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Foreword by R. Alkire

Electrochemical phenomena control the existence andmovement of charged species
in the bulk phases as well as across interfaces between ionic, electronic, semicon-
ductor, photonic, and dielectric materials. During the past several decades, the study
of electrochemical phenomena has advanced rapidly owing, in large part, to the
invention of a suite of new scientific tools. Electrochemical processes have thus
provided the ability to create precisely characterized systems for fundamental study.
Usage includes the monitoring of behavior at unprecedented levels of sensitivity,
atomic resolution, and chemical specificity and the prediction of behavior using
new theories and improved computational abilities. These capabilities have revolu-
tionized fundamental understanding, as well as contributed to the rapid pace of
discovery of novel material structures, devices, and systems.
This volume, ‘‘Nanostructured Materials in Electrochemistry,’’ focuses on the impor-

tance of electrochemistry in the fabrication as well as the functional capabilities of a
great many nanostructured materials, processes and devices. It provides an author-
itative overview of a dozen key topics contributed by leading experts from academic,
industrial, federal and private research institutions located around the world. The
viewpoints of the authors arise from a variety of disciplines that span science,
mathematics, and engineering. Of particular note are the references to the recent
literature, more than 2100, which has grown exponentially since the mid-1990�s.
Interwoven throughout the chapters of this work are several overarching themes

that, taken together, provide a strategic framework for closing the gap between
nanoscience and nanotechnology. These include:
Open-ended Discovery and Targeted Design
Open-ended curiosity-driven research and discovery at the nanoscale has esta-

blished a spectacular record of success, based in large part to the availability of a
multiplicity of experimental methods and data assimilation/visualization tools that
provide broad access and the development of informed intuition. Targeted design
builds on the foundation of curiosity-driven discoveries, but involves working back-
ward from the desired function or product to perfect the underlying material and the
process conditions by which it can be fabricated. This volume expands the common
ground between these approaches, both of which are essential. A particularly valuable
contribution of this volume is the identification of numerous ‘‘model’’ systems which
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have been found to provide consistent results suitable for developing refined scien-
tific experiments, as well as for establishing robust well-engineered systems that
work.
The Flow of Information between Individuals both Within and Amongst Disciplines
The ease with which new results and insights are used by specialists working on

other aspects of a related problem is extremely important for the integration of
shared purposes across disciplines. Clearly evident in this volume are many exam-
ples of how critical knowledge is shared amongst specialists working together to
transfer innovative ideas and insights into new products and processes. These ex-
amples serve to emphasize the importance of reporting results in ways that others
can not only use them, but can also modify them for other purposes.
Multi-scale Phenomena
New applications of novel materials and devices are being discovered where the

critical functional events depend upon the control of structure at the nanoscale,
while the product fabrication is controlled by macroscopic variables. The examples
in this volume can serve to inspire the creation of new process engineeringmethods
to ensure product quality in complex, multi-scale, multi-phenomena systems.
Collaborative Environment
The scientific discoveries described in this volume are leading inexorably to new

technological advances, the manufacturability of which requires precise quantitative
understanding at a magnitude, sophistication, and completeness that is extraordi-
narily difficult to assemble today. Methods for collaborative discovery and problem-
solving across disciplines today are in their infancy. The pioneering efforts reported
in this volume provide the breeding ground for the particular applications at hand.
The editor has assembled a group of chapters that provide excellent coverage of

the literature and tutorial background in addition to details direct from the authors�
own experience. The chapters include numerous examples ofmethods andmerits of
various electrochemical and other procedures for the formation of nanostructured
materials which have a wide range of forms and combinations of properties; the
effect of electrochemical processing conditions on morphology, structure, reactivity
and properties with numerous discussions of mechanistic aspects and the novel
devices which result. These include devices based on ultra-small electrodes and
sensors; nanocomposites and alloys for energy storage; photoelectrochemically
active nanoparticles for batteries and solar cells; nanostructured interfaces for
biosensors; and noble metal nanoparticles for electroanalytical applications.
The volume represents a benchmark for the current state-of-the-art, and provides

numerous paths by which nanoscale science and technology is moving from an art
form into the science and technology of well-engineered devices and products. The
contents describe generic approaches that have the potential to contribute well
beyond the specific systems used here.

December 2007 Richard Alkire
Charles and Dorothy Prizer Professor

Department of Chemical and Biomolecular Engineering
University of Illinois, Urbana, USA
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Foreword by Y. Gogotsi and P. Simon

Nanostructured materials or nanomaterials – which are materials with structural
units on a nanometer scale in at least one direction – have received much attention
worldwide over the past decade. Indeed, for just one single class of nanostructured
materials – the carbon nanotubes – the number of published reports has increased
from less than 500 per year in 2000 to almost 3000 in 2007 (ISI Web of Science).
Since material properties become different on the nanoscale, much effort is cur-
rently being dedicated to the synthesis, structure control and property improvement
of nanomaterials. For example, the deformation mechanisms of nanocrystalline
metals are different from those of microcrystalline metals. One-dimensional nano-
materials such as nanotubes and nanowires possess many attractive properties
which can be fine-tuned by controlling their diameter. Today, the industrial applica-
tions of nanomaterials continue to grow in number, with hundreds of products now
available worldwide. Nanostructured materials are widely used in many applications
where people do not expect to see nanotechnology. An average reader of this book
will probably know that the huge storage capacity of a computer hard drive is
achieved thanks to nanosized magnetic particles, and that a diamond-like carbon
coatings of a few nanometers thickness protects the surface of the magnetic head
which is reading the hard drive. However, few people realize that when theymake an
omelet on an aluminum frying pan they benefit from an anodic alumina coating of
less than 100 nm thickness with well-aligned cylindrical pores of less than 20 nm
diameter, whether they use a non-stick Teflon-coated frying pan or professional-
grade cookware with no Teflon coating. These coatings are produced by an electro-
chemical process – the anodization of alumina – and are widely used to provide
protection and/or give specific colors to aluminum surfaces. On the other hand,
anodic alumina films (membranes) are widely used as templates for producing
metal nanowires, carbon nanotubes and other elongated nanostructures. These
examples demonstrate the clear synergy that exists between nanomaterials and
electrochemistry.

VII
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Nanostructured materials have also led to major advances in electrochemical
energy storage areas and, more specifically, to lithium-ion batteries. The recent
discovery of the universal ‘‘conversion reaction’’ mechanism, which involves the
formation of nanosized metal particles, is an excellent example of a breakthrough
that has been achieved due to nanotechnology. Moreover, today the nanosize
dimension makes it possible to use materials that once were considered useless
for battery applications. The best illustration of this is carbon-coated nano LiFePO4,
which, today, is one of the most widely studied materials for positive electrodes of
lithium-ion batteries.
Nanostructured materials also promise to revolutionize the field of supercapaci-

tors, thus opening the doors to many applications, such as Hybrid Electric Vehicles
(HEV) and portable electronic devices. Unfortunately, however, the fields of mat-
erials and electrochemistry are not necessarily well connected – many materials
scientists do not receive any formal training in electrochemistry during their under-
graduate (and even graduate) education, while most chemists have only a limited
knowledge of the structure–property relationships of materials. Therefore, a book
addressing both communities – and written by research scientists with back-
grounds in both chemistry and materials – should prove to be very useful for those
who produce nanomaterials using electrochemistry methods, who study the
electrochemical behavior of nanomaterials, or develop materials for electrochemical
applications.
The chapters of this book describe the preparation of anodic alumina mem-

branes, the preparation of nanopatterned electrodes, the use of porous alumina
and polycarbonate templates for synthesis of nanowires, and the electrochemical
deposition of nanostructured oxide and metal coatings with different morpholo-
gies, as well as the use of nanoparticles and nanomaterials in lithium-ion bat-
teries, hydrogen storage, solar cells, biosensors, and electroanalysis. Whilst the
area addressed by the book is very broad, it is hardly possible to cover all
nanomaterials for all electrochemical applications in a single volume. Hence,
metals have received more attention than carbon nanomaterials; while materials
for batteries are described in two chapters materials for supercapacitors and fuel
cells did not receive equal attention. However, overall, a wide range of topics has
been addressed and the book content certainly corresponds to its title.
This book has been written for today�s scientists, graduate students and engineer-

ing professionals in order to provide an overview of nanostructured materials and
electrochemical techniques and applications. The book consists of 12 chapters
written by researchers representing a wide geographic spectrum. It provides cover-
age of the latest developments in the United States, Western Europe, and Japan, as
well as of investigations conducted in Brazil and Eastern European countries, which
received less attention in previous volumes on nanomaterials, such as the Nanoma-
terials Handbook, edited by Y. Gogotsi (CRC Press, 2006).We are confident that many
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readers will find interesting reviews covering a broad range of subjects in this
interdisciplinary volume.

