice. On increasing the temperature above 100°C the 
electrical conduction seen is attributed to the prevalence of hydroxyl 
protons in the SrCe03. Similar experiments on alkaline zirconates and 
titanates [7] showed the presence of hydroxyl protons in the perovskite 
lattice. The electrical conduction in these perovskites is enhanced by 
oxygen vacancies at and above 500°C. The electrical conductivity observed 
to increase above 350°C as shown in Fig.5. 

H I ' " i '"i '"I ' ' i ' ' " " " i '"I ' ' " " " 
10 1000 100000 1E7 

Frequency (Hz) 

Figure 5 Electrical conductivity measurements on SrCe03 prepared by ball-milling and sintered 
at 1250°C/6h 

The electrical conduction observed below 500°C is attributed to the 
migration of hydroxyl protons (Grotthus mechanism) along the oxygen 
octahedra in the perovskite lattice. Above 500°C to 820°C it is observed to 
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be higher and the charge carriers are observed to be mobile at low applied 
frequency of 20-50 Hz. The details on the mechanism of electrical 
conductivity, phase and structural satability of these compositions are 
beyond the scope of this paper. The preparation of thin membranes from 
the substituted perovskites and electrical conductivity measurements on the 
the membranes will be communicated separately. 

4. Conclusions 

The preparation methods like hydrothermal needs to be carried out 
at higher temperatures to avoid carbonate formation. The ball milling 
method produces the product on calcining the precursor at 1250°C/6h, but it 
contains nitrate of Sr- as intermediate phases during the course of ball 
milling. The glycine nitrate method yields the product but needs to be 
optimized to obtain the single phase product at lower temperature of heat-
treatment to retain the high symmetry phase and nanocrystalline nature of 
the particles so that it can be used to achieve pore free membranes. The 
suitable aliovalent substitution in the perovskites can led to introduction of 
mixed conduction (electron, oxide ion and proton or two of them) in 
perovskites. Mixed conducting perovskites can be used for SOFC electrode 
purposes in combination with proton conducting electrolyte. 
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Abstract 
Various compositions of ceria, Gd-doped ceria and perovskite such as 

Sr-, Mg- doped LaGa03, Sr-doped LaMn03, Sr-doped lanthanum ferrate, 
cobaltate, LaCr03 and doped compositions were prepared by adopting 
several preparation methods. The materials were tailored to be used as 
anode, cathode, and electrolyte and interconnect in solid oxide fuel cells 
(SOFCs). The materials were characterized by XRD, TEM and other 
spectrochemical methods. Electrical conductivity of the compositions was 
measured by electrochemical impedance spectroscopy (EIS). These 
experiments were carried out to optimize the composition and various 
properties of the materials to be used in natural gas fuelled SOFCs. The 
study is aimed at developing materials to fabricate natural gas fueled SOFC 
hybridized to a gas turbine (SOFC-GT) to enhance power production and 
maximum utilization of resources in Trinidad. 

1. Introduction 

It has been said over and over again by many experts that the T&T 
in the Caribbean region is ideally located to promote the advanced power 
source technologies based on natural gas (NG). At present the NG 
reserves are estimated at approximately 27 trillion cubic feet with a current 
production rate of about one billion cubic feet per day. Crude oil and 
condensate reserves are about 550 million barrels with production levels for 
122,627 barrels per day. Almost 75 % of the country's energy consumption 
come from NG and use it for electricity, petrochemical, and other industries. 
In the last four years, the natural gas industry has been growing at an 
average annual rate of 10%. The World Bank has ranked T&T as "an upper 
middle-income oil producing country" which has lead to an intensive 
industrialization thrust, and believed to be most prosperous among the 
Caribbean countries. The vision of T&T is moving towards shifting from oil-
based economies to knowledge-based economies in which innovation and 
implementation in energy sector is key to long-term competitiveness. Power 
generation by fuel cells and gas conversion in Fischer-Tropsch synthesis 
are creating possibilities for making T&T a strong industrialized nation. 

To utilize the NG assertively for sustainable development and 
growth of the region, there is an urgent need to explore distributed energy 
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sources fuelled by NG that can provide customers with reliable, local 
energy supplies while lowering the emissions of air pollutants. In this 
scenario, the renewable energy technology for power generation that is in 
the verge of commercialization is the fuel cell technology for both 
stationary, and transportation applications. Very recently, Dr. Ramsey 
Saunders of University of west Indies, Trinidad, and Dr. Bobba of Southern 
University, Baton Rouge, USA proposed to establish a national center for 
research excellence for promoting hydrogen economy entitled "Center for 
Hydrogen Energy and Advanced Power [CHEAP]" for conducting study, 
research, consultancy, organizing seminars and conferences in areas of 
fuel cells and hydrogen, and establishing a model decentralized 10-50 KW 
NG fuelled solid oxide fuel cell (SOFC) power plant in T&T jointly with the 
T&T NG Company. All activities of the centre will move from materials 
research for component and cell development, production, and formulating 
strategies for developing decentralized power generation source that can 
be highly efficient, clean, quiet, scalable, reliable, and potentially cheap. 
Such power packs will become popular for energizing the medium, and 
business complexes (malls), hospitals, centralized office complexes, 
airports, educational institutions, residential complexes, and remote villages 
in T&T. Global market analysts expect that the overall market for fuel cell 
technology could reach $95 billion by the year 2010. The vision of this 
industrial/academic R &D CHEAP is to prepare T&T for grabbing the 
market share that belong to decentralized power based on NG. 

Solid oxide fuel cell (SOFC) is a high temperature device that 
permits the electrochemical conversion of chemical energy to electricity. 
The tubular SOFC of Siemens-Westinghouse (SW) Power Corporation 
operates at around 900-1000°C, while Delphi planar SOFC operates at 
around 750-800°C. It has ceramic-based membrane and electrodes. The 
standard materials for the tubular cell components are: Yttria-stabilized 
zirconia (YSZ) for the dense electrolyte, a porous mixture of Sr-doped 
LaMn03(LSM) + YSZ for the cathode, a porous mixture of Ni + YSZ for the 
anode and doped LaCr03 and high temperature alloys for the interconnect. 
The tubular SOFC system has been developed by Siemens-Westinghouse 
and other European and Japanese companies; units as large as 200 kW 
have been success-fully demonstrated. The uniqueness and attractiveness 
of the tubular design is that it is a seal-less design, because sealing is an 
extremely challenging problem at high operating temperatures. However, 
the tubular SOFC has quite low volumetric and area power density. For 
example, the maximum power density of the tubular SW cells is only 2.5 
kW/m2(0.25 W/cm2) at 1000°C. The high temperatures have resulted in very 
high cost of the components of the balance of power plant. Hence recently, 
the interest has shifted to the planar SOFC concepts, operating at 700-
800°C, with research focusing on even lower temperatures, 650°C or lower. 
The planar SOFC system being developed by Delphi Corporation has 5 kW 
capacity and 106 cm2cell area. The SOFC based on the concept of planar, 
anode-supported design has led to power densities approaching 20 kW/m2 
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at 800°C in small cells, and as high as 10 kW/m2in short stacks (up to 10 * 
10 cm 10 cell stacks) . At 700°C operating temperature, the cost of the 
metallic interconnect, manifolds and end plates reduce significantly. Lower 
temperature operation makes available numerous materials for the seals, 
and reduces the insulation size and the associated cost. However, with the 
lower temperatures, the internal resistance of the cell rises sharply leading 
to a significant drop in the power density. 

NG fueled SOFC system, in general consists of three converter 
units shown in Figure 1: They are: 1) a high temperature chemical 
conversion in a fuel processor, where methane based fuel is transformed to 
syn gas, 2) the electrochemical combustion of syn gas within the SOFC 
stack to generate heat and d.c electricity, and 3) electrical unit that converts 
and maintains the SOFC module to a useful application. 

Natural Gas Fueled SOFC 
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Figure.1 Schematic of natural gas fueled SOFC. 

In the first (chemical converter shown in Fig. 1) mixed ionic-
electronic conducting ceramics (MIEC), can be employed to process the 
feed fuel into syngas by means of partial oxidation. In the second 
(electrochemical converter), the ceramic cells determine the system 
electrical efficiency by means of their internal resistance. Due to the high 
operating temperature, an important factor in the design of a solid oxide fuel 
cell stack is the matching of thermal expansion coefficient of the cell 
components and interconnects, to prevent cracking of the intrinsically brittle 
ceramic cells, gas leakage and loss of electrical contact. 

A SOFC is mainly composed of two electrodes (the anode and the 
cathode), and a solid electrolyte. The fuel is also important as the principal 
parameter but independent of the other as it is most of the time converted 
into hydrogen. The SOFC, which relies on 02 oxygen ion transport, also 
works with high purity hydrogen, but it does not rely upon this fuel, which is 
expensive to produce and difficult to handle. The main function of the 
electrode is to bring about reaction between the reactant (fuel or oxygen) 
and the electrolyte, without itself being consumed or corroded. It must also 
bring into contact the three phases, i.e., the gaseous fuel, the solid 
electrolyte and the electrode itself. The anode, used as the negative post of 
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the fuel cell, disperses the hydrogen gas equally over its whole surface and 
conducts the electrons, which are freed from hydrogen molecule, to be 
used as a useful power in the external circuit. The cathode, the positive 
post of the fuel cell, distributes the oxygen fed to it onto its surface and 
conducts the electrons back from the external circuit where they can 
recombine with oxygen ions, passed across the electrolyte, and hydrogen 
to form water. The electrolyte determines the operating temperature of the 
fuel cell and is used to prevent the two electrodes to come into electronic 
contact by blocking the electrons. It also allows the flow of charged ions 
from one electrode to the other to maintain the overall electrical charge 
balance. It can either be an oxygen ion conductor or a hydrogen ion 
(proton) conductor. Each component of the SOFC serves several functions 
and must therefore meet certain requirements such as: 1) proper stability 
(chemical, phase, morphological, and dimensional), proper conductivity, 
chemical compatibility with other components, similar thermal expansion to 
avoid cracking during the cell operation, dense electrolyte to prevent gas 
mixing, porous anode and cathode to allow gas transport to the reaction 
sites, High strength and toughness properties, fabricability, amenable to 
particular fabrication conditions, compatibility at higher temperatures at 
which the ceramic structures are fabricated, and low cost. 

Figure 2 shows the schematic of all perovskite anode supported 
planar SOFC system, under progress at the Solid State Ionics Laboratory in 
the Southern University lead by Dr. Bobba. 

All Perovskite SOFC 

LaSrCo(M)Fe03 

_Anode) 
LSGM 
(electrolyte) 

LaSrOMmOj 
(Cathode) 

Ox+H2 •» H20+2e 
Cathode 

02+ 4e -» 20* 

Overall 
1/2G2+H2-»H20 
l/2 02+CO-»C02 

Figure 2 Schematic of all perovskite SOFC 

In this paper, we report the progress of the proposed hybrid 
SOFC/GT system shown in Figure 3 with an emphasis on utilizing the 
nanocrystalline electroceramic materials synthesized at low temperatures. 
To date, the following electrocerceramic materials: 1) nanocrystalline 
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(La,Sr)(Ga,Mg)03 (LSGM) electrolyte, 2) Lao.9Sro.1Coo.9Mo.1O3 
(M=Fe,Ni,Mn) cathode, 3) Ni-based perovskite cermet or (La,Sr)(Ga,Mn)03 

(LSGMn) anode, 4) LaCr03 interconnect, and 5) ceria based anodic 
catalysts materials, were prepared in the form of bulk and thin films using 
innovative wet chemical processing methods, and pulsed laser deposition 
(PLD) techniques [1-3]. The interfacial reactions between electrolytes and 
anodes or cathodes were studied. The exceptional structural and chemical 
compatibility of LSGM with Lao.9SrojCoo.9Mo.iO3 (M=Fe,Ni,Mn) as 
perovskite based cathode, as anode, makes it a unique electrolyte for all 
perovskite based IT-SOFC. 

Figure 3 Schematic of natural gas fuelled SOFC-GT hybrid. 

1.1 Conversion of natural gas (NG) to Syngas 

Hydrogen would be preferred fuel cell feed. As it is not yet 
distributed the next best choice falls on methane. There are three reactions 
which produce hydrogen from methane: partial oxidation (CH4 +

 1/2 02 -»2H2 

+CO), steam reforming (CH4 + H20 -*3H2 + CO), and cracking. Cracking 
should of course be avoided as it produces a carbon deposit in the anode 
and gradually poisons it. At temperatures of 800 to 1000°C, the partial 
oxidation of methane is difficult to control, especially since complete 
oxidation must be avoided as it does not produce any hydrogen. Steam 
reforming is therefore the most commonly used reaction in industry, either 
in external reformers or in internal reforming within high temperature cells. 
In general two types of SOFCs will be used for the catalytic and 

http://Lao.9Sro.1Coo.9Mo.1O3
http://Lao.9SrojCoo.9Mo.iO3
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electrocatalytic experiments: (i) The conventional type where CH4 is fed to 
the anode compartment of the SOFC and (ii) the simplified SOFC type 
where the mixture of CH4 + H20 and 02 is supplied to the reactor so that 
both anode and cathode are exposed to CH4+ H20 and 0 2 mixture 
respectively. In the case of the conventional type the anode should exhibit 
high resistance to carbon deposition, resulting mainly from the methane 
decomposition reaction producing C and K2. Therefore the catalytic 
properties of these electrocatalysts should adsorb C originating from 
methane dissociation with high thermodynamic activity, thus preventing C-
nucleation to graphite at low C coverages on the catalytic surface. 

In decreasing order of efficiency the steam reforming catalysts 
used are: Ru > W > Rh > Ir > Ni > Co > Os > Pt > Fe > Mo > Pd > Ag. 
Nickel (Ni) is the most widely used today because of its excellent 
cost/efficiency ratio. Moreover, it is contained in today's most commonly 
used SOFC anode material: a zirconia-nickel compound belonging to the 
cermet family. We are developing alternate materials such as ceria (doped 
and undoped) and transition metal containing perovskites and fluorite-
related structures [2]. The target for electronic conductivity for anode 
materials is often set to be 100 S cm"1, but the actual requirement depends 
on the cell design and particularly the length of the current path to the 
current collection locations. A suitable benchmark material is the perovskite 
La^xSrxCrOa, which has been thoroughly investigated as an interconnect 
material for SOFCs and is also a potential anode material for SOFCs due to 
the relatively good stability in both reducing and oxidizing atmospheres at 
high temperatures. The acceptor doping gives high p-type conductivity in air 
but, as with all p-type materials, this decreases under reducing conditions 
The introduction of other transition elements into the B-site of La^S^Cr^ 
yMy03 (M = Mn, Fe, Co, Ni) has been shown to improve the catalytic 
properties for methane reforming. 

2 Experimental 

Various wet chemical preparation methods have been used to prepare 
the (1) anode (2) cathode (3) electrolyte (4) interconnect materials. The 
techniques used were (i) combustion synthesis (ii) co-precipitation methods 
(iii) sonochemical methods. Stoichiometric concentrations of reactants were 
taken for preparing specific compositions and dissolved to made solutions 
then ligating agents were added to form complexes and the complex was 
heated on hot plate to decompose and finally on calcinations yielded the 
product. The details are available in our earlier publications [1-3]. 

3. Results and Discussions 

3.1 Anode 

The materials selection for an SOFC anode is determined by a number 
of factors. First, the function required of it as the site for the electrochemical 
oxidation of the fuel associated with charge transfer to a conducting 
contact. Second, the environment in which it operates, at high temperature 
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in contact not only with the fuel, including possible impurities and increasing 
concentrations of oxidation products, but also with the other materials, the 
electrolyte and contact components of the cell, and all this with stability over 
an adequate commercial lifetime at high efficiency. With regards to stability, 
whilst in normal operation the ambient oxygen partial pressure is low, it can 
vary over several orders of magnitude, and to accommodate fault 
conditions or even just to provide flexibility of operating parameters, the 
ability to recover even after brief exposure to air at high temperature would 
be advantageous. A further aspect of this stability is the maintenance of 
structural integrity over the whole temperature range to which the 
component is exposed, from the sintering temperature during fabrication 
through normal operating conditions and then, repeatedly, cycling down to 
ambient temperature. Compatibility with other cell component materials 
implies an absence of solid state contact reactions, with interdiffusion of 
constituent elements of those materials or formation of reaction product 
layers which would interfere with anode functionality. It also requires a 
match of properties, such as shrinkage during sintering and thermal 
expansivity to minimise stresses during temperature variations due to 
operating procedures, start-up and shut-down. By definition of its role, it is a 
requirement that the anode material should be an adequate electronic 
conductor, and also be electrocatalytically sufficiently active to sustain a 
high current density with low overpotential loss. Ceramic anodes, made of 
perovskite-type rare-earth and strontium cobaltites substituted in both 
sublattices, exhibit a high electrocatalytic activity for the oxygen evolution 
reaction in alkaline media. We have analyzed the relationship between 
cation composition, defect structure, electronic conductivity and 
electrochemical performance for a wide group of perovskite-like cobaltites, 
including Ln1_yAyCo03.B (Ln = Pr, Nd, Sm; A = Sr, Ca; y= 0-0.4), La^. 
ySrxBiyCo03_6 (x = 0-0.6, y = 0-0.1), La0.7Sr03CoO3.s, Sr^BaxCoO^x = 0.1-
0.2) and SrCoi.yMy03.5 (M = Fe, Ni, Ti, Cu; y = 0.10.6). SOFC anodes are 
fabricated from composite powder mixtures of electrolyte material (YSZ, 
GDC, or SDC) and nickel oxide NiO (the nickel oxide subsequently being 
reduced to nickel metal prior to operation, which serves to inhibit sintering 
of the metal particles and to provide a thermal expansion coefficient 
comparable to those of the other cell materials. 

3.2 Cathode 

Perovskite-type lanthanum strontium manganite, LaSrMn03 (LSM) 
and lanthanum calcium manganite, LaCaMn03 (LCM) offer excellent 
thermal expansion match with zirconia electrolytes and provide good 
performance at operating temperatures above 800°C. For applications 
requiring lower temperature operation (600-800°C), a range of alternative 
perovskite-structured ceramic electrode materials are available. These 
include: Lanthanum strontium ferrite (LSF), (LaSr)(Fe)03, Lanthanum 
strontium cobaltite (LSC), (LaSr)Co03, Lanthanum strontium cobaltite ferrite 
(LSCF), (LaSr)(CoFe)03,Lanthanum strontium manganite ferrite (LSMF), 
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(LaSr)(MnFe)03, Samarium strontium cobaltite (SSC), (SmSr)Co03, 
Lanthanum calcium cobaltite ferrite (LCCF), (LaCa)(CoFe)03, 
Praseodymium strontium manganite (PSM), (PrSr)Mn03, and 
Praseodymium strontium manganite ferrite (PSMF), (PrSr)(MnFe)03. For 
even better electrode performance, some companies offer a line of 
composite electrode powders, with electrolyte materials (YSZ, SDC or 
GDC) admixed with the perovskite electrode materials (LSM, LSF, or 
PSMF). As in the other fuel cell types, the oxygen reduction largely 
determines the efficiency of the SOFC. Cathodes using LaSrMn03, 
Lao6Sro.4Coo.2Feo.803 (LSCF) have the advantages of lower losses at lower 
temperatures (600-700 °C) and are reported to be less sensitive to Cr-
poisoning. LSM thin film was prepared by pulsed laser deposition by our 
team, the TEM micrograph of the film with columnar microstructure are 
shown in Fig. 4 

Figure 4. Columnar growth in PLD of LaSrMn03 (LSM). 