November 2007 Yury Gogotsi1)

Professor of Materials Science and
Engineering
Drexel University
and
Director, A.J. Drexel Nanotechnology Institute,
Philadelphia, PA, USA

Patrice Simon2)

Professor of Materials Science
Paul Sabatier University
Toulouse, France

1) Y.G. has a MS degree in metallurgy, PhD in
physical chemistry and DSc in materials eng-
ineering, but considers himself a material
scientist.

2) P.S. has a BS andMS in Chemistry and Physics,
and a PhD in materials science, but considers
himself an electrochemist.

They work together to solve problems at the interface between materials science and electrochemistry.
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Preface

The interaction of electrochemistry and nanotechnology has two sides, namely the
applications of nanotechnology in electrochemistry, and vice versa. Although, as
inferred by the title, this book deals with the former subject, the basic concept
behind it was to unite the two sides of this newly born field, which we can then refer
to as Electrochemical Nanotechnology. Due to vast range of topics in this field, there
was a clear obligation to focus on only a part of the field, and hence this book is not
considered to be an exhaustive resource on the subject, but rather to provide some
important information on a variety of topics that will attract the attention of readers
to current issues in the subject. In my opinion, such a united volume is indeed
capable of providing a comprehensive perspective of the whole field. After under-
going rapid and growing specialization during the past few decades, now is the time
for interdisciplinary studies and collaboration between the various fields. Today, the
successful research groups are those which conduct studies that are significant and
important not only for the people working within the field, but also for those working
in other areas. Here, nanotechnology represents a vivid example, as the extreme
success of this newborn field is due as much to the generality of its findings as to the
interest of the research teams working in its various areas.
The reason why such emphasis is placed on Electrochemical Nanotechnology is

due not only to the existence of so many interesting topics within the category, but
also to its important concepts. Today, many research groups working in nanotech-
nology also have wider interests in electrochemistry, as electrochemical methods are
typically low-cost and also highly effective for the preparation of nanostructures.
This newfound attention is due largely to the methodology employed, which may
also be used for fundamental studies. In fact, rather than electrochemistry being
considered as a branch of chemistry, its footprints can be seen in a variety of fields
for both methodological applications and fundamental studies. For example, when
studying chaotic dynamics in chemical systems, electrochemical oscillators provide
the best means of proposing general models, as both controllable parameters and
system response form part of the electrochemical set-up. Indeed, this is also the case
for nanotechnology.
The reason why I first came to the field of nanotechnology stemmed in fact from

my studies in electrochemistry – it was not the ‘‘fame’’ of nanotechnology, because in
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those days the subject was not famous! My first encounter with the subject occurred
while studying electrochemical oscillations, when I noticed a classic theory that the
distribution of potential is inhomogeneous across the electrode surface. So, I
thought that it might be very interesting to identify a way in which the local currents
on an electrode surface could be inspected. Subsequently, the invention of the
scanning electrochemical microscope (SECM) paved the path to this goal. My second
encounter occurred when I tried to use carbon nanotubes as the anode material of a
lithium battery, and I had considered preparing separate sheets of graphene (not
rolled as nanotubes), as solid-state diffusion within graphite interlayers occurred so
slowly. Although neither of these topics has yet been fully addressed, these early calls
for nanotechnology within the realms of electrochemistry were due to the essential
role of nanoscale in electrochemical systems.
The SECM is commonly considered as a form of scanning probe microscopy

(SPM), and is of major interest to electrochemists. In fact, opinion suggests SECM
is an advanced form of SPM, as it provides the great opportunity to control not only
(electro)chemical processes but also the common applications of SPM (here, I am
not talking about the features of currently available commercial microscopes, but
rather the concepts involved). Unfortunately, non-electrochemists are often afraid to
use the SECM due to the existence of strange electrochemical processes that may
affect their results. There is, therefore, a clear need for scientific collaboration, rather
than simply ignoring these great opportunities. In the second case, as well as using
electrolysis to prepare graphene sheets by simply cutting a graphite electrode layer-
by-layer, the opportunity exists to examine these nanomaterials by using electro-
chemical methods, rather than by their applications. In this respect, recent advances
in methods such as fast voltammetry have provided new opportunities in surface
electrochemistry, mainly in the identification of nanostructures.
Richard Alkire haswell described the journey of electrochemistry towards nanotech-

nology and summarized the contents of this book upon this connection. The present
book deals with the area of Electrochemical Nanotechnology where nanomaterials are
applied in electrochemical systems. Yury Gogotsi and Patrice Simon expressed the
rapidly growing applications of nanotechnology in our everyday life as electrochemistry
is an important part of such industries, and also the server need of nanotechnology in
modern electrochemistry (e.g., electrochemical power sources). However, suchmutual
involvements are not vivid to both parties. In fact, the book�s contents describe the
importance of nanostructured materials in electrochemical systems, and the value of
electrochemical methods in the preparation of nanostructures.
At this point the reader may wonder why I so frequently place emphasis on

Electrochemical Nanotechnology, when in fact the book does not comprehensively
cover all aspects of the subject. The main mission of books such as this is to review
certain ‘‘hot’’ topics within specified areas of research – something that review articles
in scholarly journals often cannot do because they are published in a too-general or
too-specialized medium. In this regard, electrochemical materials science is of
particular interest due to a very broad readership since, within the electrochemical
literature, most studies are associated with materials science, and numerous electro-
chemical studies are also reported in thematerials science literature. Yet, according to
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the similarities of the electrochemical processes (both in applications and synthesis), it
is very useful for thedifferent research groups to knowsimilar systems. Consequently,
in order to address so many different aspects of the subject under consideration, a
variety of current topics that should be of interest to all readers are discussed.
Today, perhaps the main emphasis in the rapidly growing field of Electrochemical

Nanotechnology is to identify a new way of thinking. However, whilst all fields of
science have their own ‘‘jargon’’, it is clearly more important to devise a consistent
method of thinking rather than a unique terminology. Moreover, such concerted
effort should lead to a united scientific community, which is essential for the
advancement of any field of investigation. Within the realms of Electrochemical
Nanotechnology, researchers of different training and thought methods are becom-
ing increasingly involved, and this can surely only prove to be advantageous for the
subject in the long term.
It is hoped that, although similar volumes have been produced in the past,

this book will attract the attention of many research groups, who hopefully will
unite in their studies of the general features of this new area. Undoubtedly, such a
situation will not only result in a more comprehensive realization of the subject, but
also lead to improved problem-solving capabilities in the field of Electrochemical
Nanotechnology.
The realm of Electrochemical Nanotechnology in fact consists of a broad range of

topics, hence leading researchers from various areas of study were involved in this
book project. They address the most fascinating current issues and challenges that
have presented themselves at the interface of electrochemistry and nanotechnology.
Though coming from various different backgrounds in electrochemistry or materi-
als science, the authors share a joint belief that the essential link between electro-
chemistry and nanotechnology has previously been missing, and must now be
tackled.
It is my great pleasure and good fortune to have two invaluable forewords by three

highly esteemed scientists. As a leading electrochemist, the fame of Richard Alkire
is due to his considerable contributions to the fundamentals of electrochemistry, and
in this capacity he has also contributed brilliantly to the fundamental aspects of
Electrochemical Nanotechnology, in particular electrodeposition.
Yury Gogotsi is one of the leading scientists in nanomaterials, and has carried out

groundbreaking work on numerous types of nanomaterials, especially carboneous
ones. His collaboration with Patrice Simon is an example of the need for the
combination of electrochemistry with nanotechnology, which cannot be emphasized
often enough.
Last but not least, I would like to note my appreciation of the Wiley-VCH editors�

foresight in picking out this particular topic and their kind efforts which made the
publication of this book possible. I wish to thank them for their essential roles.
I sincerely hope that the readers find the contents of this work useful for their

scientific research.