In our laboratory various compositions have been attempted to optimize 
conductivity of the electrode for ions and electrons and the accessibility for 
oxidant, improvement in microstructure and phase composition at load 
conditions. 

3.3 Electrolyte 

The properties of electrolytes used in SOFC are mainly, but not 
only, dictated by the high operating temperature, high ionic conductivity 
(>0.1 S cm"1); low electronic transference number (<10"3); large electrolytic 
domain; chemical stability with respect to electrode materials, oxygen, and 
fuel gas; thermodynamic phase stability; a good match of thermal 
expansion coefficient (TEC) with other cell components; gas tightness; 
fracture toughness. Current technology employs several ceramic materials 
for the active SOFC components. Although a variety of oxide combinations 
has been used for solid non-porous electrolytes, the most common to date 
has been the stabilised zirconia with conductivity based on oxygen ions 
(02), especially yttria-stabilized zirconia (Y203—stabilized Zr02 or YSZ, 
(Zr02)o.92(Y203)0 08 for example) in which a tiny amounts of the element 
yttrium, a silvery-grey metal, is added to the zirconia during manufacture. 
This choice is mainly due to availability and cost. YSZ exhibits purely 
oxygen ionic conduction (with no electronic conduction). The crystalline 
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array of Zr02 has two oxide ions to every zirconium ion. But in Y203 there 
are only 1.5 oxide ions to every yttrium ion. The result is vacancies in the 
crystal structure where oxide ions are missing. So, oxide ions from the 
cathode leap from hole to hole until they reach the anode, 

The most commonly used stabilizing dopants are CaO, MgO, Y203, 
Sc203 and certain rare earth oxides such as Nd203, Sm203, Yb203. Other 
oxide based ceramic electrolyte that can be used in SOFCs include.Cerium 
oxide doped with samarium (SDC), (Ce0.85Sm0.15)01925 Cerium oxide doped 
with gadolinium (GDC),(Ce0.9o£»do.io)Oi.95. Recently, the sunthesis and 
electrical property measurements on nano-crystalline ceria and Gd-doped 
ceria has been done in our lab. The XRD and TEM results are given in 
Fig.5 and Fig.6 (a-b) respectively. 

(a) Nanoerystalline Powders 
I 

j (1JCe„Gd02Cijs 

Figure 5. XRD pattern of nano-
crystalline ceria powders 

Figure 6 TEM and SAED of a) Ce02 cerium nitrate and DMU (b) Ce0.8Gd0.2O1.9 
For operation at 600 °C or even lower, Lao.9Sro.tGao.8Mgo.2O2.B5 electrolytes 
offer superior conductivity, but exhibit stability probiems caused by 
evaporation of Ga, and low mechanical stability and high gallium costs. 
Scandium doped Zr02 offers improved oxygen ion conductivity and 
relatively high mechanical strength, at the expense of using high cost 
scandium. Lanthanum gallate ceramic that include lanthanum strontium 
gallium magnesium (LSGM), (La0.8oSr0.2o) (Ga0.9oMg01o)02.85 or 
(Lao.8oSr0.2o)(Gao.8oMg0.2o)02.8o, Bismuth yttrium oxide (BYO), (Bi0.75Yo.25)203, 
Barium Cerate (BCN), (Bi0 75Y0 25)203, and Strontium Cerate (SYC), 
Sr(Ce0.95Yb0.o5)03 

To produce submicron LSGM powders for high-quality membrane 
fabrication, the combustion technique via aqueous solutions is usually 

http://Ce0.8Gd0.2O1
http://Lao.9Sro.tGao.8Mgo.2O2.B5
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preferred to the conventional solid-state mixed-oxide method. The solution 
route provides many advantages, for example, molecular homogeneous 
precursors, reduced sintering temperature for obtaining dense ceramics, 
and controllability of uniform superfine grain size. One major disadvantage 
of LSGM is the high cost of the gallium containing precursors. Once LSGM 
materials are used as electrolyte in commercial stage, regeneration of 
LSGM will be a cost-effective effort. Based on this concern, we have 
explored the possibility of regenerating the LSGM ceramics to be aqueous 
solution precursor. Although the solid Ga203 remains insoluble, our 
experiments have shown the LSGM ceramics are completely soluble in the 
acidic solution. In addition, the regenerative route is also cost-effective and 
time-saving for in-lab researches which usually prepare large amount of 
LSGM samples, for example, to tailor effects of composition or synthesis 
condition on the properties of LSGM. 

The sintering behaviour of the materials prepared from the various 
routes was examined by Scanning electron microscopy (SEM) shown in 
Figure 7 The pellets prepared by regenerative sol-gel technique produce 
nano-crystalline powders which has better sintering properties as indicated 
in Fig. 7 a-b and Fig. 7c-d. 

FigJ.SEIVi micrographs of 
La0.8Sr0.2Ga0.85MgO. 1502.8 
25 (LSGM-2015) and LaGa03: 
heated at 14000C/8h 
(a) solid-stats route(SSR) 
pelletofLSGy-2015; 
(b) RSG pellet of LSGM-2015; 
(c) solid-state route pellet of 
LaGaOS; and 
(d) RSG pellet of LaGaOS 

The £ig 3 illustrates the impedance spectroscopy measurement of 
the LSGM-2015 pellets synthesized through both the regenerative sol-gel 
route and solid-state route. The resistances in all bulk and in all grain-
boundary (Rb and Rsb) of the pellets were estimated from the real axis 
intercepts of the depressed semicircles based upon the equivalent series 
circuit of two R-C parallel circuits. The first depressed semicircle near the 
origin corresponds to the bulk resistance and the second corresponds to 
the grain-boundary resistance. The first real axis intercept offers the Rb and 
the second offers the sum of Rb and Rgb. The resistances were unified by 
multiplying the ratio of area to thickness of the measured pellets. Although 
we got the resistances, because volume fractions of the bulk and grain-
boundary are unknown, it is impossible to calculate the bulk and grain-
boundary conductivities. The Arrhenius relations of the bulk and the grain-
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boundary resistances in [3] indicate the grain boundary resistance is almost 
equal to the bulk resistance. Based on the Arrhenius relation of T/R oc 
Exp(-E/kBT), we estimated the activation energies for the oxide-ion 
conduction across the whole pellet (Et=1.01 eV), the bulk part (Eb= 0.97 
eV), and the grain-boundary part (Egb= 1.03 eV). The Arrhenius relation of 
the total conductivities [3] indicates the regenerative sol-gel LSGM-2015 
has a higher temperature-dependent conductivity than that of the solid-state 
route LSGM-2015. At 800°C and 700°C, the solid-state route LSGM-2015 
has a conductivity at = 0.056 and 0.025 S/cm respectively, and the 
regenerative sol-gel LSGM-2015 has a conductivity a, = 0.066 and 0.029 
S/cm respectively, which is 16-18 % more than the solid-state LSGM-2015 
conductivity and is comparable to the conductivity of conventional sol-gel 
route LSGM starting from liquid-mixing of salt solutions (refer to [3], 
Lao.9Sro.1Gao.8Mgo.2O2.85, a, = 0.065 S/cm and 0.034 S/cm at 800°C and 
700°C respectively. 
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Figure 8. Cole-Cole plots recorded on LSGM pellets. 

3.4 Interconnects 

Separator plates are in SOFC mostly called interconnects. At high 
temperatures, one option is to use ceramic interconnects. The ceramic 
plates are based on LaCr03. Doping with Ca, Sr or Mg leads to higher 
electrical conductivity. Pure ceramic plates have the tendency to be partially 
reduced at the anode side, leading to warping and breakage of the sealing 
besides, more cost effective materials and fabrication methods are needed 
for bringing this technology to the commercial stage. Metallic interconnects 
would lead to lower fabrication costs, are less brittle and have a higher 
electrical and thermal conductivity. 

3.5 SOFC-GT hybrid system 

The Hybrid system comprises of a natural gas fueled SOFC with a 
gas turbine as shown in the Fig. 3. Natural gas with necessary purification 
is sent to the anode chamber and excess gas is recycled. Similarly, air is 
sent (pumped) to the cathode compartment and recycled. Since the fuel cell 
operates at high temperatures ~8000C and produces DC current, the used 

http://Lao.9Sro.1Gao.8Mgo.2O2.85
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hot gases can be sent to the gas turbine (GT) to produce AC current by the 
gas turbine turbine and generator.Thereby, increasing the efficiency of the 
process. By doing so maximum utilization of gas and heat can be achieved. 
A prototype set up will be fabricated and the fuel cells will be tested in our 
site. 

4. Conclusion 

Exploitation of fossil fuels to produce energy is reaching its limits. 
Future alternatives must therefore be developed for long-term and 
environmental-friendly energy supply needed by a constantly growing world 
population. SOFCs provide highly efficient, pollution free power generation. 
Their performance has been confirmed by successful operation of power 
generation systems throughout the world. Electrical-generation efficiencies 
of 70% are possible nowadays, along with a heat recovery 
possibility.SOFCs appear to be an important technology for the future as 
they operate at high efficiencies and can run on a NG produced in Trinidad. 
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J. H. J 0 0 and G. M. CHOI* 

Fuel Cell Research Center and Department of Materials Science and Engineering, 

Pohang University of Science and Technology, Pohang, Gyeongbuk 790-784, Korea 

* Corresponding author, E-mail: gmchoi@postech.ac.kr 

A typical solid oxide fuel cell (SOFC) consists of an oxygen-ion conducting solid-electrolyte, usually 
yttria-stabilized zirconia (YSZ), and electrodes deposited on two sides of electrolyte. The SOFC usually 
operates between 800-1000 D. The high operating temperature is due to the low oxygen-ion conductivity 
of the electrolyte at low temperature and also due to slow electrode kinetics. In this study, we made a 
SOFC using GDC (Gd203-doped Ce02) thin film on nano-porous substrate. Anodic nano-porous alumina 
membrane has been employed as a substrate. The substrate has nanometer-size columnar pores (200nm) 
which penetrate the substrate vertically. Porous Pt thin-film as an anode was deposited onto the substrate 
by DC sputtering. On top of Pt anode, dense GDC thin film (~2im) was deposited by pulsed laser 
deposition. To measure the resistance of GDC and the open-circuit voltage (OCV) of cell, another Pt 
electrode as a cathode was painted on the surface of GDC thin film. Substantial OCV was developed 
when humidified H2 gas was flown over anode below -500G. However, the measured OCV was lower 
than the theoretical OCV due to low activity of Pt electrode. The enhanced OCV will be expected when 
highly active electrodes were used 

Keywords: SOFC, doped-ceria thin film electrolyte, nano-porous substrate, OCV 

1. Introduction 

Solid Oxide Fuel Cell (SOFC) has been rapidly developing for clean and efficient 
power generation using a variety of fuels. Current SOFCs employ YSZ as an 
electrolyte and require operating temperature 800-1000LI to minimize ohmic loss [,). 
Recent focus has been on the advances of SOFCs through the lowering of the 
operating temperature for the use of fuel cells in portable devices. However, as the 
temperature is reduced, the ionic conductivity significantly decreases. This can be 
overcome by decreasing the thickness of electrolyte. The most promising approach 
in decreasing the thickness is to make the electrolyte by thin film deposition process 
[2]. With the advent of thin film technology, efforts have been made to make 
miniaturized SOFC [3"4]. Miniaturized SOFC is potential high efficiency, high energy 
density replacements for batteries in the mW-W power generation for portable 
consumer and military electronic devices. Miniaturized SOFC offers great 
advantages over their macroscopic counterparts such as lower operating 
temperature, easy integration with the required electrical components, small size and 
reduced weight.'51 

Recently, considerable efforts have been directed to intermediate temperature 
SOFC based on thin film electrolytes of doped ceria. Rare earth oxide doped ceria is 
one of the candidates for the electrolytes of intermediate temperature SOFC.'61 In 
this study, we made a SOFC using GDC (Gd203-doped Ceria) thin film on nano-
porous substrate by pulsed laser deposition method. Pulsed laser deposition method 
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has become an increasingly important technique for depositing thin films of a 
variety of materials. Its main advantage is the ability to deposit many materials 
while preserving the stoichiometry of multi-component. The microstructure and 
impedance analysis of GDC film are characterized and the OCV values of cell are 
discussed. 

2. Experimental procedure 

Anodic nano-porous alumina membrane has been purchased and employed as a 
substrate. As nano-porous substrates, commercial inorganic filters (Anodisc®, 
Whatman, UK) were used. The substrate is made by anodic oxidation of aluminium, 
and has nanometer-ordered columnar pore (200nm) structure Fig. la. Since this 
membrane is an electrical insulator, porous Pt thin-film as an anode was deposited 
onto the substrate by DC sputtering. Pt electrode was deposited at 3 mTorr and 
showed pores of 100-200nm size as shown in Fig. lb. On top of Pt anode, dense 
GDC thin film (thcikness~2/zm) was deposited by pulsed laser deposition at oxygen 
partial pressure of -50 mTorr. A stainless steel chamber was evacuated to a base 
pressure of 5*10"6 Torr using a turbo molecular pump. Pulsed laser ablation was 
carried out with a KrF excimer laser (248 nm with 30 ns pulse width) at a pulse 
energy of-1.5 J/cm2 and repetition rate of 10 Hz. The laser beam was focused on 
GDC (lmoI%Ga203-doped Ceo.gGd0 202.6) target which rotated at -10 rpm. To 
enhance the densification of GDC film, lmol%Ga203-doped GDC target was used. 
Substrates were positioned parallel to and 5 cm away from the target. This distance 
allows sufficient interaction between the plasma plume and the background oxygen 
gas. The substrate temperature was maintained at 500 °C. 
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Fig. l.(a) SEM image of the anodic alumina substrates having average pore diameter of 200nm. (b) SEM 
image of sputter deposited Pt with pore size of 100-200nm. 

To measure the electrical resistance of GDC and the open-circuit voltage (OCV) of 
cell, another Pt electrode as a cathode was painted on the surface of GDC thin film. 
The schematic configuration of measurement cell was shown in Fig.2. The 
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impedance spectra were obtained in the frequency range 0.1Hz-5MHz using 
impedance analyzer (model SI 1260 Impedance analyzer, Solartron, UK). Cell was 
tested in the 400-500 U temperature range using H2+3%H20 as fuel and air as the 
oxidant. The OCV was measured with digital electrometer (Keithley, K196). The 
phase of thin film was characterized by x-ray diffraction (XRD) using Cu-Ka 

radiation (MAC Science, M18XCE, Japan). Microstructure observation was 
performed by a field-emission scanning-electron-microscope (JEOL, model 3330F, 
Japan). 
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Fig. 2. Schematic of the seting up employng nano-porous substrate-supported SOFC for measuring OCV. 

3. Results and discussion 
3.1. Microstructure of GDC thin film on anodic alumina substrate 
The crystalline phase of GDC film was determined by using XRD. Fig.3. shows 

XRD patterns of anodic alumina substrate and GDC thin film deposited on substrate. 
The XRD patterns obtained from the films were consistent with the reference data 
for single phase GDC with cubic fluorite structure (JCPDS 46-0507). The 
polycrystalline cubic nature of the films is apparent in XRD patterns. No secondary 
phases due to film/substrate interaction were detected. A strongly preferential 
orientation of (111) planes in the film was obtained. 
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Fig. 3. XRD patterns of anodic alumina substrate and GDC thin film deposited on substrate. 
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SEM pictures of the thin films were examined to study the morphology. Fig.4. 
shows the surface (left) and cross-sectional (right) SEM micrographs of thin film 
GDC (thcikness~2/zm) deposited on porous Pt anode/anodic alumina substrate. The 
columnar growth of the grain is apparent for films. The thin film shows 
negligible porosity as shown in Fig.4.(a). Nanocrystalline morphology was 
observed with an average column diameter of ~150nm. 

Fig. 4. Surface and cross-sectional SEM micrographs of GDC thin film grown on porous anode Pt/ anodic 
alumina substrate. 

3.2. Impedance analysis and OCV measurement 

The resistance of thin film GDC was measured by impedance spectroscopy. Due to 
the possible incomplete contact of porous Pt cathode, the calculation of the 
conductivity from the measured resistance has not been possible. The incomplete 
contact at the porous Pt/GDC film interface can cause the conductivity drop of GDC 
film. Thus, only resistance values are discussed. Complex imedance spectra were 
obtained in the temperature range 200-300°C in air as shown Fig.5. The impedance 
spectrum of thin film consists of a high-frequency semicircle caused by grain 
process and a low-frequency curve attributed to the interface between GDC film and 
Pt electrodes. No grain boundary contribution was shown for films. This may partly 
be due to the columnar structure of thin film, in which the grain boundary is parallel 
to the current direction [7'81. In other words, the highly oriented growth of the thin 
film GDC shows that the current flow is not limited by grain boundaries in the 
parallel plate geometry. 

Fig. 6 shows the arrhenius plots of the GDC film resistance as a funtion of 
temperature. The apparent activation energy corresponding to this resistance was 
calculated from the solid fitting line. From the Arrhenius plot, the activation energy 
for ion conductivity was estimated to be 0.86±0.018 eV, similar to the reported 
value (~0.82eV) for GDQCeo.gGdo.jOj-s) grain bulk[9]. 
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Fig. 5. Impedance spectra of GDC thin films deposited on porous Pt film. 
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Fig.6. Arrhenius plots of the GDC film resistance as a funtion of temperature. 

The OCV was measured between 400Q and 500D in 50D intervals using 
H2+3%H20 as fuel and air as the oxidant. In Fig.7. the OCV was plotted against the 
temperature for a cell which had a GDC electlolyte thin film. However, the 
measured OCV was lower than the theoretical OCV (~1V) under the experimental 
condition'101. This is most likely due to poor electrode reaction of Pt electrode. OCV 
depends on the kind of electrode materials, which indicates the data are not free 
from kinetic aspect of the interfacial reactions. Matsui et al. reported that 
Pt/Ce0.sSmo.2Oo.i9/Pt cell showed OCV of -0.5V at 450• and -0.65V at 500 LJ due 
to the low electrode reaction of Pt[ul. The low activity of the Pt electrode below 
5001] may be correlated with Pt-0 formation1121. The enhanced OCV will be 
expected when highly active electrodes were used 
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Fig.7. Open circuit voltage of cell as a function of temperature. Solid line: OCV curve calculated using 
the Nernst equation. Dotted line: Theoretical OCV curve of Ceo.8Smo.2Oo.19 calculated using mixed 
conduction (H2+3%H20 as fuel and air as the oxidant).1"1 

4. Conclusions 

SOFC using GDC thin film on nano-porous anodic-alumina substrate was 
fabricated. Dense and well crystallized GDC film was successfully grown. The 
impedance spectrum of thin film consists of a high-frequency semicircle caused by 
grain process and a low-frequency curve attributed to the interface between GDC 
film and Pt electrodes. No grain boundary contribution was shown for films due 
partly to the columnar structure of thin film, in which the grain boundary is parallel 
to the current direction. Substantial OCV was developed when humidified H2 gas 
was flown over anode below -500D. However, the measured OCV was lower than 
the theoretical OCV due to low activity of Pt electrode. The enhanced OCV will be 
expected when highly active electrodes were used 
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The demand for compact and high energy density batteries is constantly 
increasing with miniaturization of micro batteries for portable devices. All 
solid state batteries that consist of solid electrolyte and two electrodes have 
attracted much attention, because of their potential for flexibility, safety and 
further miniaturization. Superionic glass AgI-AgP03 is well known superionic 
conductor that has been investigated by many different techniques. Its high 
conductivity up to- 10"2 S/cm at ambient temperature has attracted many 
researchers to understand the mechanism of ionic conductivity. The neutron 
scattering studies revealed the existence of prepeak at low Q in the structure 
factor S(Q) and the boson peak at low energy in the dynamic structure factor 
S(Q,E). Those results showed that many interesting phenomena were found 
out in this material. However, its application as solid electrolyte in a solid state 
rechargeable battery is only little known. In order to complete the feature of 
this material, we fabricated cell batteries Ag/ Agl-AgPCH /Ij,C . The silver 
and iodine-carbon were used as the anode and cathode, respectively. This 
paper will describe the recent results of solid electrolyte AgI-AgP03 and the 
performance of the new solid state battery. 