January 2008 Ali Eftekhari
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1
Highly Ordered Anodic Porous Alumina Formation by
Self-Organized Anodizing
Grzegorz D. Sulka

1.1
Introduction

Nanotechnology, in combination with surface engineering focused on a fabrication
of various nanostructures and newmaterials, has recently attracted a vast amount of
research attention, and has become a subject of intense scientific interest. Particu-
larly, the inexpensive formation of periodically ordered structures (e.g., nanopore,
nanotubes and nanowire arrays) with a periodicity lower than 100 nm, has triggered
extensive activities in research. The present, huge progress in nanotechnology is a
direct result of the modern trend towards the miniaturization of devices and the
development of specific instrumentation that could visualize the nanoworld and
allow surfaces to be studied at nanoscale resolution. Among various technologies
that allow the visualization and characterization of nanomaterials and nanosystems,
scanning probe microscopy (SPM) techniques and especially, scanning tunneling
microscopy (STM) or atomic force microscopy (AFM), must definitely be quoted
[1,2]. Recently, the basis of STM/AFM instrumentation, including a near-field im-
aging process and the use of piezoelectric actuators, has been successfully adapted to
several techniques [3]. Consequently, scanning near-field optical microscopy
(SNOM), photon scanning tunneling microscopy (PSTM), magnetic force micros-
copy (MFM) or scanning thermal profiling (STP) have begun to be used widely, not
only for the surface imaging and characterization of materials in nanometer scale
but also for providing additional information on surface properties [3].
The strong reduction of the dimensions and precise control of the surface geom-

etry of nanostructured materials has resulted in the occurrence of novel and unique
catalytic, electronic, magnetic, optoelectronic and mechanical properties. The un-
ique properties of the nanostructure, or even of an integral functional unit consist-
ing of multiple nanostructures, are the result of the collective behavior and interac-
tion of a group of nano-elements acting together and producing responses of
the system as a whole [4]. The potential of highly ordered nanomaterials for
future technological applications lies mainly in the field of various nanophotonic,
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photocatalytic, microfluidic and sensing devices, as well as functional electrodes and
magnetic recording media.
A huge variety of nanodevices based on nanostructured materials has been re-

ported recently in the literature. For instance, two-dimensional (2D) photonic crys-
tals are seriously taken into account as very useful nanostructures used for the
construction of various important functional devices [5]. Photonic crystals are peri-
odic dielectric structures having a band gap that prohibits the propagation of a
certain frequency range of electromagnetic waves. The integration of photonic
crystals made from patterned semiconductor nanostructures with active optoelec-
tronic devices has been studied [6,7]. Photonic crystals have been proposed as
mirrors in a single-mode semiconductor laser with small cavity length, and also
as a tunable laser with a tuning range of over 30 nm [7]. Recently, three-dimensional
(3D) photonic crystals have been prepared by the electrochemical etching of silicon
and subsequent pore-widening treatment [8]. The array of nanochannels with a
diameter of 30 nm fabricated on silicon can be used for separation, cell encapsula-
tion, and drug release [9]. Silicon nanowires as highly sensitive biosensor devices,
allowing the electrical detection of selective adsorption biomolecules, such as spe-
cific proteins related to certain types of cancer, has also been reported [10]. Nano-
particles, nanowires and nanotubes have been extensively studied by Vaseashta et al.
[11] in order to determine their biocompatability and their further possible use in the
detection ofmolecular binding formolecules such as DNA, RNA, proteins, cells, and
small molecules. Semiconductor quantum dots (QDs), in conjugation with biomo-
lecules, have been used to produce a new class of fluorescent probes and QD–
antibody complexes [12]. These nanoscale semiconductor QDs, which have affinities
for binding with selected biological structures, have been used to study the dynamics
of various biological processes, including neuronal processes [12]. Self-assembly
QDs have also been used for manufacturing a quantum-dot field-effect and
quantum-dot memory devices [13]. Electrochemical biosensors with a unique
electrocatalytic properties used for electro-analytical purposes have been fabricated
on a basis of carbon nanotubes [14–16] and other nanoporous materials [17,18].
Nanoporous, well-ordered materials have been used for gas moisture measurement
and the successful fabrication of humidity sensors [19,20]. Currently, there is a great
demand in the microelectronics industry for the ideal magnetic medium consisting
of a 2D array of ordered islands with nanometer dimensions. Patterned magnetic
media fabricated directly by various lithography techniques and regular arrays of
magnetic dots and wires obtained by a template synthesis approach have been one
of the more widely discussed possibilities for useful devices to extend the density of
recording and information storage [21–26]. Magnetic structures have been also used
for the fabrication of a nanoscale single domainmagnetoresistive bridge sensor, and
for a new ultra-high-resolution tip of the magnetic force microscope [27]. A single-
electron memory device, in which one bit of information can be stored by one
electron [28], an organic photovoltaic device based on polymer nanowires [29], or
a fast-response hydrogen sensor based on arrays of palladiumwires [30,31] have also
been presented. Only limited applications of nanostructured materials for the
manufacture of nanodevices have been presented in this chapter. However, major
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reviews of various devices based on nanowires, nanotubes and nanoporous materi-
als have been reported in the literature [2,32–36].
Lithography patterning techniques can be used directly to create various nano-

particles, nanowires and nanotubes arranged with highly ordered arrays [37]. By
using lithography techniques, all of the processing steps to accomplish the pattern
transfer from a mask to a resist and then to devices, can be successfully performed
with ultra-high precision, and even nanosize resolution. Lithography techniques can
be also employed for the preparation of nanoporous membranes and various tem-
plates used for the subsequent deposition of metals [38]. The fabrication of high-
ordered nanostructures with the periodicity less than 50 nm is beyond what a
conventional optical lithography could afford [39,40]. Advanced non-optic litho-
graphic techniques, such as electron-beam [41–45], ion-beam [46,47], X-ray [48],
interference or holographic lithographies [49–51], can replicate patterns with a
sufficient resolution of few nanometers, but required sophisticated facilities. More-
over, the high cost of lithographic equipment makes these techniques unavailable to
many researchers. Notwithstanding the undeniable advantages of these techniques,
certain major drawbacks exist. For example, a low aspect ratio (the ratio of length to
diameter) of the formed nanostructure and the high cost of its preparation limit the
applications of lithography techniques to the laboratory scale.
Therefore, in order to overcome such drawbacks of conventional lithographic

methods, nanoimprint lithography (NIL) as a high-throughput and low-cost method
has been developed for fabricating nanometer-scale patterns [52,53]. In nanoimprint
lithography, a nanostructured mold is pressed into a resist film existing on a sub-
strate, and in this way a thickness contrast pattern in the resin is created. The
duplicated nanostructure in the resist film is then transferred to the substrate by
reacting ion etching. Today, the use of this method has rapidly spread quickly and it
is now used for the preparation of arrays of various materials [27,54,55].
Among several nanolithographic techniques, scanning probe lithography employ-

ing STM and AFM has been considered one of the best tools for atomic level
manipulation and forming nanostructures [56–59]. The surface nanostructuring
within this method is based on the chemical vapor deposition (CVD) process, local
electrodeposition or voltage pulses.
Nanosphere lithography (NSL) employs a hexagonal, close-packed monolayer or

bilayer of spheres formed on a supporting substrate (e.g., Au, Si, glass). Spheres on
the substrate are arranged by a self-organized process upon solvent evaporation or
drying [37,60–62]. Close-packed monolayers of submicron-diameter monodisperse
polymer spheres are then formed from a chemical solution spread over the substrate
surface. NSL is a simple and inexpensive process which can generate structures even
on a curved surface with a high throughput. Self-assembled, hexagonally arranged
nano-sized latex, polystyrene or silica spheres have been used as a lithography
shadow mask to generate a variety of 2D metal nanoparticle arrays. Au [18], Ni
[63], Fe2O3 and In2O3 [64] hexagonal, close-packed nanoarrays have been obtained by
a subsequent deposition or etching through the nanosphere mask. Well-ordered
arrays of nanostructures of complex oxides including BaTiO3 and SrBi2Ta2O9 has
been obtained by NSL in a combination with pulsed laser deposition [65].
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Surfaces with periodic structure can be produced by a self-organized process
occurring during the ion irradiation of surface, optical or electron-beam lithography,
molecular beam epitaxy, arc discharge or evaporation, and laser-focused atomic
deposition [22,23,37]. Facets and steps appear spontaneously, or strain relief can
create a self-organized nanopattern on the metal or semiconductor surface [22,66–
68]. The local periodicity of nanostructure and limited surface area of ordered
domains are insuperable disadvantages of the method.
Enormous progress has been made in the preparation of various highly ordered

and uniform nanostructures through wet chemical processes employing microe-
mulsion systems, reverse micelles and self-assembled close-packed monolayers or
bilayers [23,69,70]. The self-assembled growth of nanoparticles with highly mono-
disperse diameters or nanowires occurs by the decomposition or reduction of pre-
cursors in a solution [71–76], solid matrix [77], and reverse micelles [78]. For exam-
ple, Co monodisperse nanoparticles with a diameter of 6 nm and self-ordered into
spherical superstructures, as well as a hexagonal close-packed self-organized array of
Fe50Pt50, have been prepared by reduction in solution [71]. The nanoscale patterning
and fabrication of nanostructured materials do not necessarily require sophisticated
methods and equipment, and remarkable examples of nanoparticles and nanowires
synthesis have been presented. Extraordinary hopper- and flower-shaped silver oxide
micro- and nanoparticles have been prepared electrochemically by the anodization
of silver wires [79]. Ag nanowires have been successfully synthesized from a solution
containing surfactant by a simple ultraviolet (UV) photochemical reduction method
[80]. Lamellar mono- and bilayers have been used as microreaction matrices to form
nanoparticles and nanowires. Selective copper and cobalt deposition on e-beam
patterned thiol self-assembled monolayers on a solid support has also been studied
[81]. The smallest structures produced in this way were 30 nm-wide Co or Cu lines
and 30 nm dots. The ability of surfactants and lipids to form self-assembled mono-
layers or bilayers on a solid support has been used for the nanostructuring of
materials [82,83]. The Langmuir–Blodgett film of surfactant-stabilized Si and SiO2

nanowires, parallel aligned with a controlled pitch, has been used as a template for
the transfer of its arrangement into a chromium substrate over areas up to 20 cm2