1. Introduction 

A battery is a device that converts the chemical energy contained in its active 
materials directly into electric energy by means of an electrochemical oxidation-
reduction (redox). The type of reaction involves the transfer of electron from one 
material to another through an electric circuit. One cell battery consists of three 
major components, an anode or negative electrode, where oxidation takes place 
during discharge, a cathode or positive electrode, where reduction takes place, and 
the electrolyte-the ionic conductor-which provides the medium for transfer of 
electrons, as ions, inside the cell between the anode and cathode. For the most 
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electrolyte in the market is typically a liquid, such water or other solvents. The 
disadvantages of liquid electrolyte are leakage, need special handling and 
packaging, short life time and also will contaminate the equipments after being 
used. It is not also fulfill the requirement for mounting the energy source on the 
electronic circuit board [2]. Therefore, the concept of solid state battery with the 
solid electrolyte attracted renewed interest every time a new solid electrolyte and 
new electrodes were invented. The solid state batteries are expected to have high 
energy density, wide range temperature of operation and long shelf life. 

The solid electrolyte is a relatively new component in the all solid state 
battery compared to liquid electrolyte batteries. Some of the criteria for the solid 
electrolyte are (i) high ionic conductivity (ii) the transference number close to unity 
(iii) thermodynamically stable (iv) chemically and physically stable with the anode 
and cathode (v) can be process as thin film for the miniaturization of the device. 
Some of those criteria were shown in superionic solid materials. Superionic solid is 
a solid electrolyte that characterized by high ionic conductivity ~ 10~2 S/cm, 
compared with the well known ionic solid(e.g. NaCl, KC1~1(H6 S/cm) [1]. 
However, many superionic solids for example crystalline Agl, Ag2S exhibit such 
high ionic conductivity at high temperature [3]. In order to obtain a superionic solid 
at room temperature, so that the electrolyte can be used in a solid state battery the 
researches have been started by modifying the already existing structure Agl with 
another second component like polymer, ceramic, crystal or glass. In this work, we 
concentrate on developing superionic glass based on silver phosphate glasses Agl-
AgP03 . The glass contains non-toxic and no-hazardous materials, free from 
leakage, easy to be produced and formed as a thin film. Another important aspect, 
that this glassy material is safe and environmentally friendly. The glassy electrolyte 
must have good ionic conductivity but not be electrically conductive, as this would 
caused internal short-circuiting 

2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 
1000/T [K] 

Figure 1. The ionic conductivity of the (AgI)x(AgP03)i_x as a function of temperature 

and composition (x) [4]. 
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Superionic glass (AgI)x(AgP03)!.x is well known electrolyte which has its 
potential applications in many electrochemical devices such as batteries , sensors, 
and memory. As glass based electrolytes in general, the glass based silver phosphate 
not only has high ionic conductivity but also has many other advantages over its 
crystalline counterparts, such as, ease in preparation, wide selection of composition 
& glass forming region, absence of grain boundaries, isotropic properties, negligibly 
small electronic conductivity, inert to atmosphere, high stability, etc., [1-3]. At 

ambient temperature AgPC>3 shows low ionic conductivity (~ lO"? S/cm), but the 
mixture of (AgI)x(AgP03)!.x shows the conductivity increase by few orders of 
magnitudes with increasing Agl and temperature as shown in figure 1 [4-6]. The 
optimum conduction composition is achieved for (AgI)o.5(AgP03)o.5 in a glassy 
state and (AgI)0.7(AgP03)o.3 in a composite-glassy state. 

The observed variation of conductivity with the Agl content in the 
superionic glass is explained by correlating the IR, DSC and conductivity results 
[7,8]. From this study, ionic conductivity increases due to (a) Ag+ ion concentration, 
which is also in accordance with the conductivity (o) expression 

0=neu (1) 

where n is the number of charge carriers, e is the charge and y, is the mobility and 
(b) the increase of mobility of the Ag+ ion. Based on equation (1) above the ionic 
conductivity increases with the increase of the Ag+ ion concentration. However, the 
solubility of the Agl in glass matrix is limited, i.e the maximum solubility limit (x) 
of Agl is about 0.57 [5]. Further increasing the Agl will reduce the mobility of Ag+ 
ions to move due to some cluster or precipitate of Agl. This is shown in the x-ray 
data, where some crystalline Bragg peaks correspond to Agl appear at the 
composition (Agl)0.7 (AgPO3)0.3. The later is called a superionic composite-glass. 
Recently, our group has also investigated its structural and dynamic behavior via 
neutron diffraction and inelastic neutron scattering methods [9-12], The results 
reveal an interesting relation among the first sharp diffraction peak, boson peak and 
the ionic conductivity in this superionic glass 

Though the superionic glass AgI-AgP03 has been well studied by many 
different methods, the application of the superionic glass AgI-AgP03 as a solid 
electrolyte in a solid state battery is not well studied. Therefore, main objective of 
this study is to develop new solid state battery based on the AgI-AgP03 glassy 
electrolyte. In the previous section, the optimum conduction composition was 
obtained for (Agl)0.5 (AgPO3)0.5 and (AgI)o.7(AgP03)o.3. Therefore these 
composition were chosen as the electrolyte separator of a battery cell. The objective 
of the rechargeable silver battery program is to develop batteries that have high 
energy density, high power density, good cycle life and charge retention, and to 
provide high performance reliably and safely. The selection of cell components and 
designs is necessarily a compromise to achieve the optimum balance. The process 
of rechargeable batteries must be reversible and the reaction that occur during 
recharge affect all of the characteristics and the performance of subsequent cycling. 
In this paper two cells batteries Ag/(AgI)o.7(AgP03)o.3/l2 and 
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Ag/(AgI)o.5(AgP03)o5/l2,C, have been developed and their performance will be 
discussed. 

2.Experimental Method 

2.1 .Preparation of Solid Electrolyte 

Superionic glasses (Agl)05 (AgPO3)05 and (AgI)0.7(AgP03)o.3 were prepared at the 
Nuclear Industrial Material Division, Technology Center for Nuclear Industrial 
Material Technology, BAT AN and the method of preparing this material has been 
described elsewhere [6]. The glasses were prepared by melting the mixtures of 
ground Agl (purity 99.9%, Aldrich. Co), AgN03 and NH4H2PO4 were heated 
gradually up to 600° C for about 6 hours. The molten mixture then was quenched 
into liquid nitrogen. A yellow transparent glass was obtained for (Agl)05 (AgPO3)0.5 
and an opaque glass for (AgI)0.7(AgP03)o.3. The quality of the sample was measured 
by x-ray diffraction. 

2.2.Selection of Electrode Materials 

An important aspect on designing a battery is the combination of anode and cathode 
materials, which will determine the cell voltage and capacity. In our experiment, 
the anode/cathode couple Ag/I2 will be chosen for this solid state battery, because of 
several reasons. Silver metal was the obvious choice as an anode material because it 
is necessary to use a material of the same nature as the mobile ion in the electrolyte 
(AgI-AgP03) to assure uniform and continuous electrical charge transport through 
the three components of the battery. It shows also properties: efficient as a reducing 
agent, high coulombic output (Ah/g), good conductivity, stable, easy of fabrication. 
The choice of cathode in most cases happened to meet essential requirement that, 
efficient oxidizing agent, be stable when contact with the electrolyte, and have a 
useful working voltage. Simultaneously, the solid electrolyte has to withstand this 
potential without decomposing the constituents. Thus the anode/cathode couple 
Ag/I2 was chosen for the first silver solid state battery. It is known that the I2 

electrode is very reactive and it sublimes easily in the air. To prevent iodine reaction 
it is suggested to use the graphite (C) so that the second anode/cathode couple 
becomes Ag/I2,C. For protecting the electrode from sublimation and reacting with 
the other materials we tried to mould the battery cell with resin. 

2.3. Fabrication of new solid state Battery 

By using this electrolyte and electrode couple, first cell battery was built with the 
configuration Ag/(AgI)0.7(AgP03)o.3 /I2 as shown in the figure 2. The dimension of 
the first battery is 15 mm diameter and 5.0 mm thickness. The second cell was 
arranged with the configuration Ag/(AgI)o.5(AgP03)0.5 /I2,C with the dimension of 
11.5 mm diameter and 3.0 mm thickness. The electrolyte, anode, and cathode 
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powder were sandwiched as illustrated in the figure 2. For current collectors, two 
Cu disks were attached at the both sides of the sandwich. For protecting the I2 

electrode from sublimation and reacting with the other materials, the cell was 
molded by resin. 

2.4. Test Characteristic of the Battery 

For having the characteristics of the battery, a charge-discharge measurement was 
performed by loading with fixed external resistance (20kQ, 50kO). All the output 
voltage data was measured using a pico DAQ during the charge-discharge process 
and recorded automatically in a computer. 

Figure 2. Preliminary design of coin type battery 

Table 1. Configuration of two soiid state batteries 

Battery 

Type I 

Type II 

Electrolyte 

(Agl)o.7(AgP03)o.3 
or AIX07 

(AgI)0.3(AgP03)o.5 
orAIXOS 

ELectrodes 

Ag/I3 

Ag/feC 

Dimension 
(dia/mm x 
thick./mm) 
15.0 x5.0 

11.5 x3.Q 

OCV 
(volt) 

0,67 

0.66 

3.Results and discussion 

The configuration of two batteries are shown in table 1. The open circuit voltage 
(OCV) are 0.67 volt and 0.66 volt for batteries with configuration Ag/'AIX07/I2 and 
Ag/AIX05/I2)C , respectively. A simple construction to test performance of the both 
battery has been made. The battery was simply discharged by using external 
resistance 20 KO. The first test result of the one cell battery system is illustrated in 
Figure 3. The potential decreases from OCV and it works at around 0.42 volt for 
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many hours. This is shown that the working voltage of the first battery is around 
0.42 volt, when discharged under the load of 20 KQ. 

In a typical cell reaction, the (AgI)0.7(AgP03)o.3 electrolyte retains iodine 
during charge and release during discharge. The cell reaction is Ag + 1/2I2 -» Agl, 
with OCV is 0.66 volt, which is similar to the cell reaction of Ag/Agl/I2 that has an 
open circuit voltage (OCV) of 0.7 volts [13]. This kind of battery has low capacity 
and low current density has low current density of about 5-10 u/cm2 of the anode. 
One of the problems of this ionic cell is the used of I2 as a cathode. This material 
sublimates at room temperature, and reduces the capacity for the cell to keep its 
reaction. Iodine is a hygroscopic material. In the humid environment it will absorb 
water and soon ion I" is created. The ion I" will make further reaction with I2 to form 
I"3, which is very reactive material. To reduce this reaction, an absorbent material 
should be added and in this case we chose powder carbon (C) or graphite, so that 
the anode/cathode couple becomes Ag/I2,C [14]. The combination of this 
anode/cathode couple has been used in the second battery with the configuration of 
Ag/(AgI)0.5 (AgPO3)0.5 /I2,C. The open circuit voltage (OCV) for this configuration 
is ~ 0.66 volt, which similar to other silver solid battery system. Here, it is shown 
that the carbon does not change significantly the potential between the two 
electrodes Ag/I2. 
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Figure 4. Discharge curve of Ag/AIX07/I2 and Ag/AIX05/I2,C under the load 20KQ. 

Another similar test has been performed to the second battery by loading 
the cell under the 20 Kfl external resistance. The result in Figure 4 shows that the 
potential of Ag/AIX05/I2,C decreases gradually from 0.66 volt to 0.25 volt for the 
first one hour, then it stabilized at around the working voltage 0.25 volt for 6 hours 
before we stopped the program. The different between the two batteries on loading 
the same resistance, is due to the different in dimension and size of the cell battery, 
as listed in table 1. The larger is the contact area of the electrode-electrolyte, the 
higher is the current density. However, the used of C influences on the potential 
stability, not the capacity. Figure 5 shows the second battery was discharged under 
different load, 50Kn and 20KQ. It is clear that the working voltage will be lower 
when the load given to the battery is larger. However, the capacity of the battery 
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must be the same. In this experiment, unfortunately, we were unable to record the 
discharge curve until it becomes zero potential, since it last for more than 120 hours. 
The capacity of the cell can be calculated approximately ~3 mAh. 
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Figure 5. Discharge curve of Ag/ AIX05 /12>C under load 50 kQ and 20 kQ 

4.Conclusion 

In this experiment, two cell batteries of Ag/(AgI)0.7(AgP03)o.3 /I2 and 
Ag/(AgI)o.5 (AgP03)o.5 /I2,C were constructed. The results have illustrated the 
discharged characteristics of the silver battery when it was discharged with fixed 
load or fixed current values at room temperature. The typical discharge curves are 
relatively flat when it is operated below its limiting current. At the higher discharge 
current the operating voltage was lower. It is similar with the characteristics of all 
battery systems. 

The Ag was chosen as the anode material due to some reasons such as for 
making the reduction and oxidation reaction take place uniformly and continuously 
during charge-discharge process, ease to be fabricated and can be used as an anode 
in the form of powder pellet, plate or grid. In the battery system, the electrodes are 
usually made from composite materials fabricated in more porous form in order to 
have electrodes with large area. With a large area electrode, the energy loss due to 
both active and concentration polarizations at the electrode surface can be 
minimized and the electrode efficiency can be improved [6]. The choice of I2 

cathode is to meet the essential requirement that the potential different must be high 
and the ionic transportation among the three components of the battery can flow 
naturally and continuously. Hence, the anode-cathode of Ag/I2 couple was 
preferred. Iodine is a hygroscopic material. In the humid environment it will absorb 
water and soon ion I" is created. The ion I" will make further reaction with I2 to form 
I"3, which is very reactive material. To reduce this reaction, an absorbent material 
should be added and in this case we chose powder carbon (C). By using this 
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material at least two advantages may be obtained i.e. the reduction of the I"3 ion and 
the larger area of the electrode. For isolating the battery from the further reaction 
with the water that comes from the surrounding, resin was used. It has been shown 
that the use of C can improve performance of the battery. Further improvement of 
the silver battery is now being progressed. 
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The performance of lithium polymer cells fabricated with Polyacrylonitrile (PAN) based 
electrolytes was studied using cycling voltammetry and continuous charge discharge cycling. 
The electrolytes consisted of PAN, ethylene carbonate (EC), propylene carbonate (PC) and 
lithium trifluoromethanesulfonate (LiCF3S03 - LiTF). The polymer electrode material was 
polypyrrole (PPy) doped with dodecyl benzene sulfonate (DBS). The cells were of the form, Li 
/ PAN : EC : PC : LiCF3S03 / PPy : DBS. Polymer electrodes of three different thicknesses 
were studied using cycling at different scan rates. All cells had open circuit voltages in the 
range, 3.0 - 3.5 V vs Li. With increasing scan rates as well as thickness of the polymer 
electrode, diminishing of peaks and increase of peak separation in cyclic voltammograms was 
seen. Charge values obtained with constant charge discharge cycling and with cyclic 
voltammetry at slow scan rates were similar. The charge factor remained close to unity. These 
results show the fact that satisfactory cell performance can be achieved with thin electrode 
films and cycling at slow scan rates. 

1. Introduction 

Due to the unending progress of modern technology, there has been ample 
development in the field of battery technology towards high energy density, light 
weight and environmental friendliness. One aspect of improvement is connected with 
the electrolytes used in the batteries. At present, intensified research efforts are 
focused on gel electrolytes due to their considerable ionic conductivities and ability 
to act as free standing films1,2. Great attention has been put forward on 
polyacrylonitrile based electrolytes. The goal of fabricating batteries with high 
energy density, light weight and safety has resulted in lithium polymer batteries 
which are of the form Li / polymer electrolyte / conducting polymer cathode. The 
performance of those types of cells can be investigated using cycling voltammetry 
and charge-discharge cycling. 
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2. Experimental 

A mixture of ethylene carbonate (EC, ALDRICH, 98%) and propylene carbonate 
(PC, Bie and Berntsen A-S, 99%) of 1:1 (by weight) was dried over molecular sieves 
for 24 hrs. Then, the required amount of lithium trifluoromethanesulfonate 
(LiCF3S03, 3M)) was added and purification was done by percolating through 
activated alumina. In a certain amount of so-prepared electrolyte, the corresponding 
quantity of PAN (ALDRICH) was dissolved with the aid of magnetic stirring. The 
mixture composing of PAN : EC : PC: LiCF3S03 was heated at 140 °C for 1 hr in a 
Buchi model (T0-50) furnace. The resulting homogeneous, viscous hot mixture was 
poured between two well-cleaned glass plates and pressed. On cooling, transparent 
film membranes could be obtained which were free from bubbles and pinholes. All 
the preparation steps were carried out inside a glove box (Vacuum Atmospheres 
Corporation) purged with Argon. Polymer electrodes were deposited on stainless 
steel electrodes. Cell preparation was done inside the glove box. A circular pellet 
was cut from the electrolyte membrane. A lithium electrode of the same diameter as 
the electrolyte was used as the anode. A brass sample holder was used to house the 
cell assembly. 

For each cell fabricated, cyclic voltammetry tests were done in the potential range of 2.2 
- 3.5 V vs metallic lithium using a computer controlled potentiostat / galvanostat. The 
PPy electrode served as the working electrode, lithium was used as both counter and 
reference electrodes. Cyclic voltammetry studies were performed at low as well as at 
high scan rates (0.1,0.2, 0.3,0.4, 0.5,1.0,2.0, 5.0,10.0,20.0, 50.0, 80.0 and 100.0 mV / 
s). Thereafter, those cells were tested for their ability to endure continuous charge and 
discharge cycling. For this purpose, they were galvanostatically discharged to 2.0 V 
immediately followed by a potentiostatic charge at 3.5 V by using a computer controlled 
charge-discharge set-up. Possible reactions leading to electrolyte decomposition are 
limited as the potentiostatic charge guarantees that electrode does not exceed the given 
potential. Besides, the steady decrease of charge current indicates the absence of any 
parasitic processes, which would result in self discharge. Numerical values of maximum 
charge and discharge currents were equal (25 |xA). In this experiment, the charge was 
set to terminate when the current falls to a predetermined fraction (10%) of its 
maximum value. 

3. Results and Discussion 
All cells had open circuit voltages in the range 3.0 - 3.5 V. Cyclic voltammograms 
obtained for the cells with PPy : DBS films of thicknesses 1, 2, 4 um are shown in 
Fig.1. 



E / V v s L i 

Fig. 1 Cyclic voltammograms obtained for cells of the configuration, Li / PAN : EC : PC 
: LiCFjSO, / PPy : DBS with PPy : DBS films of thicknesses 1, 2, 4 um 
(Scan rate = 0.4 mVs"1). 

It is seen from the cyclic volatammograms in Fig.l that with increasing thickness of PPy 
electrode, a shift in the anodic peak position occurred at 0.4 mV/s, whereas the cathodic 
peak does not change much Synthesis charge and expected charge according to the film 
thickness is shown in Table 1. The synthesis charge was calculated according to the 
assumption that a charge of 240 mC cm"2 produces a film of thickness 1 |̂ m3. To 
calculate the expected charge, it was assumed that 0.33 anions per monomer participate 
in cycling. Increasing peak separation with thickness in Fig. 1 is most likely due to the 
fact that iftusion in Ihicker films is slower as proposed by some workers4. With slow 
diffusion, complete reduction and oxidation takes place at too far away potentials. As a 
result, the separation of the peaks increases. This is especially the case during the anodic 
sweep, showing that the time constant for oxidation is somewhat larger than for 
reduction. Kinetic limitations may be expected to arise with increasing thickness either 
due to inability of ions to follow the increased diffusion paths or may be due to the 
enhanced cross links of the PPy which hinders ion diffusion. The variation of charge 
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Table 1. Synthesis charge and expected cycling charge according to 
the film thickness 

Thickness 
1 \aa 

1 

2 

4 

Synthesis charge 
/C 

0.36 

0.72 

1.44 

Expected cycling 
charge 

/C 
0.05 

0.10 

0.20 

variation of charge values from the expected values mainly in the cells with thicker 
electrodes might be due to the difference in the doping levels. For calculating the 
expected charge, a doping level of 33% was used. But, if the actual doping value was 
less that 33%, the resulting charge will be smaller. Cyclic voltammograms obtained 
for varying scan rates are shown in Fig.2 for the cells having PPy : DBS film of 1 
|am thickness. 

0.10 i . . , . . . . , . . . . 1 

E/VvsLi 

Fig. 2 Cyclic voltammograms obtained for scan rates, 0.1, 0.5, 2.0,10.0, 
50.0 mVs"1 for PPy : DBS film of 1 \xm thickness. 
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One of the clear features is that the peaks have shifted with increasing scan rate in a 
way such that oxidation peaks to anodic side and reduction peaks to cathodic side. 
This gives rise to a higher peak separation at high scan rates. Furthermore peaks tend 
to diminish at higher scan rates. With increasing scan rates, the peak separation 
increases because ions cannot follow the scanning rate to complete reduction and 
oxidation. This pushes the peaks apart. This is also the reason for the diminishing of 
the peaks at high scan rates. At slow scan rates, the charge obtained is almost 
constant. That is, the capacity does not depend on kinetics. Instead, better 
conjugation in the films may govern the amount of available charge It has been 
reported that polymerization of PPy in detergents such as DBS results in better 
conjugated films5. With increasing scan rate the charge decreases faster. A 
considerable amount of charge was available around 2.6 - 2.7 V vs Li at slow scan 
rates. It may be due to the fact that PPy switches from non-conducting state to 
conducting state around 2.8 V vs Li.6. Charge values obtained for different scan 
rates and for thicknesses of 1, 2 and 4 \m\ are shown in Table 2. 

Table 2. Charge values obtained from the cells with PPy : DBS films of thicknesses 
1, 2 and 4 ^m at different scan rates 

PPy : DBS 

Scan Rate / 
mVs1 

0.1 
0.5 
2.0 
10.0 
50.0 

Charge / C 
(1/nm) 

0.042 
0.040 
0.041 
0.025 
0.004 

Charge / C 
(2 / urn) 

0.083 
0.065 
0.062 
0.026 
0.001 

Charge / C 
(4/um) 

0.165 
0.133 
0.111 
0.038 
0.001 

Compared to the expected charge (Table 1), the observed values are successively 
smaller at high scan rates. The capacity variation as a function of cyclic number for 
different PPy : DBS film thicknesses are shown in Fig.3. Sudden apparent capacity 
increases could be seen as spikes. An example is the cell having 4 ^m thick PPy : 
DBS electrode. The sudden capacity increase in Fig. 3 occurs probably due to a 
short-circuit of the electrolyte. Proper cell behaviour is obtained as the discharge 
capacity of the subsequent cycles becomes constant at a reasonable value. This is 
equivalent to the formation of soft dendrites often described for polymer electrolytes 
based cells, and showing the tendency for self healing. The systems under study here 
had this property of self healing. The same capacity values obtained from the CV 
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Fig. 3. Capacity variation with cycle number for different Ppy : DBS film 
thicknesses (a): 1 urn, (b): 2 |̂ m, (c): 4 \xm. 

studies at low scan rates with cells of thin electrodes are available even 
with continuous cycling. With increasing thickness of the electrodes, the 
capacity increases, but not in proportion to the thickness. However, the 
number of cycles has gone down. Thin film electrode films sometimes 
show capacity increase during cycling. It may be due to introduction of 
imperfections and or improved contacts. Upon cycling, some cells show 
an initial capacity decrease following by a capacity increase and then a 
capacity decrease again. This can be attributed to changes at electrode 
contact and decomposition of components. The charge factor (the ratio 
between the charge and the discharge capacity) remained close to unity. 
This indicates the absence of parasitic reactions. 

4. Conclusion 

The calculated theoretical charge could be achieved from cells with thin film electrodes 
when cycled at slow scan rates, but not for thicker cells and/or higher scan rates. This 
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delimits the maximum performance attainable with this battery system. The retention of 
a charge factor close to unity is an indication of the absence of parasitic reactions. 
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Molybdenum trioxide nanobelts have been synthesized via the simple hydrothermal 
reaction by using M0O3 sols as precursor. The morphology and structure of the samples 
were characterized by XRD, SEM and TEM. The results indicate that the samples are a-
M0O3 nanobelts with the thickness of 20~70 nm and with length up to 10 um, and the 
nanobelts are single crystals elongated preferentially in the [001] direction. The effect of 
different reaction time on the structure and morphology of the samples and the growth 
mechanism for M0O3 nanobelts have been studied. The electrochemical properties of the 
M0O3 nanobelts have been investigated finding that Li+ ions showed better reversibly 
insertion/extraction cycles in as-synthesized M0O3 nanobelts than in bulk M0O3 samples. 

1. Introduction 

In 1984, nanoparticles were firstly synthesized by German scientist—Gleiter, 
which has triggered a variety of research interests spanning a spectrum of 
scientific fields [1-4]. At the same time, nanostructured materials, especially one-
dimensional (1-D) nanomaterials including nanotubes, nanorods, nanobelts and 
nanofibers, have been actively studied due to both scientific interests and 
potential applications [5,6]. 

The outstanding structural versatility of the transition metal oxides and their 
derivatives have been receiving significant attention with respect to applications 
in catalysis, sensors and as electrochemical devices [7]. Orthorhombic 
molybdenum trioxides have been linked to interesting physical and chemical 
properties because of their desirable characteristics and typical two-dimensional 
layered structure. Due to the size effect and quantum confinement effect, 1-D 
M0O3 nanomaterials are becoming more and more important and necessary. 
Zach and co-workers prepared molybdenum oxide nanowires on a stepped 
graphite surface by an electrodeposition method [8]. Li et al synthesized single-
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crystal <x-Mo03 nanobelts and nanotubes by infrared irradiation heating a Mo foil 
[9,10]. Zhou et al prepared Mo02 nanowire arrays by thermal evaporation in a 
vacuum chamber, and obtained Mo03 nanowire arrays by further treatment in the 
growth chamber [11]. However, no attempts have been made so far to study the 
electrochemical lithium insertion/extraction property of M0O3 nanostructures. 

Herein, orthorhombic Mo03 (<x-Mo03) nanobelts were successfully 
fabricated via a hydrothermal route using Mo03 sols as precursor at low 
temperature (180 °C ) and autogenous pressure. XRD, SEM, TEM and 
electrochemical analysis were performed to study the structure, growth process 
and electrochemical properties of Mo03 nanobelts. 

2. Experimental 

2.1. Synthesis 

The synthesis of Mo03 nanobelts from sols was carried out as follows. 
Mo03«nH20 sols were prepared by the ion exchange of (NH4)6Mo7024 • 4H20 ( > 
99.0 %) through a proton exchange resin. After ion exchange, the clear light-blue 
Mo03

#nH20 sols (the final pH is about 2.0) was obtained. Then, the solution was 
directly added into a Teflon-lined autoclave and kept at 180 °C for 1-4 h. After 
the hydrothermal reaction, the light blue sample was washed with distilled water 
and ethanol and dried at 80 °C for 8 h. 

2.2. Characterization 

The X-ray powder diffraction (XRD) measurement was performed on a D/MAX-
III X-ray diffractrometer with CuKa radiation and graphite monochromator. 
Fourier-transformed infrared (FTIR) absorption spectrum was recorded using the 
60-SXB IR spectrometer with a resolution of 4cm'1. The SEM images were 
collected with JSM-5610LV scanning electron microscope. The TEM images 
were taken with a JEOL-2010 microscope operated at 200 kV. The 
electrochemical properties were studied with a multichannel 
galvanostat/potentiostat system (MacPile). Electrochemical cells were prepared 
using a lithium pellet as negative electrode, 1 M solution of LiPF6 in ethylene 
carbon (EC)/dimethyl carbonate (DMC) as electrolyte and a pellet made of the 
nanobelts, acetylene black and PTFE in a 10:7:1 ratio as the positive electrode. 

3. Results and Discussion 

To confirm the structure of the samples, the X-ray diffraction (XRD) 
investigation was performed. Figure 1 shows the XRD patterns of the 
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Figure 1. X-ray diffraction patterns of the hydrothermal samples at different reaction time. 

molybdenum oxide obtained from the M0O3 sols for various reaction time at 180 
°C. The light blue particles formed for 1-2 h are a mixture of orthorhombic and 
hexagonal phases. As the reaction time rises only the peaks of orthorhombic 
M0O3 (a-Mo03) are observed suggesting that hexagonal M0O3 phase are entirely 
transformed into orthorhombic M0O3 phase. With respect to the a-Mo03, the 
strong intensity of reflection peaks of (020), (040) and (060) indicate the 
anisotropic growth. The orthorhombic structure is also identified by IR spectrum 
as shown in Figure 2. The absorption bands at 997 and 868 cm"1 are assigned to 

4000 3000 2000 1000 

Wave number (cm ) 

Figure 2. IR spectrum of the M0O3 nanorods synthesized for 4 h. 

Mo-terminal oxygen band, and the bending mode of Mo-O-Mo is located at 563 
cm"1 [12-14]. The weak signals between 1600 and 3600 cm"1 in the sample are 
attributed to the presence of remaining H20 and CH3CH2OH. 

Figure 3 displays the scanning electron microscopy (SEM) images of the 
samples. It can be seen that the typical hexagonal rods with the length of 15-30 
urn are formed and a few one-dimensional nanostructures are also observed at 1 
h (Figure 3a). The hexagonal structures begin to dissolve at the tip which results 
in the formation of spindle-like structure and the quantity of nanostructures 
obviously increases at 2 h (Figure 3b). The belt-like M0O3 nanomaterials are 
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Figure 3. SEM images of the hydrothermal samples at different reaction time (a) 1 h, (b) 2 h, (c) 3 h 

and (d) 4 h. 

completely obtained at 3 h (Figure 3 c) and when the reaction was extended to 4 
h, the well-defined belt-shaped nanocrystals are synthesized successfully (Figure 
3d). With respect to the well nanobelts synthesized for 4h atl80°C,the 
rectangular-like cross section of the materials is clearly visible in the SEM image. 
The width of the nanobelts are between 80 nm and 400 nm and their length lies 
between 1 and 10 urn. The average thickness of the belts is about 50 nm, as 
estimated from the SEM image (Figure 3d). The above results are further 
confirmed by TEM investigation. Figure 4b shows a HRTEM image and ED 
pattern recorded from a single nanobelt in Figure 4a. It reveals that the Mo03 

nanobelt is structurally uniform single crystal without dislocation and the surface 
of the nanobelts are clean. The spacing of 2 nm ± 0.005 nm between adjacent 
lattice planes corresponds to the distance between (200) crystal plans, which 
proves [100] is the width direction perpendicular to the growth direction ([001]). 
By recording selected area electron diffraction (SAED) pattern, it is also 
possible to determine that the nanobelt is single crystal with the [001] direction 
parallel to the rod axis (inset of Figure 4b). All nanobelts, we observed, exhibit 
the [001] direction for the rod axis. The result is the same as that in previous 
report [15]. 
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Figure 4. TEM images of M0O3 nanobelts synthesized for 4 h and selected area electron diffraction 

pattern of a single M0O3 nanobelt. (a) low magnification TEM images; (b) HRTEM image and the 

inset is the corresponding SAED pattern. 

As exhibited in above results, hexagonal M0O3 microrods are firstly formed 
and subsequently transformed into the a-Mo03 nanobelts in the hydrothermal 
reaction process. Hexagonal molybdenum trioxide is a metastable phase of 
molybdenum oxides and the structure consists of a three-dimensional array of 
corner-sharing M0O6 octahedra and there are some vacancies in Mo sites [16]. 
With longer reaction time, the metastable microrods begin to dissolve and the 
basic units (MoOs octahedra) are free. The orthorhombic structured M0O3 is a 
typical two-dimensioned layered structure consisting of double layers of edge-
and vertex-sharing Mo06 octahedra being weakly held together by Van Der 
Waals bonds (Figure 5). Two Mo-O bonds will form if the units add along the 

/ ,- ,' c'v- _^ 
V \ / i / > 

\i "*'' v 
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Figure 5. Crystalline structure of (X-M0O3. 
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[001] direction, while only one Mo-O bond form in the case of the growth along 
the [100] direction and the corresponding energy release along the [001] direction 
is greater. So the Mo06 octahedra are preferentially stacked in the [001] direction, 
then belt structure are formed. 

Figure 6 is the first discharge curve of the cell with the as-synthesized 

50 100 150 200 250 300 
Specific capacity (mAh/g) 

Figure 6. Initial discharge curve of M0O3 nanobelts synthesized for 4 h. 

nanobelts. It is known that the charge-discharge reaction of an a-Mo03 electrode 
at potential range of 1.5-3.25 V can be expressed by the equation 

xLi+ + M0O3 + *e 
discharge 

charge 
iL i J C Mo0 3 (1) 

In the first cycle the highest discharge capacity is 301 mAh/g, corresponding to 
an intercalation of around 1.6 Li per formula unit (~Lii 6Mo03). And there are 
two obvious sloping potential ranges (2.7-2.8 V and 2.2-2.4 V vs Li+/Li ) for 
the lithium intercalation reaction. Figure 7 shows 14 complete charge-discharge 

I 250 

6 8 10 
Cycie number 

Figure 7. Cycling property of M0O3 nanobelts synthesized for 4 h (a) and bulk M0O3 (b). 
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cycles of the batteries and the first specific discharge capacity of the M0O3 
nanomaterials (301 mAh/g) is higher than that of bulk M0O3 (249 mAh/g). 
Moreover, the specific discharge capacity of the nanostructures decreases 
smoothly (Figure 7a) and the cell exhibits a capacity loss of only 10% after 5 
cycles. But the specific discharge capacity of bulk materials is only 27 mAh/g 
after 5 cycles (Figure 7b). The above results indicate that the Mo03 nanobelts 
have good electrochemical performance because of the highly ordered beltlike 
structural arrangement. Although the discharge plateau of the <x-Mo03 nanobelt 
electrode is lower than that of the commercially used cathode materials, a-Mo03 

nanobelts exhibit a high discharge capacity of 301 mAh/g and better cycling 
reversibility. Consequencely, the <x-Mo03 nanobelts can be a promising cathode 
material in the field of rechargeable lithium batteries. 

4. Conclusions 

This paper describes a rational hydrothermal treatment to prepare single-crystal 
molybdenum trioxide nanobelts starting from the relatively cheap 
(NH4)6Mo7024*4H20. Reaction time is the decisive factor in determining phase 
content. With the increase in reaction time, the hexahedral microrods dissolve 
and are transformed to the stable structure of orthorhombic phase (a-Mo03 

nanobelts). The activated Mo03 nanomaterials exhibit 301 mAh/g capacity in the 
initial discharge process and have good cycling property. 
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The electrochemical behaviour of Li rechargeable cells with Polypyrrole (PPy) as the cathode material 

was investigated using cyclic voltammetry. The PPy used was doped with the large surfactant anion 

dodecyl benzenesulphonate (DBS'). The cells were constructed with PAN:LiTF:EC:PC gel electrolyte 

with Li as anode. The results indicate that during the first reduction, cations are inserted into the PPy 

film forming LiDBS neutral salt. During the next oxidation/reduction cycles, the mechanism then 

switches to anion movement. Cyclic voltammetry studies also verified that complete electrochemical 

reversibility could be obtained at very low sweep rates. 

1. INTRODUCTION 

The conducting polymer Polypyrrole (PPy) has been extensively studied as a 

prominent candidate for cathode material in Li rechargeable cells'"3. However in most 

of the studies, cells fabricated with small anions were used. It has been reported that 

the cycling capacity of those cathodes is very low and that their stability is poor4. The 

use of large surfactant anion salts has been found to provide a solution for the above 

drawbacks4 In this study a large surfactant anion salt, sodium dodecyl benzene 

sulphonate (SDBS), was used and the electrochemical behaviour of the cell in the 

configuration PPy : DBS / PAN : EC : PC : LiCF3S03 / Li is reported. 

2. EXPERIMENTAL 

Film preparation 

PPy / DBS films were prepared galvanostatically with a current density of 1 

mA cm"2 on a polished stainless steel disk in a three electrode cell containing an 
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aqueous solution of 0.05 M SDBS and 0.2 M pyrrole monomer. A Saturated 
Calomel Electrode (SCE) and a Pt wire were used as the reference and counter 
electrodes. Films were prepared to have a calculated thickness of 1 p.m. After 
polymerization, the films were thoroughly rinsed with distilled water. 

For the study of variation of peak potential with the concentration of cycling 
electrolyte, PPy/DBS films were prepared on Pt-wire electrode using a current 
density 62.5 uA cm2. The polymerization electrolyte and monomer concentration 
were same as above. 

Polymer Electrolyte preparation 

A polymer electrolyte based on polyacrylonitrile (PAN, ALDRICH) prepared 
by the method described by K. M. Abraham et al.5 was used. 

Cell fabrication 

An airtight special brass sample holder was used for assembling the cell inside 
an Ar filled glove box. A circular shaped membrane was cut from the electrolyte to 
the same size as the PPy / DBS film and used as a separator. A piece of Li metal of 
the same diameter was used as the anode. The cell was assembled in the 
configuration of PPy :DBS / PAN : EC : PC : LiCF3S03 / Li. 

Cyclic Voltammetry 

The cell was reduced to 2.2 V vs Li starting from its open circuit voltage which 
was measured prior to starting the experiment Thereafter the cell was cycled 
several times in the potential range 2.2 to 3.5 V with respect to Li at different 
sweep rates. PPy served as the working electrode while Li acted as both counter 
and reference electrodes. 

For the study of variation of peak potential with the concentration of cycling 
electrolyte, PPy/DBS films were cycled in LiCF3S03 /PC liquid electrolytes having 
concentrations ranging from 0.05 M to 1.0 M at the scan rate of 5 mV s"1. Metallic 
lithium was used as the reference electrode. 