[84]. Soft chemical routes based on sol–gel techniques and wet impregnation meth-
ods, often with modern modifications, have been employed successfully to synthe-
size a large number of inorganic nanotubes, nanorods such as: CeO2, ZrO2, HfO2,
TiO2, Al2O3 [85–89] and hierarchically ordered mesoporous SiO2, Ni2O5 [90] or
nanocomposite materials [91].
Based on the electrochemical techniques used for nanostructure manufacture, a

great number of sophisticated nanomaterials have been prepared on various sub-
strates. Highly oriented pyrolytic graphite (HOPG) with a low-energy electrode
surface has been used extensively for nanoparticle and nanowire electrodeposition.
Monodispersed in size Ni [92,93], Cd, Cu, Au, Pt and MoO2 nanoparticles [93,94]
have been deposited on the HOPG surface. The electrochemical step edge decora-
tion method has been applied for the selective deposition of metal at step edges
existing at HOPG. A great variety of nanomaterials, including Mo [95,96], Cu, Ni,
Au, Ag, Pd [97–102], MoO2 [95,96], MnO2 [103], MoS2 [104], Bi2Te3 [105] nanowires,
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3D Co nanocrystal array [106], Ag nanoflakes and nanorods [107], have been pre-
pared using this method. The synthesis of nanostructures through electrochemical
means has also been studied on different substrates. Copper nanowires with a
diameter of between 10 and 20 nm have been prepared on a glass substrate covered
with a thin layer of CuI under a direct current electric field [108]. Spontaneous
displacement reactions have been successfully employed for electroless Ag deposi-
tion into patterned Si [109], Pt, Pd, Cu and Ag on a HOPG surface with crystals of a
ferrocene derivative [110], and Cu on AlN substrate with a patterned copper seed
layer [111].
A template synthesis has recently proved to be an elegant, inexpensive and tech-

nologically simple approach for the fabrication of various nanoscale sophisticated
materials. These alternative methods overcome many of the drawbacks of litho-
graphic techniques, and exploit templates which differ in material, pattern, range of
order and periodicity, feature size and overall size of templates. Templatingmethods
employing a variety of porous membranes and films are commonly used for the
synthesis of high-density, ordered arrays of nanodots, nanotubes and nanowires.
Recently, scientific attention has been focused on two types of template: track-etched
polymeric and porous alumina membranes [36]. Although the origin of the tem-
plate, used for nanofabrication, may also be lithographic, the high cost of its prepa-
ration drastically limits the applications. Although the aspect ratio achievable is not
high, lithographically prepared templates have the undeniable advantage of exploit-
ing a much wider spectrum of substrate choice than do porous membranes. The
most significant drawback of membrane-templating methods is a poor long-range
order in the formed nanostructure, even though a short-range order is maintained
satisfactorily. Nickel nanowire arrays have been prepared by electrodeposition into
the porous single-crystal mica template with a uniform size of pores and orientation
[112,113]. Mesoporous thin films (MTFs) as templates have been used for the
successful synthesis of ordered arrays of Ge [114], Co and Fe3O4 [115] nanowires.
Cobalt dots [116,117], monodisperse Au microwire arrays [118] and Sn nanotubes
[119] have also been deposited on the porous silicon substrate. During the past
decade, an enormous variety of metallic nanowires has been synthesized electro-
chemically within the pores of the nuclear track-etched polycarbonate membrane.
Since it has been discovered that the deposition of materials in porous membranes
proceeds preferentially on the pore walls [120,121], polycarbonate membranes are
widely used for the fabrication of Co [122–132], Ni [122,133,134], Cu [124,134,135],
Pb [136] nanowires, ferromagnetic NiFe [133,137] or CoNiFe [137] nanowire arrays
and Co/Cu [124,138–142], NiFe/Cu [138,140–143], Ag/Co [144] multilayered nano-
wires. An electrochemical deposition method using the polycarbonate membrane,
has been also employed for a successful preparation of Co, Fe, Ni [145], Bi [146] rods,
conducting polypyrrole nanotubes and polypyrrole–copper nanocomposites [146].
The physical process of solvent volatilization from the polycarbonate membrane
filled with an appropriate solution has been used for the synthesis of manganite
oxide-based (La0.325Pr0.300Ca0.375MnO3) nanowires and nanotubes [147]. Cobalt na-
noparticles with a very fine diameter of 3.5 nm have been synthesized in the per-
fluorinated sulfo-cation exchange polymeric membrane by using the ion-exchange
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method [148]. Recently, ordered thin films of diblock copolymer have been used to
fabricate periodic arrays of holes with nanometer dimensions [46,149–151]. The
template strategy employing a thin film of the self-assembly diblock copolymer in
combination with electrodeposition, has been used to prepare Co nanowires with a
diameter of 12 or 24 nm [152] and highly ordered nanoelectrode arrays [153]. The
concept of using anodic porous alumina membranes as templates for fabrication-
ordered nanowire and nanotube arrays seems to be the most widespread among
research groups, and will be discussed in Section 1.5.
A considerable effort has been also placed on developing alternative nanopattern-

ing methods. For example, a variety of methods have been developed for the fabri-
cation of ordered structures on a nanometer length scale, including physical vapor
deposition (PVD) [154,155], catalyzed vapor-phase transport processes [156,157],
CVD based on the vapor–liquid–solid (VLS) growth mechanism [4,36,158], a direct
self-assembly route that exploits amask with protruding patterns [159], laser-assisted
direct imprinting [160], self-patterning methods based on the instability of ultrathin
films during a high-temperature treatment [161], and template synthesis in con-
junction with the pressure injection filling technique [36]. An extraordinarily novel
method based on the unidirectional solidification of monotectic alloys such as Al–In
and NiAl–Re and subsequent electrochemical etching has been developed for the
preparation of Al and NiAl nanoporous arrays [162–164].

1.2
Anodizing of Aluminum and Anodic Porous Alumina Structure

Currently, much effort has been undertaken to develop an effective and technologi-
cally simple method used for the synthesis of nanostructures over a macroscopic
surface area. Today, the research spotlight is especially focused on self-organized
nanostructuredmaterials with a periodic arrangement of nanopores due to the high
expectations regarding their applications. A highly desired densely packed hexag-
onal array nanoporous structure can be obtained by anodization, which is a rela-
tively easy process for nanostructured material fabrication. The electrochemical
formation of self-organized nanoporous structures produced by the anodic oxida-
tion of semiconductors or metals, except aluminum, has been reported for only a
few materials such as Si [165–172], InP [173,174], Ti [175–183], Zr [181,184–186],
Nb [187–190], Hf [191] and Sn [192]. During recent years, the anodization of
aluminum, due to its great commercial significance, represents one of the most
important and widespread method used for the synthesis of ordered nanostruc-
tures consisting of close-packed cells in a hexagonal arrangementwith nanopores at
their centers.
Over the past decades, the anodizing of aluminumhas raised substantial scientific

and technological interest due to its diverse applications which include dielectric
film production for use in electrolytic capacitors, increasing the oxidation resistance
of materials, decorative layers by incorporation of organic or metallic pigments
during the sealing of anodized materials, and increasing abrasion wear resistance
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[193–196]. Recently, a self-organized process that occurs during the anodization of
aluminum in acidic electrolytes has became one of the most frequently employed
method for the synthesis of highly ordered nanostructures.