3. RESULTS AND DISCUSSION 

Fig. 1 shows the cyclic voltammograms obtained for a polymer electrolyte cell 
with a 1 urn PPy / DBS film.. 
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Figure 1.Cyclic voltammograms of a cell in the configuration of a Li/PAN:EC:PC: LiCF3S03/PPy:DBS cell 

at different scan rates. PPy film thickness 1 urn. (a) cyclic voltammograms with scan rates 0.1 to 2 mV s"', (b) 

cyclic voltammograms with scan rates 5 to 100 mV s"1 

The cyclic voltammograms corresponding to lower sweep rates ( 0.1 to 2 mV s" ) 
are shown in Fig. 1(a). When the cycling speed is increased, the peak positions seem to 
be shifting apart resulting in much broader peaks with less capacity. This is because 
the oxidation and reduction process may not be able to follow the high scan rate. In 
other words the total reaction that should occur at a particular potential will not occur 
and will be shifted to higher potentials with broader peaks. These features are also 
visible in Fig. 1(b), in which the cycling capacity has also drastically decreased as the 
scan rate is increased from 5 mV s"1 to 100 mV s"1. But when the scan rate is very low 
(e.g. 0.1 mV s"1), the peak separation becomes smaller, indicating an approximate 
electrochemical reversibility6. 

The electrochemical reactions of cells based on conducting polymer cathodes are 
related to the oxidation and reduction of conducting polymer electrode. During 
charging and discharging of the cell, ion incorporation or ejection occurs in the PPy 
film according to oxidation and reduction of the polymer. 

The ion incorporation and ejection during oxidation and reduction depends on the 
type of the doping ion used during the polymerization of PPy. It is known that when 
PPy is doped with small anions, they can be responsible for the electrochemical 
reactions7"8. In contrast, when PPy is doped with considerably larger anions, it is 
reported that instead of anions, cations take the dominant role in electrochemical 
reactions9 However, this is experimentally proven only for aqueous electrolytes. Very 
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few investigations have been carried out to find out which kind of ions take part in the 
redox process in PPy films in non-aqueous electrolytes, when they are prepared with 
large anions. 

The cyclic voltammograms of a PPy/DBS film cycled in different 
concentrations of LiCF3S03 / PC electrolytes and the peak potential variation with 
the cycling electrolyte concentration (in logarithmic scale) are given in Fig.2. 
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Figure 2. (a) Cyclic voltammograms of PPy/DBS obtained after the first reduction, cycled in different 
concentrations of LiCF3S03 /PC electrolyte. Scan rate 5 mV s"'. 

(b) Peak potential variation with the cycling electrolyte concentration for the curves in (a) 

As the cycling electrolyte concentration increases, both the oxidation and 
reduction potentials have shifted towards lower potentials. This is quite opposite to 
what was observed for the PPy / DBS films in aqueous electrolytes ° In non 
aqueous electrolytes also the peak potentials should vary in accordance with the 
Nernst relationship given by Eq. (1). 

Ox + n.e -> red 
RT, a 

E * E 0 . ln-
nF a 

red 

Ox (1) 

For the Li reference electrode, Eq. (1) yields 
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L i + + e " -> Li => E = E^j -0.059 log-^— (2) 
C L i + 

where the activity of Li+ has been approximated by the concentration. As in the 
aqueous electrolytes, the oxidation and reduction processes of PPy / DBS system is 
determined by either insertion / ejection of cations or by ejection / insertion of 
anions. 

If cations are moving 

PPy+/DBS~ +Li + +e~ -> PPy/DBS~/Li + 

E P P y ^ - 0 . 0 5 , log '»*»*-f (3) 
aPPy+.DBS Li+ 

Here the activity ratios are assumed to be constant and the concentration of Li+ and 
CF3SO3" are identical. 

If anions are moving 

PPy + /DBS~/Li + /TF" + e~ -» PPy/DBS~/Li+ + TF~ 

PPy aPPy.DBS-.Li+CTF- , , 
EPPy = Eo - °-059 log ' (4) 

aPPy+.DBS_.Li+.TF-

For the cation movement the total reaction of PPy is found by subtracting equation 
(2) from (3). 

PPy+/DBS +Li -> PPy.DBS .Li + 

E p p y - E u + = E 0 + 0.059 logCLi+ - 0.059 logC u + = E 0 (5) 

The activity ratio between polymer/ion complex has been assumed to be 
constant at the peak maximum" and absorbed in E0 . 

Similarly for anion movement, the total reaction of PPy electrode can be 
obtained by subtracting equation (2) from (4). 
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The activity ratio between PPy / DBS- / Li+ and PPy+ / DBS" / Li+ / CF3S03" 
complexes has again been assumed as constant and absorbed in E'V 

If pure anion mobility exists then the peak potential should decrease by 118 
mV as the concentration is increased by a factor of 10. On the other hand pure 
cation mobility should give peak potentials which are independent of the salt 
concentration. 

According to Fig. 2, both oxidation and reduction peak potential variations 
approximately correspond to the straight lines predicted by the Nernst equation. 
The slopes of the lines are -104 and -75 mV / decade for oxidation and reduction 
respectively. These values are close to the -118 mV/decade predicted for the anion 
movement by equation (6) and far from the slope of zero predicted for cation 
movement by equation (5). 

When the first reduction curves indicated in Fig. 3 are considered, reduction at 
0.05 M concentration has a broad peak. This is because the redox process could not 
follow the 5 mV s"1 scan rate. 
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Figure 3. First reduction scans of a PPy/DBS film cycled in different concentrations of LiCF3SOj /PC liquid 
electrolytes. Scan rate 5 mV s"'. 

However, when the straight lines are drawn to the peaks as in Fig. 3, they meet 
at the same point where the potential has started to change. This means that the 
peak potential variation is independent of the cycling electrolyte concentration. 
According to equation (3), cations are moving into the film during the first 
reduction. 

The slope for the reduction of the later cycles (Fig. 2b) is around 35% less than 
that for the pure anion movement. This can be attributed to a number of causes such 
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as kinetic effects caused by the change in conductivities of the electrolyte and the 
polymer, different activity coefficients at 0.05 and 1.00 molar concentrations, peak 
during reduction may contain several contributions and some amount of cation 
insertion may also occur during reduction. Considering all the above factors it can 
be summarized that, when PPy / DBS film is cycled in non-aqueous electrolytes, 
cations (in this case Li+) are inserted into the film during the 1st reduction. This will 
form a neutral salt (LiDBS) inside polymer chain. Thereafter, during oxidation and 
reduction, anions (CF3S03") are moving in and out of the film to maintain charge 
neutrality. 

From the above results, the following electrochemical reactions can be proposed 
during charge/ discharge procedures of the cell: 

During the first reduction, anions cannot move out, since there are only large 
immobile anions (DBS) present. Instead Li + ions must be incorporated into the 
polymer electrode as indicated by Eq. (7). 

At the anode; Li => Li + e 

Atthe cathode; P P y + D B S " + L i + + e ' P P y 0 ^> DBS~Li+ (7) 

These incorporated Li+ may form LiDBS salt inside the polymer matrix and it will 
be quite stable there. With this situation, in the following cycles, CF3SO3" may move in 
and out during oxidation and reduction respectively. Therefore, in the following 
charging cycle of the cell (oxidation of the PPy film), CF3SO3" should enter the 
polymer structure to maintaining charge neutrality as in Eq.(8). 

PPy°DBS~Li+ + C F ^ O j => PPy+DBS~Li+CF3SC>3 + e " (8) 

Reduction of the cell will then cause the expulsion of anions (CF3S03"). This 
process is expected to continue during charging and discharging of the cell. The cell 
therefore switches from cation to anion mechanism after the incorporation of cations 
during the first reduction 

4. CONCLUSION 

When PPy films prepared with large surfactant anion (DBS) are cycled in non 
aqueous electrolytes, cations are inserted into the film during the first reduction 
forming a neutral salt. Similar mechanism occurs during the first reduction in 
polymer electrolyte cells with PPy/DBS as cathodes. However, the subsequent 
cycles show anion movement as in cells with small inorganic anions where anions 
in the electrolyte move in and out during oxidation and reduction of the cell. There 
is therefore a change in mechanism during first cycle and subsequent cycles taking 
place in cells. It can also be concluded that the polymer electrolyte cell with the 
configuration PPy : DBS / PAN : EC : PC : LiCF3S03 / Li can achieve 
approximate electrochemical reversibility at low scan rates. 
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CHARACTERISTICS OF THICK FILM C02 SENSORS BASED ON 
NASICON USING Li2C03-CaC03 AUXILIARY PHASES 
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Korea 
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Potentiometric devices were fabricated using a NASICON (Nai+aZ^SixPs-xOu) thick film 
and auxiliary layers. The powder of a precursor of NASICON with high purity was synthesized 
using the sol-gel method. Using the NASICON paste, an electrolyte was prepared on the 
alumina substrate through screen printing and then sintered at 1,000°C for 4 hours. In the 
present study, a series of Li2C03-CaC03 system was deposited on the Pt sensing electrode. 
Within a wide range of C02 volume ratio concentration from 1,000 ppm to 10,000 ppm, the 
output of the sensor showed good electromotive force (EMF) response that was very close to 
the theoretical value. The device to which Li2C03-CaC03 (1:2) was attached showed good 
sensing properties at low temperatures. 

1. Introduction 

The carbon dioxide (C02) sensor has been greatly demanded for monitoring or 
controlling C02 in various fields. So far, many kinds of C02 sensors using various 
materials, such as solid electrolyte, mixed oxide capacitors, polymers with 
carbonate solution and so on, have been investigated [1,2]. Among them, solid 
electrolyte-type C02 sensors are of particular interest from the viewpoint of low-
cost, high-sensitivity, high-selectivity and simple-element structure [3]. 

Most researches concerning the use of NASICON as active element for gas 
sensors have been focused on the Nai+xZr2SixP3.xOi2 formula, in the composition 
range of 1.8 < x < 2.4, because in this range, which conductivity shows the largest 
value [4-6]. A commercial NASICON with a nominal-composition Na3Zr2Si2POi2 

has been investigated as a C02 electrochemical sensor [7,8]. 
C02 sensing properties can be upgraded with auxiliary phases in sensing 

electrodes, which are binary carbonate systems such as Na2C03-BaC03 and Li2C03-
BaC03. The binary systems bring about several advantages such as better long-term 
stability, quick response time, and resistance to water vapor interruption [9-11]. 

In this paper, the material of NASICON was synthesized using the sol-gel method 
so that a dense and homogeneous electrolyte could be prepared. After that, attempts 
to improve the sensor properties by modifying the sensing electrode material were 
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performed and devices that were based on a series of Li2C03-CaC03 system were 
systematically investigated for C02 sensing characteristics. 

2. Experimental 

2.1. Fabrication of the Sensors 

The NASICON powder was prepared using the sol-gel method, starting from the 
solutions of ZrO(N03)28H20, NH4H2P04, and Na2Si03-9H20 [12]. The solutions 
were mixed together to form a sol, which was further dehydrated at 80°C to form a 
gel. The gel was then dried at 120°C for 8 hours to form a fine dry powder, which 
was then ground and calcined at 750°C for 1 hour to eliminate the organic remains. 
Afterwards, the calcined material was reground. 

The planar sensor design requires the electrolyte to be screen-printed onto the 
substrate. Commercially available alumina tiles with 50x50 mm2 and 0.5 mm in 
thickness were chosen as the substrate materials. Each tile was laser-scribed to 
allow several individual sensors to be printed on one substrate. The NASICON 
layer was screen-printed from a paste. The Pt electrodes were also screen-printed on 
the designated regions before and after the deposition of the NASICON layer. The 
assembly was sintered at 1,000°C for 4 hours in air. After this, a series of auxiliary 
phases (Li2C03-CaC03) was screen-printed on the Pt sensing electrode. The 
schematic diagram of the sensors is shown in Fig. 1. 

To control the operating temperatures, a Pt heater was formed on the rear side of 
the alumina substrate by printing the Pt paste. Pt wires were used as lead wires and 
were attached using a silver paste. 

NASICON 
4 

Ft electrode 

AbOj eubstnte AuxOiuy pluse 

AusEaiy phese 

^ Pt electrode 

Pt electrode V 

NASICON 

Fig. 1. Schematic view of the devices. 

2.2. Characterization of the Sensors 
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The C02 gas-sensing measurements were carried out by the sensor testing 
equipment especially prepared in our laboratory. The operating temperature was 
controlled by monitoring the applied voltage and current using the power supply. 

The gas mixtures of C02/air with the C02 concentration varied from 1,000 to 
10,000 ppm. The solid electrolyte thick films were characterized through an 
FESEM (Hitachi 4300, Hitachi) and using an x-ray diffractometer (XRD, 3000 PTS, 
Rich. Seifert & Co.). The electromotive force of the sensors was measured by a 
digital electrometer. 

3. Results and Discussion 

3.1. XRD Analysis and FESEM Observation 

It is important to know the optimum sintering temperature to crystallize the 
NASICON without a secondary phase. Avoiding traces of the tetragonal Zr02, 
which was the most important second phase that easily appeared in the synthesized 
NASICON, is a key factor in synthesizing the NASICON phase because the 
additional phase decreases the ion conductivity of NASICON at a low operating 
temperature [13]. 

From the XRD analysis shown in Fig. 2, the resulting materials that were sintered 
at 1,000°C for 4 hours were already converted into NASICON without Zr02. 

Figure 3 shows FESEM image of the NASICON thick film on the alumina 
substrate. 

Fig. 2. XRD pattern of NASICON thick film Fig. 3. SEM image of NASICON thick film 
sintered at 1000°C for 4 hours. sintered at 1000°C for 4 hours. 

3.2. CO2 Gas-sensing Properties 

Five types of sensors were fabricated from NASICON as a solid electrolyte. A 
series of Li2C03-CaC03 mixtures at the molar ratio range of 1:0-1:2 was attached to 
the sensing electrode. Figure 4 shows the EMF response to C02 as a function of the 
C02 concentration at various temperatures. 
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The EMF variation for each sensor at 470°C agreed well with the theoretical 
value of 74.0 mV/decade, based on a two-electron electrochemical reaction. As the 
temperature decreased, however, the slope tended to deviate from the ideal. Quite 
noticeably, the deviation could be suppressed very effectively with Li2C03-CaC03 
(1:2), which allowed 53.8 mV/decade to be kept at temperatures as low as 
approximately 400°C. An increase in the amount of CaC03 at the auxiliary phase is 
fairly effective for keeping the theoretical value at lower temperatures, whereas an 
adverse effect occurred when the CaC03 content was insufficient. 
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Fig. 4. C02 concentration vs. EMF for the NASICON devices attached with (a) Li2C03-CaC03 = 1:0.5, 

(b) Li2C03-CaC03 = 1:1.5 and (c) Li2C03-CaC03 = l :2. 

Figure 5 shows the response time of the sensor to which Li2C03-CaC03 (1:2) was 
attached to determine the C02 concentration. The response times for 90% saturation 
were as short as 16 seconds at 420°C. 

Fig. 5. Response time measured at 420°C to C02 gas. 



853 

4. Summary 

A C02 sensor with an internal heater was fabricated using a NASICON thick film 
prepared using the sol-gel method. The device to which Li2C03-CaC03 (1:2) was 
attached showed fairly good sensing properties at low temperatures. The response 
time was less than 16 seconds at 420°C. 
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ABSTRACT 

Solid-state batteries have been fabricated with the cell configuration: Anode/0.9[0.75AgI: 0.25AgCI]: 
O.lTiO, (OCC) / Cathode. Ag-metal was used as anode while different cathodes material such as 
mixture of elemental iodine & carbon powder (i.e. C+l2) in 1:1 wt% ratio and mixture of elemental 
iodine, carbon powder & electrolyte (i.e. C+I2+ electrolyte) in 5:5:1 wt% ratio were used The solid-
state batteries discharge characteristic studies have been carried out under different load conditions. 
Cell parameters viz. current density, power density: discharge capacity and energy density were 
evaluated and reported. The transference number (t,„„-l) has also been measured for the composite 
electrolyte systems using electrochemical cell potential technique which is identical to the value 
reported earlier by TIC technique for the composite system. The battery was fabricated using 
(C+I;H'leclrolytes) as a cathode materials, it shows higher stability for long time (-300 hours) at high 
load resistance as compare to cell fabricated using (C+l2) as a cathode material. 
Key words: Solid electrolyte, Solid State batteries, composite electrolyte, transference number and TIC 
technique etc. 
1. INTRODUCTION: 
After the energy crisis in early seventies (1970) and possible threat of exhaust of 
the available conventional energy sources viz., petroleum, coal etc. Tremendous 
efforts have been made to look for new, economical and pollution-free non-
conventional energy sources of power to cope with the energy requirements. Many 
of the major limitations of liquid/aqueous electrolyte batteries i.e. limited 
temperature range of operation, device failure due to electrode corrosion by 
electrolyte solution, bulk in size and less rugged etc. [1J could be easily overcome 
by the solid electrolyte for the solid state devices. In fact, several miniaturized 
solid state devices such as heart pace-makers; mini/micro-batteries etc. are already 
commercially available. In addition to this, a large numbers of batteries have been 
fabricated for vehicular traction as well as for electrical transport. [2-4]. The 
efficiency and reliability of these solid-state battery systems depends on the 
appropriate choice of the battery constituent's (viz. electrolyte, cathode and anode 
materials). Several attempts were made to fabricate solid state battery using 
normal ionic solids such as alkali/silver halides as electrolytes but with very little 
success, as these batteries delivered very low output due to very high internal 
resistance. However after the discovery of fast Ag+ ion conductors at ambient 
temperature, the first solid state battery using Ag+ ion conductor reported by 
Takahashi and Yamamoto in 1966 [5]. Several solid-state batteries have been 
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investigated and reported in which Ag* ion conducting materials were used as an 
electrolyte [6-11J. 

In this paper we report here, the fabrication of solid-state batteries and their 
discharge characteristic studies carried out under different load conditions. The 
present fast silver ion conducting composite electrolyte system: 0.9[0.75AgI:0. 
25AgCI]: O.ITi02 have been used as an electrolyte for fabrication of solid state 
batteries. The details of sample preparation, transport properties and structural 
characterization investigations have been reported earlier [12]. New silver ions 
conducting solid-state batteries were fabricated in the following cell configurations 
as: 

Cell-I- Anode (Ag-metal)/electrolyte/cathode (C+I2) 
Cell-II- Anode (Ag-metal)/electrolyte/cathode (C+I2+ electrolyte) 

The various cell parameters such as: current density, power density, discharge 
capacity and energy density etc. were evaluated under different load conditions for 
both the cells. Ionic transference (tj0n) number was measured using electrochemical 
cell potential technique for the present composite electrolyte systems. 
2. EXPERIMENTAL DETAILS: 
2.1 Material preparation: 
The TiOi dispersed composite electrolyte system: 0.9[0.75AgI:0.25AgCll: 
O.lTiOj was mixed homogenously and heated at about 700°C in electric furnace 
for 20min. (soaking time), then quenched rapidly in liquid nitrogen (LN2). The 
extra pure chemicals Agl, AgCl (purity> 98%), Ti02 (purity> 99%) have been 
used for the material preparation. The finished product of composite electrolyte 
system has been ground to fine powder then pressed at about 3 ton/cm2 to form of 
pellets of dimensions 2-3 mm in thickness and 1.3 cm in diameters. 
2.2 Solid state battery fabrication: 
To prepared different cathode materials, elemental iodine (I2) & carbon powder 
(C) in 1:1 wt. ratio were mixed uniformly and elemental iodine (I2), carbon 
powder (C) & solid electrolyte in 5:5:1 wt. ratio were also separately mixed. 
Finally these cathode materials were ground to fine powder then pressed at about 2 
ton/cm" to form of pellets of dimensions 1-3 mm in thickness and 0.9 cm in 
diameters. Solid-state batteries were fabricated using composite electrolyte 
systems as an electrolyte in two different cell configurations as mentioned in 
section 1. The above mentioned two different cathode materials i.e. C+I2 & C+I2+ 
electrolyte in 1:1 & 5:5:1 wt. ratio respectively have been used, while Ag - metal 
was used as an anode for fabrication of the above cells. These cells were sealed 
with epoxy resin to inhibit the surface diffusion of iodine. The Cell-I were 
discharged at different load conditions and for cell-II discharged at 500kQ. 
Various cell parameters viz. current density, power density, discharge capacity and 
energy density were carried out for both the cells. A digital multimeter was 
employed for the cell potential measurements performed in a desiccator to avoid 
the effect of moisture. 

3. RESULTS AND DISCUSSION: 

Fig. 1 represents the cell potentials vs. time plots for the cell -1 at different loads: 
such as: 500K.Q and 100K1X The same plot for the cell-II at 500KQ is also drawn 
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Fig 1, Potential discharge profiles at different load resistances for Cell-I & cell-II 

for comparison in this figure. The value of the open circuit voltage (OCV) ~ 0.684 
V was obtained for both the cells (I & II). The cell potential i.e. working voltage 
(~ 0.661V) remained practically constant except for a small initial drop, for about 
210 hours respectively, during low current drain or high load resistance 500K.Q at 
which cell was discharged. However the cell potential for this cell dropped quickly 
and gets stabilized at lower values for 50 hours when discharged at high (100 KQ) 
load resistance. The cell potential i.e. working voltage for the cell-II remained 
practically constant at about 0.555V for - 310 hours after an initial drop for cell-II. 
It is observed from comparison of the discharge behavior of both the cells that a 
better stabilized cell potential has been observed for the cell-II for a long discharge 
time (- 310 hour). Hence cell-II shows better cell performance and exhibit more 
stability for longer time then that of cell-I, discharge at same load condition. The 
initial drop was observed in the cell voltage with time is due to the build up 
polarization as well as formation of low conducting Agl at cathode/ electrolyte 
interface [1]. 

Tabid. Lists the some important cell parameters obtained from plateau region of the potential 
profiles of the cells. 

Cells 

Cell-I 

Cell-II 

Load 
resista 

nee 
(Kfl) 

500 
100 

500 

Work-
king 

voltage 
(mV) 

610 
242 

555 

Current 
drawn 
from 
Cell 

(MA) 

1.2 
2.42 

I I I 

Current 
density 
(uA 
cm"2) 

1.84 
3.72 

1.7 

Discharge 
capacity 
("Ah) 

252 
121 

349 

Power 
density 
(mWK 

g') 

0.4 
0.205 

0.201 

Energy 
density 

(mWhKg1) 

84 
10.2 

63.3 
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Both the cells exhibit the high stabilized voltage at high load resistance or (i.e. 
500KQ). Some important cell parameters such as: current density, power density, 
discharge capacity and energy density etc. have also been calculated from plateau 
region of potential vs. time plot for both the cells and are listed in table 1. 

The ionic transference number can be evaluated by electrochemical potential 
method using following equation: 

ti0„ = E 7 E (1) 

where E & E' are theoretical and measured value of OCV respectively. The 
transference number (tjon) ~ 0.99 was obtained for the present composite 
electrolyte systems used as an electrolyte in the cells. This value of tion is same for 
the composite electrolyte system investigated through TIC technique [13]. It is 
concluded from this investigation that the present system is pure ionic system. 

4. CONCLUSION: 

Solid state battery studies on a recently investigated composite electrolyte system: 
0.9[0.75AgI:0. 25AgCl]: 0.1TiO2 were carried out at different load conditions and 
cathode materials. The cells were discharge at different load conditions and 
various cell parameters were evaluated at room temperature. The solid state battery 
exhibited better performance at high load resistance or low current drain as 
compared to low load resistance or high current drain. The cell parameters such as: 
current density, power density, discharge capacity and energy density etc. were 
also calculated for both the cells at room temperature and in is concluded that cell-
II shows better performance at high load resistance. The transference number (tio„ 
~ 1) was obtained using electrochemical cell potential technique, for the present 
composite electrolyte system, which is of the same value as reported earlier by 
TIC technique. 
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The protonic solid-state batteries with different intercalating cathodes such as MnC>2, PbC>2 

and V2Os were fabricated using composite zinc as an anode and montmorillonite 

(Al2O3.4SiO2.H2O.xH2O) as solid electrolyte. The discharge profile of these electrochemical 

cells, in series and parallel combinations, was recorded at constant current drain. Proton 

transference number, which determines efficiency of electrochemical cells, evaluated by 

EMF method was found to be ~ 0.90 with very negligible electronic contribution. The 

battery with Mn02 as cathode exhibits maximum energy density and low internal impedance 

amongst all. 

1. Introduction 

Solid-state proton conductors have been the very attractive materials for high 
energy density primary and secondary batteries because of low weight of hydrogen 
and high Gibbs energy of formation of hydrogen compounds. In a practical solid-
state battery, involving protonic reaction, the solid electrolyte must not be only 
proton conductor but should also possess ion transport number very close to unity. 
Such solid proton conductors (SPC) facilitate possible use of solid electrode 
materials, which were unstable in the presence of a liquid electrolyte1"5. For 
example, the positive Mn02 electrode can be associated with a solid protonic 
conductor containing FT1" at high concentration to exhibit benefit of its high acidic 
potential. The negative electrode delivers protons to the electrolyte when anodically 
polarized, then ceasing cathodic reaction facilitates the insertion of protons into 
Mn02, thereby, formation of Mn2+. The oxides such as Mn02 dissolve as Mn2+ in 
an acidic aqueous electrolyte during cathodic discharge consequently electrode 
material disappears. 

Another interesting case has been that of Pb02, a good insertion cathode for 
other cations, wherein protons cannot be cathodically inserted in presence of 
sulphuric acid due to lead sulphate interfacial precipitation i.e. Pb02 is chemically 
unstable. The intercation has been possible with the use of proton conducting solid 
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electrolyte. During the discharge, negative electrode must supply protons to solid 
electrolyte, which have been carried to another electrode by a translocation / 
vehicular mechanism, i.e. they must penetrate into the positive electrode material. 
In such batteries both electrodes must have mixed conductivity i.e. electronic as 
well as protonic. The proton conduction paths must be same in the three materials 
for rapid proton transfer reaction at both interfaces, and over potential at both the 
electrodes should be negligible. Lamberterie et al8 fabricated the all-solid state 
protonic batteries with following configuration 

HUP.Ti,., NiH2 / HUP / /-Mn02 ,acetylene-black, HUP (1) 

The practical energy density of 88Wh/kg has been obtained under discharge 
current drain of 100uA/cm2. Mohri et al9 have reported a charge discharge 
characteristics of protonic cell having following configuration: 
TiNiMmHx / Sb2Os. 4H20 / y-Mn02 ,acetylene-black, Sb2Os 

All above factors have prompted us to undertake a study of all solid-state 
protonic rechargeable battery, using different cathode materials. Also, the efforts 
were directed to investigate the implications of series and parallel combination of 
cells on overall battery performance. 

2. Experimental 

The initial ingredient, industrial montmorillonite (Al203.4Si02.H20.xH20) was 
used as solid electrolyte. On the basis of thermodynamic stability and better 
conductivity optimized composition of the electrolyte + zinc + zinc sulphate7 as 
anode and Mn02, Pb02 and V205 mixed with graphite treated as cathode materials. 
The electrochemical cells with the following configurations were fabricated by 
pressing above mentioned the cathode, the anode and the electrolyte in the form of 
circular discs of dimensions 10 and 2mm diameter and thickness, respectively. 

Zn/Zn+ZnS04+Electrolyte/Montmorillonite/Mn02+Gr Cell-I 

Zn/Zn+ZnS04+Electrolyte/Montmorillonite/Pb02+Gr Cell-II 

Zn/Zn+ZnS04+Electrolyte/Montmorillonite/V205+Gr Cell-Ill 

The open circuit voltage (OCV) and short-circuit current (SCC) and other 
parameters of cells I-III were determined using Keithley 617 programmable 
electrometer. The discharge characteristics of cells were recorded under constant 
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current drain conditions, at the interval of one hour till the load voltage reached to 
60 % of its initial value using in house experimental setup. 
The complex impedance data of the electrochemical cells before, during and after 
the discharge was measured over the frequency range 10Hz - 13MHz with the help 
of computer controlled HP- 4192A LF impedance analyzer10. 

3. Results and Discussion 

Figures 1, and 2 show the discharge characteristics at constant current drain 15, 12 
and 15 uA for series and 50uA for parallel are set of cell I, II and III, respectively. 

200 400 

Time (Hrs) 

600 800 

Figure 1: The discharge characteristics under constant drain condition for three electrochemical cells 

(cell-1, cell-II and cell-Ill): three cell of each configuration connected in series to obtain 

battery. 

As expected, the cell voltage initially remains fairly constant and decreases in steps 
with increase in discharge time and attains another constant value of cell voltage 
within few hours. After two to three discharge steps finally battery discharges to its 
last limit i.e., 60% of its OCV. A clear plateau is seen in all batteries during the 
current drains indicate structural modification of cathode during discharge. 

The battery performance parameters of the cells in series and parallel modes, 
obtained from the discharge characteristics, are presented in tables 1 and 2, 
respectively. A close look at the tables and figures reveals that the cell with Mn02, 
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as one of the constituents in the cathode and zinc composite anode exhibits 
maximum discharge time 500 - 600 hrs at constant current drain of 15uA in series 

100 200 300 

Time (Hrs) 

400 500 600 

Figure 2: The discharge characteristics under constant drain condition for three electrochemical cells 
(cell-I, cell-II and cell-Ill): three cell of each configuration connected in parallel to obtain 
battery. 

combination and 50uA in parallel combination. Furthermore, same battery provides 
maximum energy density and cell capacity amongst all other batteries under study. 
Nevertheless, the cell with Pb02 cathode and composite zinc anode, at constant 
current of 12|aA in series and 50(iA in parallel combination, exhibits discharge time 
of the order of 200 - 250 hrs with slightly lower energy density as compare to 
Mn02. On the other hand, V205 cathode exhibits quite a feeble performance in 
comparison with other two. Evidently, Mn02 cathode gives maximum discharge 
current, although Pb02 provides highest voltage amongst all cathodes under study. 

The complex impedance plots after various charge-discharge cycles of battery, 

Table 1: Battery discharge parameters for series combination. 

Cell No. OCV 
(V) 

ssc 
(MA) 

Id 

(HA) 
V„ 
(V) 

T, 
(Hrs) 

Cell 
weight 
(kg) 

Cell capacity 
(mAhr) 

Energy 
density 
(whr/kg) 

1 

II 

III 

4.51 

3.65 

4.00 

60 

50 

65 

15 

12 

15 

4.45 

3.35 

3.75 

605 

185 

508 

0.0036 

0.0035 

0.0037 

9.075 

2.22 

7.62 

11.21 

2.12 

7.72 

I0-Current drain; SSC-short circuit current; Vo- cell operating voltage; To - discharge time 
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Mn02 based cathode, are depicted in figure 3. A tail at low frequency followed by 
two small loops at higher frequencies is discernible". The long tail at lower 
frequency regime is a part of the huge semicircle due to electrodes. The lower limit 

Table- 2: A Comparison of the electrochemical cell parameters in parallel mode 

Cell No. 

I 

II 

III 

ocv 
(V) 

1.65 

2.00 

2.10 

SSC 

(HA) 

500 

325 

550 

Ij 

(HA) 

50 

50 

50 

V„ 

(V) 

1.45 

1.51 

1.52 

T„ 

(Hrs) 

302 

255 

426 

Cell weight 

(kg) 

0.0036 

0.0036 

0.0037 

Cell capacity Energy density 

(mAhr) 

15.1 

12.75 

21.3 

(whr/kg) 

6.08 

5.35 

8.75 

of HP- 4192A LF impedance analyzer, 5Hz, restricted the study of this 
phenomenon in detail. 

The semicircular arc in high frequency domain corresponds to the ionic 
transport through electrolyte. As the discharge cycles proceeds, a semicircular arc 
becomes bigger in size compare to previous one. Thus, it can be inferred that as the 
number of discharge cycle increases the total cell impedance increases. The first 
semicircle observed in the figure-3 is attributed to electrode-electrolyte interface 
and that at the low frequency straight line to cathode itself12. The absence of 
interaction between interface and cathode is clearly demonstrated from the overall 

A During Discharge 

O Before Discharge 

• After Discharge 

0 200 400 600 800 1000 

Z' (Ohms) 

Figure 3: Complex impedance plots for before, during and after the discharge of the battery with 
cathode Mn02. 

impedance behavior and also from the fact that they can easily be separated. Thus, 
the semicircle part of the impedance is not a charge-transfer resistance and parallel 
double layer capacitance due to the Mn02 or Pb02 electrode. Consequently, the 
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semicircle must be due to a resistance and capacitance associated with electrode-
electrolyte interfaces, together with any contact resistance-capacitance contribution 
within the cathode matrix12. It is clear from the above discussion that the higher 
frequency semicircle is generated by the electrolyte, while the lower frequency 
semicircle is due to the cathode-electrolyte interface. The cell reactions during the 
discharge are as follow: 

H20 -> H+ + OH" 
Zn + 20FT -> Zn(OH)2 + 2e" 
Zn(OH) 2 + 20H" -> [Zn(OH)4]

2" 
2e- + 2Mn02 + HzO -> Mn203 + 20H" 
Zn + 2Mn02 -» ZnO + Mn203 

(2) 
(3) 
(4) 
(5) 

Figure 4 exhibits the functional dependence of the internal resistance of the cells on 
discharge time. Interestingly, the cell impedance before the discharge is higher than 

-100 

E 

8 -50 

o 10 cycle 

• 20 cycle 

50 100 150 200 

Z' (Ohms) 

250 300 350 

Figure 4: Complex impedance plots after discharging of 10lh cycle and 20,h cycle of battery with 
cathode MnCh. 

that at the onset of discharge. Moreover, as discharge proceeds, initially cell 
impedance decreases due to increase in the cell activity and later it attains a 
minimum during discharge, and increases thereafter indicating complete discharge. 
The increase followed by a minimum impedance reveal the formation of low 
conducting reaction products at the electrode13. 

4. Conclusion 

The Mn02, Pb02 and V205 can be utilized as cathode in all solid-state proton 
conducting secondary battery operating at room temperature. These electrodes 
allow anodic as well as cathodic reactions to occur without any complication; 
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otherwise normally not observed due to polarization in aqueous electrolytes. The 
chief advantage of these electrodes is that they do not require any hermetic sealing. 
These batteries are cost effective in comparison with other solid-state rechargeable 
one. The materials used in the cells are environment friendly and no special 
atmospheric conditions are required for cell fabrication as in case of lithium cells. 
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Abstract We report on a novel synthetic method of microwave processing with a domestic 2450MHz microwave synthesis system to prepare ZnO 

fiber using pure ZnO powder. We also studied and report on structure and morphology of the resultant products by XRD and SEM. XRD revealed 

that a single phase ZnO fiber can be synthesized quickly and easily by microwave processing. The results indicate that microwave processing is a 

promising method of processing ZnO fiber. 

Key words ZnO fiber, microwave processing, ZnO powder 

1. Introduction 

Wide bandgap materials, such as silicon carbide (SiC, Eg=~3.0 eV for the 6H polytype), gallium nitride (GaN, 

Eg=3.39eV), aluminum nitride (AIN, Eg=6.2eV), and zinc oxide (ZnO, Eg= 3.37eV) have become the focal point of 

research in semiconductors and optoelectronics during the past decade because of an increasing need for short 

wavelength ultraviolet lasers, photonic devices and high-power, high-frequency electronic devices £ , data-storage[ , 

biochemical and chemical sensors[3l ZnO is a promising material for UV/blue light-emitting and UV light detection 

devices. In fact it has several fundamental advantages over its chief competitor GaN [4]: (1) its free exciton binding 

energy is 60meV, much higher than that of GaN (21-25meV), that may be useful for efficient UV laser applications 

based on stimulated emission due to the recombination of excitons at room temperature (KT=25meV); (2) low power 

thresholds for optical pumping at room temperature; and (3) tunable band gap by alloying with other ions. Meanwhile, 

ZnO is more resistant to radiation damage compared to other common semiconductor materials. Traditionally, zinc 

oxide (ZnO), although having wide bandgap and wurtzite structure analogous to GaN, has been primarily used in its 

polycrystalline form in piezoelectric transducers, varistors, phosphors, and transparent conducting films. Recently, 

most ZnO single crystals have been fabricated in forms of films[5] and nano-structure, such as nanowires, nanorods[6], 

nanoneedle array[7], nanobelts[8] and some with tubular hollow texture were synthesized as well [9"nl 

Microwave-heating process is a relatively new technology for materials processing whose heating mechanism is 

fundamentally different from conventional heating methods. In a conventional heating process, the heat generated by 

external heating source is transferred to the material samples via radiation, conduction, or convection. While in the 

microwave process, the heat originated from the microwave energy is absorbed by the materials positioned in 

microwave field. Conventional heating based on the thermal transfer results in higher surface temperatures, but 

microwave heating based on the energy conversion can produce an inverse temperature profile, the surface 

temperatures are lower than the interior due to thermal losses on the surfaces[m3], 

In this paper, it was reported that the ZnO fibers have been fabricated using microwave-heating growth method 

which is selectivity and rapid heating and also friendly to the environment without pollution. Recent progress in 

several areas has brought the great potential of ZnO to light, rivaling GaN as ultra-violet (UV) and deep UV coherent 

light sources and detectors. 

2 Experiments 

The preparation of ZnO fibers involved a microwave-heating process of the ZnO in 200 nm and 20nm powder 

* Corresponding Author. Tel: 86-27-87646984, Fax:86-27-87879468 
E-mail Address: zhoujian@mail.whut.edu.cn 

mailto:zhoujian@mail.whut.edu.cn
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mixed with acetone for Ih in agate mortar and then been pressed into pills. The parameter of the equipment used as 

follows: 2.45 GHz/SkW, TE1(B microwave cavity. The ZnO pill was on the quartz plate and placed in the microwave 

cavity. The heating-temperature was controlled in 1296Dfor !5min or 1200f]for 30min respectively. Finally, there are 

a lot of transparent crystals growing in the center of and around the pill along some direction. Morphologies were 

observed by scanning electron microscope (SEM, JSM - 5610LV by Japanese electronic company). The X-ray 

diffraction (XRD, D/max-rB by Japanese RJGAKU company,) was used to determine the phase composition and 

crystal structure. 

3 Results and Discussion 

XRD patterns of ZnO rod synthesized in 12960 xlSmin using pure ZnO powder with 200 nm as raw materials by 

microwave process are shown in Figure 1. 

The morphology and microstructure of the product were analyzed in SEM, which revealed that the product 

contains ZnO regular rod. As shown in Fig.2 the ZnO rod with a well faceted end and side surfaces, the average 

diameter and the length are respectively lOum and 40(mi. It is a pure ZnO structure with a=0.324nm, c=0.519nm. 

There is no decompound in the microwave heating procesf !,M' <h" '»•",•!,„•, ;-• n<» •-• fi>w ami ;.,«i lit.- ,-.„; 

SWdegs. 

Figure 1. XRD patterns of ZnO product synthesized 

microwave process in 12960 *i5min .{pure ZnO. 