1.2.1
Types of Anodic Oxide Film

In general, the anodizing of aluminum can result in two different types of oxide film:
a barrier-type anodic film, and a porous oxide film. It was generally accepted that the
nature of an electrolyte used for anodizing aluminum is a key factor which deter-
mines the type of oxide grown on the surface [197–199]. Recent progress in the
anodizing of aluminum in various media highlights the depth of the problem of
electrolyte influence on porous oxide layer formation. The capability of porous
anodic oxide development from the initially formed barrier-type film was reported
elsewhere [200–204]. Nevertheless, it has long been believed that a strongly adher-
ent, non-porous and non-conducting barrier-type of anodic film on aluminum can
be formed by anodizing in neutral solutions (pH¼ 5–7) in which the anodic oxide
layer is not chemically affected and stays practically insoluble. These films are
extremely thin and dielectrically compact. The group of electrolytes used for this
barrier-type film formation includes boric acid, ammonium borate, ammonium
tartrate and aqueous phosphate solutions, as well as tetraborate in ethylene glycol,
perchloric acid with ethanol and some organic electrolytes such as citric, malic,
succinic, and glycolic acids [200,202,205,206]. Recently, a compact, and dense anodic
oxide layer has been obtained by the anodization of aluminum in 5-sulfosalicylic acid
[207]. In contrast, porous oxide films were reported mainly for the anodizing of
aluminum in strongly acidic electrolytes, such as sulfuric, oxalic, phosphoric and
chromic acid solutions, where the resulting oxide film can be only sparingly soluble
[197,208]. For anodic porous alumina, the film growth is associated with localized
dissolution of the oxide, as a result of which pores are formed in the oxide film.
However, the porous anodic layer formation has been recently reported for various
acidic electrolytes such as malonic [209–211], tartaric [211–213], citric [214–217],
malic [213], glycolic [213] and even chromic acid [218]. Anodic porous oxide films
have been also obtained in unpopular electrolytes, including a mixed solution of
phosphoric and organic acids with cerium salt [219], or in a mixture of oxalic acid,
sodium tungstate, phosphoric and hypophosphorous acids [220]. The porous oxide
filmwas also observed for anodization carried out in a fluoride-containing oxalic acid
electrolyte [221]. The formation of nanopores by self-organized anodization has also
been studied in amixture of sulfuric and oxalic acids [222]. In fact, these results show
that is no distinct difference in the selection of an electrolyte used for the formation
of barrier or porous films during the anodization of aluminum. Moreover, the
transition from a barrier-type film to porous oxide occurs easily. The anodizing
time is a key factor responsible for the development of porous oxide structure on
previously formed barrier-type film [202,222]. Some excellent reviews on barrier-type
oxide films have been produced [200,202,203,205], whilst details of the porous
oxide layers are reported elsewhere [195,198,200,202,203,205,208,224]. The porous
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oxide film formation resulting in a self-organized, highly ordered nanopore array is
one subject of this chapter.
The anodic behavior of aluminum in electrolytes used for anodizing is not limited

to the formation of a barrier-type film or a porous oxide layer. A fiber-like porous
oxide morphology has been reported for the anodization of aluminum in chromic
[225] and sulfuric acid [213,226]. The completely different morphology of the oxide
layer formed by anodizing in oxalic or sulfuric acid has been observed by Palibroda
et al. [227]. A cross-sectional view of an anodized layer exhibits hemispherical and
spherical patterns that appear during anodization as a result of simultaneous gas
evolution and the formation of a gel-like, nascent oxide. In addition, other anodic
behaviors such as localized pitting corrosion in monobasic carboxylic acids (e.g.,
formic, acetic) [200] and in the presence of halide ions [200,202,228,229], burning
[211,216,230] or crystallographic dissolution [231] have also been reported.

1.2.2
General Structure of Anodic Porous Alumina

The specific nature of a porous oxide layer on aluminum has attracted scientific
attention over several decades, and determined fully the present applications of
anodized aluminum in nanotechnology. Self-organized anodic porous alumina
grown by the anodization of aluminum can be represented schematically as a
closed-packed array of hexagonally arranged cells containing pores in each cell-
center (Figure 1.1). High-ordered nanostructures are often characterized by given
parameters such as a pore diameter, wall thickness, barrier layer thickness and
interpore distance (cell diameter). The uniform pore diameter, which is easily con-
trollably by altering the anodizing conditions, can range from a few nanometers to
hundreds of nanometers. The depth of fine parallel channels can even exceed
100 mm, a characteristic which makes anodic porous alumina one of the most
desired nanostructures with a high aspect ratio and high pore density. A parallel
growth of controlled dimensional pores can proceed throughout the complete an-
odized material.

Figure 1.1 Idealized structure of anodic porous alumina (A) and
a cross-sectional view of the anodized layer (B).
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Growth of the oxide layer takes place at the metal/oxide interface at the pore
bottoms, and involves the conversion of a preexisting, naturally occurring film on the
surface into the barrier-type film and further into a porous oxide layer. During the
porous oxide growth, a thin and compact barrier layer at the pore bottom/electrolyte
interface is continuously dissolved by locally increased field, and a new barrier layer
at the metal/oxide interface is rebuilt. For steady-state film growth, there is a dy-
namic equilibrium between the rate of film growth and its field-assisted dissolution.
All of the major anodic film parameters are directly dependent on forming a voltage
attendant, steady-state growth of the porous oxide layer. During the steady state of
oxide growth, current density under potentiostatic anodizing or anodizing potential
under galvanostatic anodizing remains almost unchanged. The cylindrical, in-
section pores appear as a result of such steady-state growth.

1.2.2.1 Pore Diameter
Generally, for the anodic porous alumina structure, the pore diameter is linearly
proportional to the anodizing potential with a proportionality constant lp of approx-
imately 1.29 nmV�1 [208]:

Dp ¼ lp�U ð1Þ

where Dp is a pore diameter (nm) and U denotes an anodizing potential (V). The
dependence of the diameter on the voltage is not sensitive to the electrolyte. In
describing the anodic porous alumina structure, researchers usually list the outer
layer of oxide close to the surface, and the inner layer close to the pore bottoms. The
diameter of pores in the inner oxide layer does not change significantly with
anodizing time [197,203]. A higher diameter of pores observed in a region close
to the film surface is the result of an irregular initial growth of the pores during the
very early stages of pore development, and their further reorganization in an
hexagonal arrangement. It should be noted that an enhanced chemical dissolution
of oxide, resulting in the development of widened pores, may occur also during
anodizing at a sufficiently high temperature, or in strong acidic solutions [200,203].
The solvent chemical action along the cell walls, and especially in the outer oxide
layer, increases the diameter of pores measured at the surface of the anodic film
[232].
During the early stage of collecting research data concerning the structure of

anodic porous alumina, it was believed that pore diameter was independent of the
forming potential [197]. However, later studies have reported the pore diameter as a
parameter which depends upon the anodizing potential or current density [233].
According to O�Sullivan and Wood [208], the pore diameter for anodizations con-
ducted at a constant anodizing potential can be calculated as follows:

Dp ¼ Dc�2�W ¼ Dc�1:42�B ¼ Dc�2�WU�U ð2Þ

where Dc is the cell diameter, interpore distance (nm),W is the wall thickness (nm),
B is the barrier layer thickness (nm), and WU is the wall thickness per volt (nm/V).

1.2 Anodizing of Aluminum and Anodic Porous Alumina Structure j9



For potentiostatic conditions of anodization, wall thickness divided by the anod-
izing voltage gives the thickness of oxide-wall per applied volt (WU). The empirical
dependence of pore diameter on the anodizing potential or the ratio of anodizing
potential to a critical value of the potential (Umax) has been reported by Palibroda
[234]:

Dp ¼ 4:986þ 0:709�U ¼ 3:64þ 18:89� U
Umax

ð3Þ

The critical potential is an experimentally determined maximum anodizing po-
tential which can be applied during anodization, without triggering intense gas
evolution on the aluminum. In describing a 10% porosity rule, Nielsch et al.
[235] suggested that a diameter of pores formed by the anodizing aluminum under
optimum self-ordering conditions, leading to a quasiperfect hexagonal arrangement
of pores, can be calculated from the following equation:

Dp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

ffiffiffi
3

p �P
p

s
k�U ð4Þ

where P is porosity (P¼ 0.1¼ 10%) and k is the proportionality constant (kffi 2.5).
Obviously, the temperature of the electrolyte and the hydrodynamics conditions

in the electrolytic cell affects the pore diameter. At higher temperatures of anodizing
(e.g., near room temperature) a significant acceleration of chemical dissolution of
the outer oxide layer, especially in a strong acidic solution is expected. On the other
hand, stirring of the electrolyte during anodizing under the constant anodizing
potential causes a significant increase in the local temperature at the inner oxide
layer, and the recorded current density increases [236]. As a result of the increasing
local temperature, a chemical dissolution of oxide in the inner layer, as well as the
electrochemical formation of anodic oxide layer, are accelerated. The effect of elec-
trolyte stirring on a pore diameter is shown schematically in Figure 1.2.
These experimental data show that the effect of electrolyte temperature and

electrolyte concentration on pore diameter can be totally different for potentiostatic
and galvanostatic conditions of anodizing [208,237,238]. For instance, the pore

Figure 1.2 Effect of stirring on the pore diameter of nanostruc-
tures obtained by anodization of aluminum.
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diameter has been found to depend on temperature for the constant potential
anodizing in a phosphoric acid solution [208]. With increasing temperature of the
electrolyte, an increase in pore diameter in the outer oxide layer has been noted. At
the same time, a decrease in pore diameter in the inner oxide layer has been
observed. It was found that the concentration of electrolyte does not significantly
influence the pore diameter [208], althoughmore recently it has been suggested that
the pore diameter decreases with decreasing pH of the solution [239] and tempera-
ture [240]. A decrease in pore diameter with increasing concentration of the acidic
electrolyte or decreasing pH can be attributed to the decreasing threshold potential
for a field-assisted dissolution of oxide at pore bottoms, resulting in an enhanced rate
of anodic oxide formation [235]. The temperature influence on the pore diameter has
been reported recently in detail for sulfuric acid [240]. The linear relationships have
been established for a variety of anodizing temperatures (Table 1.1).
A summary of the influence of anodizing parameters on the pore diameter of a

nanostructure formed under potentiostatic conditions is presented schematically in
Figure 1.3.
When anodizing under a galvanostatic regime, the pore diameter is affected

by current density, electrolyte temperature, and acid concentration. As might be

Table 1.1 Relationship between pore diameter and potential for
anodization conducted in 2.4M H2SO4 at various anodizing
temperatures [240].