200 riru as raw materials) 

Figure 2. SEM images of ZnO product synthesized by microwave by 

process in !296Q*15min.( pure ZnO powder with 200 nm powder with 

as raw materials) 

If mixed 20lltn ZnO powder with 2 0 % into 200 nm ZnO powder as raw material, then synthesized in 

1200Ox30min by microwave process, the SEM of product is shown in Figure 3. 

Fig.3. SEM images of ZnO fiber via iim o*- i\c ucati i» mul ( e m 1/00 Tl HI ( ijiixn zOnn /nO powder with 20% into 200 nm ZnO 

powder as raw material) 
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As shown in Fig.3 the ZnO fiber is in good crystal structure and smooth face with about 5—20(tm in length. 

Until now, it is still not clear how ZnO fiber structures formed. A suggesting growth mechanism based on the 

vapor-liquid-solid model well explained most catalyzed growth of one-dimensional nanostructures. Recently 

Wang et al. reported a nonvapor-liquid-solid method to synthesize nanotubes via pyrolysis of ZnO powder . 

As the microwave heating method without any metal catalyst synthesized the ZnO fiber, the growing process of 

ZnO fiber by microwave heating is proposed as follows. Firstly, the ZnO activation energy was lower than 

normal because of the microwave highly enhanced reaction/synthesis kinetics'1 ' The ZnO powder vaporized at 

1100' in the region of high temperature which was filled with ZnO(g), Zn(g), 02(g) especially for 20nm powder. 

In the top of the sample, is a region of low temperature, the Zn (g) and 0 2 generated chemical reaction and 

decomposed at the vapor-solid interface, the process are expressed as: 

1 
Z n ( g ) + - 0 2 ( g ) => ZnO(g) (1) 

ZnO (g) => ZnO (s) (2) 

According to the Gibbs-Thomson equation: 

^ A 2 4 ,RT, P 
AG = 4ftr<T — m I n — (3) 

3 V P 
J ' 0 J 0 

p 
Where AG is the Gibbs energy, is the vapor pressure of the saturation, r is the radial of the new phrase, V o 

"a 

is the volume of ZnO molecule, (J is the interface energy of new phrase and vapor phrase, R is universal gas constant 

and has the value R=8.31 J/molK. The heating temperature is higher, the PQ is bigger. The critical of the radial is: 

2aV 
, k is Boltzmann constant and has the value k=l.38x10 J/K. V is mole volume of ZnO. 

kT\n(P/p) 

So the temperature influences the radial of the ZnO crystal nucleus, which grew at the interface gradually when 

the temperature of the sediment and evaporation is proper, Wp is more close to 1, the r is bigger. 

So the temperature is important to control the radial of the nucleus. 

On the other side, the screw dislocations engendered in the process of crystal growth, which became the new 

source of growth. Especially, the screw dislocations cause the growth along radial orientation and the landscape 

orientation, so the length of the rods was longer and longer, the diameter was wider and wider, and form ZnO fiber. 

4 Conclusion: 

Due to the microwave strengthening the oxygenic and zinc ions diffusing, we successfully synthesized the ZnO 

fiber at 1200 J for 30min. The ZnO fiber with the average diameter and the length respectively 2jim and 20um grew in 

the air condition. It is proposed to explain that the growth mechanism of ZnO fiber is vapor-solid mechanism. A single 

phase ZnO fiber can be synthesized quickly and easily by microwave processing which is a promising method of processing ZnO fiber. 
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Sn is a material that is essentially insoluble in Ge and Si in the bulk form. In this study, 
Sn/Ge and Sn/Si powders were ball milled for long durations (-36 hrs.) while varying the 
ratio of Sn to Ge and Si respectively. Milling was carried out in an Ar gas atmosphere. 
Analysis made using XRD showed that the particle sizes of Ge and Si go down with the 
decreasing atomic composition of Sn. Particle size estimated using x-ray diffraction line 
broadening showed that the sizes of Ge and Si particles in Sn/Ge and Sn/Si samples with 
20% vol. Sn in Ge and 10% vol. Sn in Si reach nano-scale dimensions. Analysis made 
using X-ray Absorption Fine Structure Spectroscopy (XAFS) showed that there were 
surface layers of SnGe and SnSi alloys around Ge and Si particles. Thus ball milling of 
Sn/Ge and Sn/Si powders produces SnGe alloy coated Ge nanoparticles and SnSi alloy 
coated Si nano particles. 

1. Introduction 

Ball milling is a widely established technique that is applied to achieve 
nanocrystalline solids, mechanical alloying of solid compounds and solid state 
amorphization of inorganic materials. Ball milled Sn/Ge powders of varying 
ratios of Sn to Ge show a decreasing melting enthalpy of Sn with decreasing 
ratio of Sn to Ge1. This behavior was investigated in detail in a previous analysis 
that was made using X-ray Absorption Spectroscopy (XAFS), X-ray Diffraction 
(XRD), and Differential Scanning Calorimetry (DSC)2. Results showed the 
formation of several monolayers thick stable surface layer of 50% at. SnGe alloy 
around Germanium particles causing the reduction of the melting enthalpy of 
Sn. Alloying is in contrast to the solubility of Sn in Ge in the bulk form which is 
less than 1.0 at.% at room temperature. Simultaneously, it was seen that the 
particle sizes of Ge reach nanoscale dimensions below the exciton Bohr radius 
of Ge when the Sn content was reduced below a certain value. Similar results 
were observed for Si particles in ball milled Sn/Si powders, another binary 
system in which the solubility of Sn in Si at room temperature is 0.12 at.%. This 
report provides the reader with some quantitative information about the 
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synthesis of SnGe alloy coated Ge nanoparticles and SnSi alloy coated Si 
nanoparticles by ball milling. 

2. Experimental 

All the experimental measurements required for this analysis were made at the 
Division of Materials Sciences, Brookhaven National Laboratory, Upton, New 
York, USA. A detailed account of the experimental procedure in analyzing the ball 
milled Sn/Ge powders has been given elsewhere2'3. A similar experimental 
procedure was followed for preparing and analyzing the ball milled Sn/Si 
powders3'4. For sample preparation, Sn, Ge and Si powders (-100 mesh, 99.999% 
pure) were used as starting materials. Sn/Ge and Sn/Si powder samples were 
milled using a Brinkmann, Model MM2, Standard Mixer Mill operated in an Ar 
ambient. Powder couples were enclosed and milled in a sealed hardened tool steel 
vial, using a steel ball. Loading and unloading of powders to the vial and 
preparation of samples for XAFS, XRD and DSC measurements were done inside 
a dry box with moisture and oxygen content of < 5 ppm. Powders with varying 
Sn/Ge volume ratios (20,30, and 40 vol.% Sn) and Sn/Si volume ratios (10,25, and 
40 vol.% Sn) were milled for nearly a constant time of about 35 hours. 

Sn K-edge XAFS, of the powder samples, diluted to achieve an absorption 
step of approximately 1.5 at the Sn K-edge using Boron Nitride powder, were 
made at beamline X-l 1A at the National Synchrotron Light Source at Brookhaven 
National Laboratory, USA. The incident and the transmitted x-ray beams were 
monitored using Ar and Kr gas filled ionization chambers respectively by 
maintaining the monochromator entrance slit at 0.25mm. The energy resolution at 
the Sn K-edge (29200 eV) was estimated to be 6.5 eV. Sn K-edge XAFS 
measurements of Sn/Ge and Sn/Si samples were made at temperatures of 10 K, 
100 K and 200 K, in a rough vacuum. For comparison, Sn K-edge XAFS spectrum 
of metallic Sn (99.999% pure) powder was also obtained. 

XRD measurements of the samples were made at room temperature at energy 
of 8.5 keV. Measurements were made at beamline X-l IB using a modified 
Phillips goniometer with an INEL 120° curved position sensitive detector. In order 
to confirm results obtained by Jang et al.1. Sn/Ge samples were subject to 
Differential Scanning Calorimetric (DSC) analysis. For DSC analysis, samples 
were sealed in Aluminum pans and analysis was achieved using a DuPont 910 
DSC system. 
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3. Data Analysis and Results 

The XAFS data analysis procedure discussed below was carried out using the 
University of Washington XAFS data analysis software package. The oscillations 
in an XAFS spectrum above an edge are due to scattering of the outgoing photo 
electron from different near neighbor shells. These oscillations are of different 
frequencies determined by the near neighbor distances R,. The oscillations isolated 
from the background spectrum, known as xflO data, were Fourier transformed in 
order identify the contributions to XAFS from different coordination shells. 

Radial Distance (A) 

Figure 1. Fourier transforms of XAFS ]c%(k) obtained at 10 K for Sn K-edge for (a) Sn powder (b) 40 vol. 

% Sn in Ge and (c) 20 vol. % Sn in Ge. 

Figure 1 shows the Fourier transforms of spectra taken at 10 K corresponding 
to the samples (a) Sn powder (b) ball milled Sn/Ge powder with 40 vol.% Sn and 
(c) ball milled Sn/Ge powder with 20 vol.% Sn. The evolution of a new phase is 
evident by the peak PB, in the ball milled Sn/Ge samples. Analysis of data of the 
Sn/Ge sample with 20 vol.% Sn shows that this peak is due to change of 
coordination of environment of Sn from Sn to Ge neighbors. 

Our approach to fitting the spectra was to use a 50 at.% SnGe alloy with a Sn 
atom surrounded by 4 Ge atoms in a chemically ordered zinc blend structure. This 
model is justified by the existence of 50 at. % a-SnGe epitaxial thin films grown on 
Ge substrates as has been reported by Hochst et al.s XAFS corresponding to the 
model was calculated using the FEFF theoretical code (Version 4.08). Figure 2 
shows the corresponding fits made by inverse Fourier transforming the peak PB at 
all three temperatures. A two shell model that included Sn-Sn near neighbors in the 
metallic Sn arrangement was also attempted to account for the presence of metallic 
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Sn as shown by very small peaks in the XRD spectrum at 20 vol. % Sn and 
observed during DSC analysis. Even though a satisfactory fit was made for data at 
10 K, at 100 K and 200 K, the best fits were obtained for models that included only 
Sn-Ge near neighbors. 

1 ' • • i • • • ' i • 

20 vol.X Sn 
• da ta 

T = 2 0 0 K-

k(a"') 

Figure 2. Fits (dashed lines) obtained for 20 vol. % Sn in Ge sample compared to data (solid line) at 10 K, 

120 K and 200 K. 
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Figure 3. Fourier transforms of XAFS k?x(k) at 10 K for Sn K-edge for 10 vol. % Sn in Si (solid line), Sn 

powder (dashed line) and ,50 at. % SnSi alloy (dotted line). 

A similar, but a less dramatic change was observed in the ball milled Sn/Si 
sample with 10 vol. % Sn. Figure 3 shows Fourier transforms of XAFS k2x(k) at 10 
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K corresponding to the sample with 10 vol.% Sn in comparison with the Fourier 
transforms of XAFS \?x(k) data of spectra corresponding to Sn powder (dashed 
line) and theoretical calculation for a 50 at. % SnSi alloy with the Sn atoms 
surrounded by 4 Si atoms in a chemically ordered zinc blend structure (dotted line). 
Figure 3 shows that Sn/Si powder sample contains a significant amount of 
metallic Sn even at a concentration of 10 vol. % Sn. The amounts of metallic Sn 
and 50 at. % SnSi alloy present in the sample were determined by fitting for data 
filtered in the range of 1.2 - 3.35 A to include both peaks in the filtering range. 
Figure 4 shows fits obtained at all three temperatures, 10 K, 120 K and 200 K. 
Table 1 shows the results obtained from fitting. 
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Figure 4. Fits (dashed lines) obtained for 10 vol. % Sn in Si sample, compared to data (solid line) at 10 K, 

120 K and 200 K. 

The variation of mean-square displacement (Debye-Waller factor), a2, of 
atoms in a coordination shell as a function of temperature was used to determine 
the nature of bonding between Sn-Ge and Sn-Si neighbors using the Einstein 
model of lattice vibrations6'7. By comparison with the experimentally obtained tr2 

values corresponding Einstein temperature was determined. The Einstein 
temperatures obtained for SnGe and SnSi alloys were 325±29 K and 351±37 K 
respectively. These values are in the range of Einstein temperatures found for the 
covalent bonding in tetrahedral semiconductors such as Ge (352 K), GaAs (318 ) 
and ZnSe (269 K) and are much higher than metallic Sn (150 K)1. 
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Table 1. XAFS fitting results obtained for (a) 20 vol. % Sn/Ge sample and (b) 10 vol.% 

Sn/Si sample at three different temperatures. 

(a) 20 vol.% Sn/Ge sample 

T(K) 

10 

120 

200 

#&-& 

2.48 ±0.40 

2.52 ±0.40 

2.48 ±0.40 

/W*(A) 
2.64 ±0.03 

2.64 ±0.03 

2.64 ±0.03 

^ ( A 2 ) 

0.0031 ±0.0009 

0.0038± 0.0010 

0.0043± 0.0012 

(b) 10 vol.% Sn/Si sample 

r<K) 

10 

120 

200 

#&-« 

1.16±.12 

1.08 ±.12 

1.08 ± 1 2 

JWA) 
2.59 ±.02 

2.59 ±.02 

2.59 ±.02 

oWA2) 
.0039 ±.0010 

.0040 ±.0015 

.0054 ±.0020 

Afefjji 

2.84±.12 

2.89 ±.12 

2.92 ±.12 

tf»A (A2) 

.0012 ±.0010 

.0017 ±.0010 

.0017 ±.0010 

The Sn-Ge and Sn-Si nearest neighbor distances, 2.64 A and 2.59 A, obtained 
from fitting, lead to lattice constants of 6.10 A and 5.98 A respectively for SnGe 
and SnSi alloys in the zinc blende structure. Interestingly, the crystallographic data 
show that the average of the lattice constants of Sn & Ge and Sn & Si are 6.10 A 
and 5.96 A respectively justifying the models that were used to fit the experimental 
data. Our analysis, however does not confinn whether the atomic arrangements of 
alloys are of ordered or disordered nature. 

(a) 40 vol % Sn 

20 40 60 80 100 

SB (deg) 

Figure 5. The x-ray diffraction data of Sn/Ge powders. Metallic Sn peaks are identified by i 

The x-ray diffraction data (Figure 5) of Sn/Ge powders also shows a 
systematic decrease in the intensity of metallic Sn peaks with decreasing Sn 
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concentration. At 20 vol.% Sn, the Sn peaks have almost disappeared indicating 
that Sn is in a different state. Another clear feature is the systematic increase in 
broadening of the Ge peaks as the Sn concentration is decreased. Since the powders 
are ball milled, broadening can be caused by both the particle size and a non
uniform strain. Therefore in order to determine the particle size, the method 
described by DeKeijser et a/.8 was applied. The results are given in Table 2. 

The DSC analysis showed a reduction of melting enthalpy of Sn in Sn/Ge 
samples showing that the enthalpy decreases significantly at 20 vol. % Sn (3.6 J/g) 
compared to pure Sn powder (61.5 J/g). These results were consistent with 
previously made observations1. A similar decrease was observed in Sn/Si powders. 

Table 2. Average particle sizes of Ge and Si particles in Sn/Ge samples and Sn/Si 

samples at three different Sn concentrations. 

Sn/Ge powders 

Sample 

(vol.% of Sn) 

40 

30 

20 

Average Ge particle 

size D (A) 

405 ±155 

300± 95 

250 ± 70 

Sn/Si powders 

Sample 

(vol.% of Sn) 

40 

25 

10 

Average Si particle 

size D (A) 

795 ±225 

640 ± 180 

170 ±55 

4. Discussion 

Our analysis identified a new phase that evolved at the Sn-Ge and Sn-Si interfaces 
as suggested by Turnbull et al.9. Sn/Ge samples of higher Sn concentrations 
contained a mixture of bulk and interfacial Sn phases. At 20 vol.% Sn, the sample 
essentially contained only the interfacial phase. In Sn/Si powder samples, the 
interfacial phase could not be isolated even at 10 vol. % of Sn. This is attributed to 
the higher lattice mismatch between Sn and Si which is 20% compared to that 
between Sn and Ge (14.3%). XAFS analysis showed that the interfacial phase is 
due to the formation of SnGe and SnSi alloys in the two systems. Decreasing 
enthalpy of melting in the two systems confirmed that the alloys were stable above 
the melting point of metallic Sn. This is further supported by the theoretical work of 
Brudevoll et al.10. An estimate was made to find out the extent of alloying around 
core Ge and Si particles of the powders at 20 vol. % of Sn in Ge and 10 vol. % of 
Sn in Si respectively. It was assumed that the particles have a cubic geometry with 
their body diagonal being equal to the average particle size determined using XRD 
line broadening. The extent of SnGe layer around Ge core particles was found to be 
approximately 9 A which is equivalent to roughly four monolayers. The extent of 
the SnSi alloy around Si particles was found to be approximately 2 A showing the 
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interfacial alloying between Sn and Si was less extensive. The XRD spectra did not 
show evidence for the presence of alloy in the powder samples due to the relatively 
smaller extent of interfacial alloying or their disordered nature or both. It will be 
interesting to characterize these particles from nano-science point of view. 

5. Conclusions 

Ball milling was used to mill the Sn/Ge and Sn/Si powders with varying Sn 
concentrations. Particle size estimated by XRD line broadening showed that both 
Ge and Si particles reach nano-scale dimensions below the exciton Bohr radii of 
them. Around Ge and Si particles, stable SnGe and SnSi alloy phases of small 
thickness are formed. The extent of alloying of SnGe around Ge particles was 
higher compared to that of SnSi around Si core particles. 
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The fine powder of Ti02 has been synthesized by totally alkoxide free sol 
gel method. The ammonium citratoperoxotitanate (IV) has been synthesized and 
used as molecular precursor which is highly stable in air. This starting precursor 
allows us to avoid the use of titanium alkoxide or titanium tetrachloride, which are 
extensively reported in literature. The synthesis has been carried out in ambient 
atmospheric conditions. The modified polymerizable precursor method has been 
adopted for the sol gel chemistry of Ti02. The final powder precursor has been 
analysed by thermal analysis (TG and DTA) to explore the thermal kinetics. The X-
ray diffraction analysis through Rietvield method confirms that the final product is 
highly pure rutile TiC>2 powder. The laser granulometry and SEM analysis show the 
agglomeration of fine particles with size in the order of 200 nm. 

1. Introduction 
The titanium oxide (Ti02) is one of the most promising materials due to its potential 
applications in various fields such as, photocatalysis, solar energy, emulsion and gas 
sensors [1]. Apart from these applications, the recent developments of polymer 
electrolytes with dispersed Ti02 powder also spurred the research interest in this 
material [2]. Hence there is strong urge to develop fine powder of Ti02 material for 
these applications and various authors reported the formation of fine powders by 
various methods (wet chemical method, sol gel method etc.,) [3,4]. Especially the 
sol gel method, which is well known for the synthesis of metal oxides, is studied 
extensively for the preparation of Ti02 powder. The conventional sol gel methods 
are based on the hydrolysis and condensation of the molecular precursors. So far the 
researchers developed the titanium oxide by sol gel methods using the titanium 
alkoxides (such as titanium isopropoxide etc.,) or titanium tetrachloride (TiCl4) as 
molecular precursors which are highly reactive and sensitive to moisture. Further it 
is very difficult to control hydrolysis reaction rates of these molecular precursors 
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due their high reactivity, which results in the loss of microstructural control over the 
final oxide. Hence the whole experiments should be carried out in an inert 
atmosphere, which makes the synthesis process more difficult in nature. P.Arnal et 
al, [5] suggested the use of non-hydrolytic method to control the reactivity of these 
molecular precursors and to synthesize titanium oxides. Even this non hydrolytic 
method needs complicated reactions such as etherolysis and alcoholysis of TiCl4 to 
reduce the reactivity of the molecular precursor TiCl4. Hence there is a strong need 
to find a simple and atmospheric friendly way to obtain a titanium oxide using the 
sol gel synthesis. Recently Kakihana et al [6], reported the formation of highly 
water soluble titanium citrate complex, by using titanium metal powder and citric 
acid. This titanium citrate complex has been used as molecular precursor for the 
synthesis of Ti02 by polymerizable method and the detailed procedure of synthesis 
has been described in this paper. 

2. Experimental 

For the synthesis of fine powder of Ti02, Ti powder (98.5 %) from Fluka 
,hydrogen peroxide (30 %) from Carlo Erba and ammonia (35 %) from Fischer 
Scientific, citric acid (99.5 %) and ethylene glycol (99 %) from Aldrich are used as 
starting materials. The detailed procedure of the synthesis is given in the next part of 
the paper. Thermal analysis (TGA and DTA) were performed with a Setaram 
TGDTA92 equipment at a heating rate of 5 °C min"1 in air using Pt crucibles. 
Powder X-ray diffraction patterns (CuKa radiation) have been recorded at room 
temperature with a Philips X'Pert PRO diffractometer, equipped with a X'celerator 
detector, in the 20 range from 5 to 123° with an interpolated step of 0.008°. The 
Rietveld method [7] using the Fullprof program [8] is used for the structural 
refinement with a peak shape described by a pseudo-Voigt function. In addition to 
the lattice and atomic parameters, the zero shift, the scale factors and the 
background parameters are also refined. 

Microstructure observations were performed using a Hitachi 2300 Scanning 
Electron Microscope (SEM). Granulometry has been carried out with a Beckman 
Coulter equipment in water at room temperature. In-situ ultrasonic vibration has 
been used before measurement of the particles size. 

3. Results and Discussion 

3.1 Synthesis and calcination of the polymer precursor 

The crucial step in this modified Pechini-type method was to prepare a highly 
water soluble precursor to avoid the use of alkoxides, which are not stable in open 
air. This has been carried out by dissolution of Ti metal in hydrogen peroxide and 
ammonia solution, as previously reported [9]. Initially 0.25 g of Ti metal powder is 
dissolved in cold aqueous solution containing 20 ml of H202 (30 %) and 5 ml 
ammonia solution (35%) at room temperature. This yields a yellowish transparent 
solution which is a peroxo complex of titanium, such as peroxy titanate 
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Fig. 1. Flow chart for preparing Ti02 by a modified Pechini-type polymerizable 
precursor technique. 

[Ti(OH)302]" ion [10]. In order to form titanium metal citrate complex, 0.1 mol% 
of Citric acid (19.2 g) is added in excess to the above titanium peroxo solution. This 
reaction yield citratoperoxotitanate [Ti(C6H407)02]

2" which is highly soluble in 
water [11]. This titanium metal citrate complex has been added with 0.4 mol% of 
Ethylene glycol (25 g), which results in redish color viscous solution. The citric acid 
/ ethylene glycol molar ratio was taken as 1:4. This ratio ensures a large excess of 
hydroxyl groups to promote the formation of low molecular weight oligomers [12]. 
The temperature is then increased to 150 °C to promote esterification between the 
hydroxyl groups of ethylene glycol and the carboxylic acid groups of citric acid and 
polymerization. A black polymer precursor, which is stable in air, is then formed. 
Therefore pyrolysis of the polymer is performed at 350 °C that yields a black 
powder precursor, called hereafter "powder precursor". The black color indicates 
that the powder contains carbon. The final powder precursor is subjected to 
calcination in open air for 2 hours at 900 °C. The calcination at 900 CC yields 
highly pure and rutile phase Ti02 powder. Fig. 1 shows the typical flow chart of the 
synthesis procedure used to prepare Ti02. 
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3.2 TGA-DTA analysis 

Fig.2 shows the TGA and DTA curves obtained from the powder precursor in 
air using a heating rate of 5 CC min"1 in the temperature range from 30 to 1200 °C. 
The TGA curve indicates a small weight loss of 3 % up to 100 °C, an abrupt weight 
loss of 81 % in the temperature range from 300 to 500 CC and no further weight loss 
up to 1200 °C. The first weight loss is mostly due to water desorption. The second 
abrupt weight loss is due to the degradation of the polymer, converting the organic 
component into CO2 and H20. 

Fig.2 TG and DTA spectrum of the Ti02 precursor measured in open air atmosphere 

The DTA curve shows three exothermic peaks in the temperature range from 
300 to 600 CC. They can be associated to the weight loss shown in the TGA curve 
and are indicative of organic combustion steps. The main exothermic peak around 
500 °C is due to the degradation of organic material from the powder precursor that 
is accompanied to C02 and H20 gases evolution and then to a considerable weight 
loss. After this, there is no change in weight, which confirms the complete burnout 
of residual carbon from the precursors. 

3.3 XRD analysis 
Fig. 3 shows the powder X-ray diffraction pattern of the rutile Ti02, 

synthesized by sol gel method. The X-ray diffraction pattern has been analysed by 
pattern matching through the Fullproof software. The theoretical and experimental 
peak matches well and no impurity phases have been identified by this pattern 
matching analysis. The structure of the rutile Ti02 has been identified as tetragonal 
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(space group P 42/M N M ) and the cell parameters are found to be a - b 
4.5938 A and c = 2.9598 A, which agrees with previous reported values [13]. 

Fig.3 Calculated and observed powder X-ray diffraction pattern of TiC>2 sample 
prepared by a modified Pechini-type polymerizable precursor technique 

3.4 Morphology of the KO2 powder 

Fig. 4 shows SEM micrographs of Ti02 after calcination at 900 °C. It reveals 
the microstructure of the ceramic. It can be observed that after heating at 900 °C for 
2 hours, the ceramic is made of small grains of diameter around 200 nm (Fig. 4). 
However these grains agglomerate as shown in Fig. 4b. These agglomerates, as big 
as 100 |im can be observed. This is clearly revealed by laser granulometry, (not 
shown here), which shows the average agglomerated particle size as -50 \un. The 
particle size histogram has been obtained from the same TiC>2 powder as used for 
SEM experiments. The powder has been ultrasonically treated in-situ in water for 1 
min with a power of 20 W. This indicates that the grains are strongly bounded with 
each others. 

Fig. 4 oLivi image ui the tuuic I1U2 picpared by polymerizable precursor method. 
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4. CONCLUSION 
The rutile phase, Ti02, has been synthesized by a Pechini-type polymerizable 

precursor method using highly water soluble Titanium metal citrate molecular 
precursor. This highly water soluble precursor helps us to avoid the use of alkoxides, 
which are not stable in open air. The final powder, obtained by heating the powder 
precursor at 900 CC for 2 hours in air, is a pure and well crystallized rutile phase of 
Ti02 as revealed by powder X-ray diffraction. Both SEM and granulometry showed 
that the final powder is made of small particles of around 200 nm in size. 
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Abstract 

The development of polymer-fullerene plastic solar cells has made significant progress 

in recent years. The quality of the device depends on the efficiency of the photoinduced 

charge generation and on how fast these charges are separated so that the excitons are not 

able to decay radiatively to ground state emitting photoluminescence. For the excitons to be 

broken into free charge carriers and for their fast collection it is necessary to use a composite 

structure of the device such as P3HT/C«>. The former being a donor and the later being an 

acceptor for the photoinduced electrons. An interpenetrating phase segregated structure of the 

donor and the acceptor helps fast collection (within few femtoseconds) of the photoinduced 

carriers. Besides these there are other factors also which afFect the efficiency and shelf life of 

plastic solar cells. We have studied these factors using the solar cell structure 

ITO/PEDOT:PSS/P3HT:CWLiF/Al.We have found that the selection of the solvent, 

morphology of the film and the ratio of the donor P3HT and acceptor Cso (Buck minster 

fiillerene) are some of the important factors on which the stability and shelf life of the PV cell 

depend. Selection of a proper solvent on the basis of parameters such as index of refraction, 

dielectric constant, molecular size and Hildebrand solubility parameter is extremely 

important in order to achieve high efficiency, stability and long shelf life of the device. It has 

also been found that increasing Hie C<M content in the polymer leads to a decrease in 

degradation of the device but excess amounts of Cw speeds up the degradation process. 
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Introduction 

Solar Cells developed from conjugated polymers have distinct advantages over 

conventional solar cells fabricated from inorganic semiconductors. Some of these 

are: 

1. The absorption coefficient of conducting polymers is much higher (~106 Cm4) 

as compared to that for inorganic semiconductors (102 - 103 Cm"1 for Si). A 

thin layer of conducting polymer -100 nm is therefore enough to absorb the 

solar spectrum. Large area, uniform and mechanically flexible polymer thin 

films can be grown from solution at low cost using environmentally friendly 

non toxic processing techniques. 

2. The electronic properties of the conducting polymers can be easily adjusted 

through changes in their molecular structure [1]. 

3. The optical properties of the conjugated polymer systems can be easily 

controlled. For example doping a conducting polymer only with a few weight 

percent of fullerene can enhance the photoconductivity by more than two 

orders of magnitude [2,3]. 

A very distinct feature of conducting polymer-based solar cells is that the 

photo absorption leads to the production of excitons and not free electro-hole pairs 

as the case with inorganic semiconductors. These excitons have a typical lifetime of 

few picoseconds [4] and they decay to the ground state emitting photoluminescence 

(PL) or they can decay even non-radiatively. For the solar cell to function, it is 

essential that these photoinduced excitons dissociate into free charges which are 

collected by the electrodes before the excitons get chance to decay. This can be 

achieved by mixing a suitable material such as fullerene, which has a high electron 

affinity and thus can break the exciton. The electron can be collected at the LUMO 

level of the fullerene. Similarly if the ionization potential of the polymer is higher 

as compared to the fullerene, the excitons will be dissociated and the holes will be 

collected at the HOMO level of the polymer. This charge transfer must occur 

within a few femtoseconds in order that the solar cell works efficiently. 
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In order to achieve such a fast charge transfer, the polymer (donor)-fullerene 

(acceptor) composite should form a phase segregated interpenetrating structure on a 

nanometric scale [5-7]. While such structures have a very high potential for 

developing stable and efficient solar cells, the morphology of the donor acceptor 

blend plays a very important role. 

In the present work we have investigated the effect of the solvent and 

composition on the donor-acceptor PSHT/Qo structures and have examined some 

of the factors, which significantly affect the stability, and shelf life of a 

heterojunction polymer photovoltaic (PV) cell and the results have been presented 

for a typical ITO/PEDOT:PSS/P3HT:C6o/LiF/Al solar cell structure. 

We have found that the selection of the solvent, morphology of the film and 

the ratio of the donor P3HT and acceptor C6o (Buck minster fullerene) are some of 

the important factors on which the stability and shelf life of the PV cell depend. It 

has also been found that the absorption coefficient decreases with ageing leading to 

degradation of the solar cell shelf life. The decrease in absorption coefficient may 

be due to changes in film morphology with time. Yet another factor, which may 

affect the performance of the solar cell is the blue shift observed in the absorption 

spectrum and the decrease in the absorption coefficient with the increase in 

concentration of C60 in the active polymer P3HT. It has been concluded that the 

solubility of the solvent should not be the sole criteria for its selection but the other 

solvent properties such as index of refraction, dielectric constant, molecular size 

and Hildebrand solubility parameter must match with those of the solute. Since C6o 

has lower solubility as compared to the polymer, in the present work the solvent 

selection has been made on the basis of properties of Ceo As shown by Ruoff et. all 

[8], C6o with an index of refraction n =1.96, static dielectric constant e=3.61 and 

molar volume V = 429cm3moi1 has high solubility (mg/ml) in Xylene, 1,2-

dichlorobenzene, and 1,2,4-trichlorobenzene. Investigations were made using these 
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three solvents. It was found that although the solubility of Ceo is higher in 1,2-

dichlorobenzene, yet this solvent is not satisfactory for the solar cell stability since 

the above-mentioned parameters for this solvent and Ceo widely differ. It was found 

the decrease of absorption coefficient due to ageing with 1,2,4-tricholorobenzene, 

as a solvent is much lower therefore it is a better solvent in spite of its slightly 

lower solubility for C&>. 

Experimental Details 

The devices were prepared from P3HT and Ceo dissolved in a common solvent 

1,2,4-trichlorobenzene in the ratios of P3HT:Ceo varying from 1:0.25 to 1:2 by 

weight. The prepared solutions were ultrasonically mixed and were filtered using 

0.45-micron syringe filters. The devices were fabricated on ITO coated glass 

substrates (resistivity—15 ohmcm). The ITO was patterned using PVC tape and HC1 

as the etchant for a duration of 15 min. The ITO was patterned into 0.3 cm wide 

strips with a separation of 0.5 cm between successive strips. The etched glass 

(substrate) was washed with sodium bicarbonate solution to neutralize any residual 

acid. The PVC tape was removed and the substrates were cleaned in an ultrasonic 

cleaner using acetone and subsequently isopropyl alcohol. The substrates were then 

dried in a nitrogen atmosphere and were spin coated with a lOOnm thick 

PEDOT:PSS layer (1.3wt% Sigma Aldrich). The polymer fullerene blend was spin 

cast on the dried PEDOT:PSS layer and the thickness of the film was kept between 

80 to lOOnm. After drying the polymer:C6o composite layer a thin film of LiF 

(thickness ~lnm) was deposited under vacuum (10"6 torr) onto the polymer 

composite layer. Subsequently a layer of Al (thickness ~100nm) was evaporated 

onto the LiF layer. The structure so obtained was 

ITO/PEDOT:PSS/P3HT:C6o/LiF/Al with the ITO being the positive electrode and 

Al the negative electrode for the illuminated solar cell. A single substrate contained 

four devices of 0.09cm2 area each. To improve the morphology [9] the device was 

annealed at 140°C for 4 minutes in inert atmosphere. For absorption studies the 

samples were spin cast using the polymer fullerene blends onto ultrasonically 
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cleaned glass slides. The absorption measurements were made using a Shimadzu 

UV-2450 UV-VIS spectrometer. 

Results 

The absorption spectrum for P3HT:C6o composites corresponding to various 

concentrations of C^ in 1,2,4-trichlorobenzene is shown in Fig.l. It is found that 

addition of Qo leads to broadening of the absorption spectrum, which is very 

desirable for a photovoltaic device. However the disadvantage of adding Ceo is that 

there is a decrease in the peak intensity of the absorption spectrum with the increase 

of C6o concentration. It is also observed that there is a significant shift in the 

absorption peak towards lower wavelength for concentration of C6o beyond 0.5 

ratios by weight. This is a great disadvantage because the useful wavelength is in 

the wavelength range 500-600nm. Therefore it is concluded that while the presence 

of Cgo is highly essential, to achieve a fast transfer of photoinduced charges. Its 

concentration must be chosen very carefully. 

The variation of open circuit voltage Voc for the solar cell for different 

composite ratios of C«) is shown in Fig. 2. The variation of short circuit current 

density Jsc with concentration of C60 is also shown in fig. 2 (inset) and it follows 

the same pattern as Voc. It is found that the value of Voc increases initially with the 

increase of concentration of Cso, reaches a maximum for Ceo = 0.5 ratio by weight 

and subsequently decreases rapidly with increase in C<so concentration. The initial 

increase in Voc with the concentration of Ceo is due to increase in rate of photo 

induced charge transfer. However for concentrations of Ceo beyond 0.5 the decrease 

in the absorption coefficient becomes significant, resulting in a lower value of Voc. 

Similar studies were also made using 1,2-dichlorobenzene as the solvent. It was 

found that for this solvent the value of Voc is lower as compared to that obtained 

for 1,2,4-trichlorobenzene (e.g. for Q0 = 0.5 by weight 
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Fig. 1 Absorption for different P3HT:Cgo composite ratios 

Voc = 0.58V for 1,2,4-trichlorobenzene and Voc = 0.40V for 1,2-dichlorobenzene). 

The results with Xylene as the solvent are even worse and hence this solvent was 

not used for further studies. 

Voc vs P3HT:C60 composite ratio 

Fig. 2 Variation of v o c with concentration of C 6 n ; variation of 
Jsc with concentration of Cgn (inset) 
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The absorption coefficient was measured immediately after the devices were 

fabricated and after also after 1 and 2 week durations of storage at room 

temperature under dark conditions in ambient atmosphere. The absorption 

coefficients for various concentrations of C^ for 1 and 2-week storage durations 

are shown in Fig.3 and Fig. 4 respectively. A decrease in the absorption coefficient 

with the passage of time is observed. A significant result of this study is that the 

degradation of absorption coefficient is minimum for 1:1 ratio of P3HT:C6o 

Similar measurements of absorption coefficient were also made using 1,2-

dichlorobenzene. It was found that the decrease of absorption coefficient with 

increase in storage time in this case is much faster (e.g. for the 1:0.75 ratio the 

decrease in absorption coefficient in one week for this case is 9.9% while for the 

case of 1,2,4-trichlorobenzene, the absorption coefficient decreases only by 8.5% in 

one week. 
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Fig.3 Absorption for different P3HT:Cgo concentrations after 1 week duration 
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The observed decrease in the absorption coefficient with time may be due to 

the oxidation of the polymer. However a significant feature of the result is that as 

the concentration of Ceo increases from 1:0 to 1:1 weight ratio, the degradation of 

absorption coefficient diminishes, the degradation of absorption coefficient with the 

passage of time becomes slower. The degradation of absorption coefficient 

becomes faster when the weight ratio of C6o becomes higher than 1. In the initial 

stages, the Ceo retards the oxidation of the polymer by allowing the formation of 

positive charged polarons on the chains, which decreases strongly the reactivity of 

the polymer against oxygen [10]. The increase in degradation with C60 

concentration above 1:1 is due to phase segregation [11]. 
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Suitable electrical contacts were developed for the I-V measurements. ITO was 

taken as the lower contact and vacuum deposited aluminum served as upper 

contact. P3HT/C60 composites showed an increase in the photocurrent with the 

increasing C6o content. Addition of Ceo allows ultra fast photo-induced electron 

transfer from the P3HT to Ceo and enhances the charge carrier generation in the 

P3HT by preventing recombination. However, the I-V measurements also 

confirmed that the rate of increase of current decreases with increasing 

concentration of Ceo above 1:1. Therefore optimization of the composite ratio is 

necessary for best performance of the device. The 1:0.75 composite ratio was found 

to be the best choice in terms of absorption and I-V measurements. PEDOT: PSS is 

known as a p type semiconductor, a good hole transport material, and assures a 

better hole collection from the polymer/fullerene composite layer on to the ITO 

electrode. The PEDOT: PSS spin coated on to the ITO smoothens its surface and 

therefore any possible short-circuiting due to the spiky roughness of the surface is 

prevented. A thin LiF (<15 A) layer between the polymer/fullerene blend and the 

aluminum layer increases both the open circuit voltage and the fill factor of the 

device, yielding increased power conversion efficiency [12]. 

Conclusions 

It can be concluded from the present work that the solubility should not be the 

main criterion for selecting a solvent for a conjugated polymer, care should be 

taken to match the parameters such as index of refraction, dielectric constant, 

molecular size and Hildebrand solubility parameter for the solute and the solvent in 

order to achieve high stability and long shelf life of the PV cell. It also follows 

from the present work that the concentration of Ceo should be optimized in view of 

the fact that it reduces the absorption and shifts the absorption spectrum to lower 

wavelengths. 
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