Potential range (V) Temperature (�C) Dc¼ f (U) (nm)

15–25 �8 1.06þ 0.80�U
1 12.35þ 0.53�U
10 9.34þ 0.72�U

Figure 1.3 Parameters influence on the pore diameter of na-
nostructure formed by anodization of aluminum at potentiostatic
regime.
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expected, with increasing current density the pore diameter increases [233]. An
increase in the temperature of phosphoric acid, when used as an electrolyte, results
in a decrease in the pore diameter measured in the inner oxide layer, although only
slight changes in pore diameter are observed in the outer oxide layer [208]. Addi-
tionally, the pore diameter decreases with increasing concentration of phosphoric
acid. On the other hand, there was no observable evidence of the influence of
anodizing temperature on pore diameter for anodization conducted in oxalic and
sulfuric acids [237,238]. The final pore diameter of the nanostructure formed by the
anodization of aluminum is a superposition of those parameters influences. There-
fore, a significant variation in pore diameter determined for similar anodizing
conditions and electrolytes is reported in the literature.

1.2.2.2 Interpore Distance
It is generally accepted that the interpore distance of anodic porous alumina is
linearly proportional to the forming potential of the steady-state growth of anodic
porous alumina with a proportionality constant lc of approximately 2.5 nmV�1

[235]:

Dc ¼ lc�U ð5Þ

According to Keller et al. [197], the cell diameter can be calculated precisely from
the following equation:

Dc ¼ 2�W þ Dp ¼ 2�WU�U þ Dp ð6Þ

The linear dependence of interpore distance on anodizing potential is assumed on
the hypothesis that pore diameter is independent of anodizing voltage. O�Sullivan
and Wood [208] have found that the wall thickness is about 71% of the barrier layer
thickness. Taking into account this fact, the following expression can be proposed:

Dc ¼ 1:42�BþDp ð7Þ

An in-depth study of aluminum anodization in sulfuric and oxalic acid has been
conducted by Ebihara et al. [237,238]. Experimental equations describing the rela-
tionship between the interpore distance and anodizing potentials have been estab-
lished as follows:

H2SO4 ½238� : Dc ¼ 12:1þ 1:99�U ðU ¼ 3�18 VÞ ð8Þ

C2H2O4 ½237� : Dc ¼ 14:5þ 2:00�U ðU � 20 VÞ ð9Þ

Dc ¼ �1:70þ 2:81�U ðU � 20 VÞ ð10Þ

The dependence of anodizing potential on interpore distance has been observed
by Hwang et al. [241]. For anodization in oxalic acid conducted under anodizing
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potential ranges between 20 and 60V, the linear equation can be expressed as
follows:

Dc ¼ �5:2þ 2:75�U ð11Þ

The interpore distance has been found to be slightly dependent or independent on
the temperature of anodization at the constant anodizing potential regime [208]. For
anodizing carried out in oxalic acid, the interpore diameter has been found to be
independent of the electrolyte temperature [241]. Contrary to this, for self-organized
anodizing in sulfuric acid, an influence of temperature on interpore distance has
been observed [240]. For the highest studied temperature of anodization, 10 �C, the
calculated interpore distance increased by about 8–10% in comparison to that at a
temperature of 1 or�8 �C. Equations describing the interpore distance as a function
of anodizing potential are collected in Table 1.2 for a variety of temperatures.
The study performed by O�Sullivan and Wood [208] showed that increasing the

concentration of electrolyte decreases the interpore distance. In the case when anod-
izing is carried out in phosphoric acid at constant current density, increasing the
temperature of anodizing as well as increasing the electrolyte concentration causes a
decrease in the interpore distance in nanostructures [208]. An unchanged cell sizewas
observed when anodizing was conducted in phosphoric and oxalic acids [237,238].
The interpore distance can be also calculated from 2D Fourier transforms of

anodic alumina triangular lattice. The 2D Fourier transform provides unique infor-
mation about the structure periodicity in the inverse space. According to Marchal
and Demé [242], the interpore distance for the triangular lattice with the hexagonal
arrangement of nanopores can be calculated from the following expression:

Dc ¼ 4pffiffiffi
3

p �Q10

ð12Þ

where Q10 is the position of the first Bragg reflection of the hexagonal arrangement
of nanopores.

1.2.2.3 Wall Thickness
Among other morphological features of anodic porous oxide described by Keller
et al. [197], a wall thickness per volt for some acidic electrolytes frequently used for
anodization of aluminum (Table 1.3) appears to be of importance.

Table 1.2 Relationship between interpore distance and potential
for anodization conducted in 2.4M H2SO4 at various anodizing
temperatures [240].

Potential range (V) Temperature (�C) Dc¼ f (U) (nm)

15–25 �8 12.23þ 1.84�U
1 12.20þ 2.10�U

10 12.72þ 1.87�U
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The transformation of Eq. (1) gives the following form for the wall thickness
calculation:

W ¼ Dc�Dp

2
ð13Þ

According to O�Sullivan andWood [208], the wall thickness built during anodizing
in phosphoric acid is related to the barrier layer thickness as follows:

W ¼ 0:71�B ð14Þ

For anodization conducted in the oxalic acid solution, Ebihara et al. [237] found
that the proportionality between wall thickness and barrier layer thickness varies
slightly with anodizing potential in the range of 5 to 40V. For anodizing potentials
between 5 and 20V, a relationship betweenW and B with a proportionality constant
of about 0.66 has been observed, while for higher anodizing potential a gradual
increase in the proportionality constant to the final value of about 0.89 has been
reported.

1.2.2.4 Barrier Layer Thickness
During the anodization of aluminum, a very thin, dense and compact dielectric layer
is formed at pore bases. The barrier layer has the same nature as an oxide film
formed naturally in the atmosphere, and allows the passage of current only due to
existing faults in its structure. The existing compact barrier layer at the pore bottoms
makes the electrochemical deposition of metals into pores almost impossible. On
account of this limit, the thickness of the barrier layer is extremely important and can
determine any further applications of nanostructures formed by the anodization of
aluminum. The thickness of the barrier layer depends directly on the anodizing
potential. The dependence is about 1.3–1.4 nmV�1 for barrier-type coatings, and
1.15 nmV�1 for porous structures [195].
Some variations have been reported in the barrier layer thickness with anodizing

potential or the concentration of electrolyte. Evidence of experimental values of BU,
known as an anodizing ratio and defined as a ratio between the thickness of the
barrier layer and anodizing potential, are listed in Table 1.4 for a variety of
electrolytes.
An inspection of the data in Table 1.4 shows that variation of the barrier layer

thickness per volt depends on whether oxide films are formed at a constant
potential or at constant current density regimes [208]. The increasing temperature

Table 1.3 Wall thickness per volt for various anodizing electrolytes [197].

Electrolyte 0.42M H3PO4 0.22M H2C2O4 1.7M H2SO4 0.35M H2CrO4

Anodizing temperature (�C) 24 24 10 38
Wall thickness per volt (nmV�1) 1.00 0.97 0.80 1.09
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of anodization decreases the thickness of the barrier layer for anodizing at the
constant potential. An opposite relationship is observed, however, for the constant
current density anodization. The increasing concentration of phosphoric acid at the
constant temperature either decreases or increases the barrier layer thickness for the
potentiostatic or galvanostatic anodizing regime, respectively. This can be attributed

Table 1.4 Anodizing ratio (BU) for various anodizing electrolytes.

Electrolyte

Current
densitya

(mA cm�2)
or anodizing
potentialb (V)

Concentration
(M)

Temperature
(�C)

BU
(nmV�1) Reference(s)

H3PO4 100a; 80b 0.4 (3.8%) 20 0.89a; 1.14b [208]
25 0.90a; 1.09b

30 1.05a; 1.04b

1.5 (13%) 25 1.10a; 1.04b

2.5 (21%) 1.17a; 0.82b

(20–60)b 0.42 (4%) 24 1.19b [197,243]
87b 25 0.99b [232]
103b 0.96b

117.5b 1.08b

87b 1.70 (15%) 0.99b

87b 3.10 (25%) 0.97b

H2C2O4 (20–60)b 0.22 (2%) 24 1.18b [197,243]
3b 0.45 (4%) 30 1.66b [237]
10b 1.40b

20b 1.19b

30b 1.10b

40b 1.06b

H2SO4 15b 1.70 (15%) 10 1.00 [243]
1.10 (10%) 21 1.00b [244]
1.70 (15%) 0.95b

5.6–9.4
(40–60%)

0.80b

12.8 (75%) 0.95b

16.5 (90%) 0.10b

3b 2.0 (17%) 20 1.45b [238]
10b 1.23b

15b 1.05b

18b 0.92b

H2CrO4 (20–60)b 0.26 (3%) 38 1.25b [244]
Na2B4O7 60b 0.25 (pH¼ 9.2) 60 1.3b [201]
(NH4)2C4H4O6 (25–100)b 0.17 (3%, pH¼ 7.0) – 1.26b [223]
Citric acid (260–450)b 0.125 21 1.1b [217]

aConstant current density anodizing.
bConstant potential anodizing.
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to the fact that, at constant current density, a constant electric field is maintained
across the given barrier layer. The increasing thickness of the barrier layer with
increasing electrolyte concentration suggests that ionic conduction becomes easier
under the set current density, and that most of the ionic current passes through
microcrystallites in the barrier layer. On the other hand, the observed decrease in
barrier layer thickness with increasing electrolyte concentration and anodizing
temperature is a direct result of an enhanced field-assisted dissolution of oxide at
the oxide/electrolyte interface.
Recently, the barrier layer thickness has been determined for other less-popular

anodizing electrolytes such as glycolic, tartaric, malic and citric acids [213]. The
effect of anodizing potential on the thickness of the barrier layer for the anodic
porous alumina formed in various electrolytes is shown in Figure 1.4.
In general, the anodizing ratio (BU) determined for various anodizing electrolytes

is very close to 1 nmV�1 (the diagonal, dotted line in Figure 1.4) over the whole
range of anodizing potential. These results suggest a general constant relationship
between the anodizing ratio and anodizing potential.
Nielsch et al. [235] suggested that for optimum self-ordering conditions of anod-

izing, leading to a 10% porosity of the nanostructure and perfect hexagonal arrange-
ment of nanopores, the barrier layer thickness is proportional to the interpore
distance as follows:

BffiDc

2
ð15Þ

Figure 1.4 Anodizing potential influence on the barrier layer
thickness for anodic porous alumina formed in sulfuric, oxalic,
glycolic, phosphoric, tartaric, malic, and citric acid solutions.
(Solid symbols: measured values; open symbols: calculated
values from the half-thickness of the pore walls). (Reproduced
with permission from Ref. [213], � 2006, The Electrochemical
Society.)
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Recently, Vrublevsky et al. [245–247] reported empirical equations used for cal-
culating the barrier layer thickness in anodic alumina formed by anodizing in 0.42M
H3PO4 and 0.45M C2H2O4 solutions. By using a re-anodizing technique and
assuming that the anodizing ratio equals 1.14 nmV�1, the thickness of the barrier
layer has been evaluated for anodic film formation at 20 �C. The equations expres-
sing the thickness of the barrier layer as a function of anodizing potential, B¼ f(U),
are presented in Table 1.5.
The wall thickness, as well as the barrier layer thickness, in nanostructures

formed by anodization can be easily altered by post-treatment procedures involving
chemical etching; this is known as a process of isotropic pore widening.

1.2.2.5 Porosity
The porosity of nanostructures formed by aluminum anodizing depends heavily on
the rate of oxide growth, the rate of chemical dissolution of oxide in acidic electrolyte,
and anodizing conditions such as: the type of electrolyte, the concentration of
electrolyte, time of anodization, anodizing potential, and temperature. The most
important factor governing the porosity of the structure is the anodizing potential
and pH of the solution. There is a great inconsistency among experimental data on
the porosity of nanostructures, with the estimated porosity of anodic porous alumina
varying from about 8% to 30%, and even more. An exponential decrease in porosity
with increasing anodization potential has been reported for anodizing in sulfuric
acid [238,248] and oxalic acid [237]. A decrease in the porosity of nanostructures with
increasing anodizing potential has been observed for constant potential anodiza-
tions conducted in sulfuric, oxalic, phosphoric, and chromic acids [216,249,250]. On
the other hand, a slight increase in porosity is observed with increasing anodizing
potential for anodization carried out in sulfuric acid [251]. As might be expected, the
porosity of nanostructures may also be affected by the anodizing time, an extension
of which usually results in increasing porosity of the nanostructure formed in
tetraborate [201] and phosphoric acid [252] solutions. Increasing the anodizing
temperature decreases the porosity of the nanostructure formed in oxalic acid
[253]; the opposite effect has been observed in sulfuric acid [240].

Table 1.5 Effect of anodizing potential on the barrier layer thickness formed at 20 �C.

Electrolyte Anodizing potential (V) B¼ f (U) (nm) Reference

Potentiostatic anodising

0.42 M H3PO4 U< 38 0.28þ 1.10�U [245]
U> 38 1.58þ 1.03�U

0.45 M H2C2O4 U< 57 5.90þ 0.90�U [246]
U> 57 0.96þ 0.97�U

Galvanostatic anodising

0.45 M H2C2O4 U< 55 0.92þ 1.09�U [247]
U� 55 5.02þ 0.92�U
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The porosity is defined as a ratio of a surface area occupied by pores to the whole
surface area. For a single regular hexagon with one pore inside, the porosity for-
mulation can be written as follows:

a ¼ Spores
S

¼ Sp
Sh

ð16Þ

Assuming that each single pore is a perfect circle, the following equations for Sp
and Sh can be further evolved:

Sp ¼ p� Dp

2

� �2

ð17Þ

Sh ¼
ffiffiffi
3

p �D2
c

2
ð18Þ

Substitution of Eqs. (17) and (18) into Eq. (16) leads to the following expression for
the porosity of a nanostructure with hexagonally arranged cells:

a ¼ p
2

ffiffiffi
3

p � Dp

Dc

� �2

¼ 0:907� Dp

Dc

� �2

ð19Þ

The porosity of the hexagonally arranged nanostructure can be also calculated
from the expression given by Ebihara et al. [237,238]:

a ¼ 10�14n�p� Dp

2

� �2

ð20Þ

where n is a pore density (1 cm�2) being an overall number of pores per cm2 and Dp

is a pore diameter (in nm).
Nielsch et al. [235] reported that, for a perfect hexagonal arrangement of nano-

pores formed by self-organized anodization under optimum anodizing conditions,
the ratio between pore diameter and interpore distance is almost constant and is
equal to �0.33–0.34. Consequently, the optimum porosity for the best chosen
anodizing conditions should be 10%. The optimal anodizing conditions depend
mainly on the applied anodizing potential; for anodizing conducted in sulfuric,
oxalic and phosphoric acids, the anodizing potentials that guarantee the perfect
hexagonal order in a nanostructure are limited to values of 25, 40, and 195V,
respectively. The applied anodizing potential (which is different from the optimal
value for a certain electrolyte) results in a significantly larger or smaller porosity of
the nanostructure. The porosity rule has been derived only for self-ordering of
alumina at the optimum anodizing conditions. In general, the self-organized anodic
porous alumina requires a porosity of 10% independently of the anodizing potential,
type of electrolyte and anodizing conditions.
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Taking into account the ratio of pore diameter to cell diameter as a constant value
for the self-ordering anodizing, Ono et al. [216,249,250] have suggested the following
expression for porosity:

a ¼ Dp

Dc

� �2

ð21Þ

Most importantly, it should be noted that the relationship in Eq. (21) is only a
rough approximation of Eq. (19) with a conceptual error of about 10%.
A different equation for porosity has been proposed by Bocchetta et al. [253]:

a ¼ Spores
S

¼ S�Sox
S

¼ 1� mp

rhS
ð22Þ

where Sox is the oxide surface, and mp, h and r are the mass, thickness, and density
of the porous layer, respectively. The density of anodic porous alumina formed by
anodizing at 70V in 0.15M oxalic acid has been estimated at 3.25 g cm�3. A wide
variety of experimental values of porosity result from the different anodizing con-
ditions used, in addition to the problem of completely different equations being used
for the calculation.
It was mentioned previously that pore diameter can be altered by the widening

process, which is based on the chemical etching of porous alumina walls in acidic
solutions. A very interesting formula has been proposed for the porosity of
nanostructure formed by anodizing in 0.42M phosphoric acid at 140V and 20 �C
[252]. After anodization, the pores were widened in a 2.4MH2SO4 solution at 20 �C,
with the widening time being varied from 60 to 300min:

a ¼ 0:196þ 6:54�10�4ta þ 2:62�10�4tw þ 7:27�10�7t2a
þ 4:36�10�7tatw þ 8:73�10�8t2w ð23Þ

where ta (min) and tw (min) denote the anodization time and widening time,
respectively.

1.2.2.6 Pore Density
The highly ordered nanomaterial with a close-packed arrangement of nanopores or
nanotubes is seen as an �object of desire� for the microelectronics industry. Due to
the hexagonal symmetry of the cells, anodic porous alumina is a nanostructure with
the highest packing density, and consequently the number of pores created during
anodization represents one of the most important features of porous alumina.
For the hexagonal distribution of cells in the nanostructure, the density of pores

defined as a total number of pores occupying the surface area of 1 cm2 is expressed by

n ¼ 1014

Ph
¼ 2�1014ffiffiffi

3
p �D2

c

ð24Þ
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where Ph is a surface area of a single hexagonal cell (in nm2) and Dc is given in nm.
The substitution of Dc by Eq. (5) leads to the expression as follows:

n ¼ 2�1014ffiffiffi
3

p �l2c �U2
ffi 18:475�1012

U2 ð25Þ

A different approach to the pore density calculation has been proposed by
Palibroda [234,254]:

n ¼ 1:6�1012exp � 4:764�U
Umax

� �
ð26Þ

where Umax has the same meaning as in Eq. (3). For certain anodizing conditions,
this critical value of potential (Umax) can easily be estimated from Eq. (3), when the
pore diameter and anodizing potential are known.
Asmight be expected from Eqs. (24) and (25), an increasing anodizing potential or

interpore distance leads to a decrease in the number of pores formed within the
structure [237,238,255]. For anodizing in oxalic acid, increasing the temperature of
anodizing decreases the pore density [253]. Pakes et al. [201] studied a variation of
pore density with anodizing time in disodium tetraborate solution (pH 9.2) at 60V
and 60 �C, and found pore density to decrease slightly with anodizing time at the
initial stages of anodizing. This behavior was attributed to the rearrangement of
pores, this being a consequence of the transformation of incipient pores into the true
pores.

1.2.3
Incorporation of Anions

The incorporation of anions into the structure of anodic oxide layer depends heavily
on the film type of the formed oxide. The formation of porous alumina during
anodizing leads to a higher anion content in the structure than for barrier-type
coatings. It is generally accepted that incorporated electrolyte species are present in
the oxide films in a form of acid anion derived from the electrolyte used for anodizing
[200]. Published data show an agreement with respect to the content of incorporated
acid anions in the bulk of the oxide layer. The typical content of incorporated anions
observed for some popular electrolytes are presented in Table 1.6.
Over the past few decades, much research effort has been focused on the deter-

mination of profiles of incorporated anions along the width of the oxide layer
thickness. A wide variety of techniques has been employed for a depth profiling
analysis of the barrier-type oxide layer, including Auger electron spectroscopy (AES)
[256], impedance measurements [206], Rutherford backscattering spectroscopy
(RBS) [257–259], secondary ion mass spectrometry (SIMS) [260], electron probe
microanalysis (EPMA) [261], glow discharge optical emission spectroscopy
(GDOES) [201,261–267], and X-ray photoelectron spectroscopy (XPS) [268]. An
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excellent review on methods used to study the distribution of incorporated anions
in anodic oxide layers was prepared by Despic� and Parkhutik [202], in which the
kinetics of anion incorporation into the growing alumina films was also discussed.
Schematic profiles of anion concentration in the barrier-type oxide layer are

presented in Figure 1.5 for electrolytes frequently used in the formation of highly
ordered nanostructures. Sulfate and chromate profiles are drawn on basis of data
obtained by the GDOES method [261,262,265,266], whilst the oxalate profile is
derived from the AES method [256]. The profile of phosphate anions concentration
is a result of analysis of profiles obtained by both methods [256,262,265].
For the steady-state growth of anodic barrier-type film, oxide formation occurs

simultaneously at the electrolyte/oxide and oxide/metal interfaces, and is associated
with the opposite-direction-migration of Al3þ and O2�/OH� ions. However, a por-
tion of themigrating Al3þ ions are ejected directly into solution and do not take a part
in formation of the solid oxide film [203,256]. Barrier-type anodic films on alumi-
num are amorphous, and the transport numbers of Al3þ and O2� are 0.44 and 0.56,
respectively [256,259,266,267]. Therefore, for film growth at high efficiency, about
40% of the film material is formed at the film surface, and the remainder is formed
at the oxide/metal interface. The electrolyte anions are adsorbed at the electrolyte/
oxide interface at the pore bases. For steady-state porous film growth, the incorpo-
ration of anions into the oxide layer occurs at pores bases as a direct result of the
migration of electrolyte species. Electrolyte species can be negatively, positively or
not charged, and consequently can either be immobilized on the oxide surface or
migrate inwards and outwards at a constant rate, which differs for the various
electrolytes. For example, phosphate, sulfate and oxalate anions migrate inwards
within the oxide film under the electric field, while chromate anions are character-
ized by an outward migration [257]. The migration rate of phosphate, oxalate and
sulfate anions related to the migration rate of O2�/OH� ions have been determined

Table 1.6 Percentage of incorporated anions in the porous oxide layer [195,200].

Electrolyte H2CrO4 H3PO4 H2C2O4 H2SO4

Anion content (%) 0.1–0.3 6–8 2–3 10–13

Figure 1.5 A typical depth profile of various anions concentration
in the barrier-type oxide film formed by anodization of aluminum.
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[195,200]. The migration of chromate anions is outward similarly to Al3þ ions, and
therefore its rate of migration was compared to Al3þ ions. The migration rate and
composition of film for some anodizing electrolytes used for anodic porous alumina
formation are listed in Table 1.7.
The incorporation of boron species was also reported for anodizing conducted

under a constant anodizing potential of 60V in 0.25M Na2B4O7 solution (pH 9.2) at
60 �C [201]. About 40%of the total anodic oxide layer thickness, whenmonitored from
the top of the film, was found to be associated with incorporated electrolyte species.
There is a significant difference in the porous alumina film growth in comparison

to the barrier-type coating formed on aluminum. For porous alumina film growth,
film formation occurs only at the oxide/metal interface, and anions migrate into the
barrier layer according to the electric field. The electric field at the barrier layer is not
uniform due to the semi-spherical shape of the pore base, and is much higher near
the pore base close to the electrolyte/oxide interface than at the cell base close to the
oxide/metal interface [270]. For this reason, the incorporation of electrolyte anions
proceeds more easily. The higher content of incorporated anions in porous alumina
layers is also a direct consequence of a long-term exposure of oxide walls for an acid
active penetration. The concentration of incorporated SO4

2� increases with increas-
ing current density and temperature [271]. Moreover, the incorporation of SO4

2�

anions along pores, as well as across the barrier layer and pore walls near the pore
bases in anodic porous alumina formed in sulfuric acid, was described in detail
[272,273]. The parabolic distributions of the incorporated species determined is
shown schematically in Figure 1.6.
A significant amount of incorporated anions can be found on the pore bases, such

that across the barrier layer a local maximum is reached and a gradual decrease is
then observed. The analysis of incorporated anions in the cell walls showed that
negligible amounts are observed at cell-wall boundaries, but that the concentration
of SO4

2� increases steadily, reaches a maximum, and then decreases slightly in a
region close to the cell-wall/electrolyte interface. The distribution of anions along the
cell wall (along the oxide thickness) is similar to that observed in the barrier layer.

Table 1.7 Oxide composition and movement of some electrolyte
species in the barrier-type amorphous alumina films.

Electrolyte pH Anion

Direction
of
migration

Relative
rate of
migration

NX

NAl
�10�2

Methods of
determination Reference(s)

0.1M Na2CrO4 10.0 CrO4
2� Out 0.74 0.50	 0.01 RBS [257,269]

0.1M Na2HPO4 9.4 HPO4
2� In 0.50	 0.05 3.6	 0.3 RBS [257]

0.1M (COONH4)2 6.4 COO� In 0.67 – AES [256]
0.1M Na2SO4 5.8 SO4

2� In 0.32	 0.07 7.4	 0.6 RBS [257]
1MNa2SO4 – 0.62 – GDOES [266]

NX

NAl
is a ratio of the total number of X and Al atoms in the film.

AES: Auger electron spectroscopy; GDOES: glow discharge optical emission spectroscopy;
RBS: Rutherford backscattering spectroscopy.
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1.2.4
Cell-Wall Structure

The properties of porous alumina films formed by anodizing are related to the
electrolyte species incorporated into the oxide walls. For instance, the incorporation
of anions modifies space charge accumulation in the porous and barrier-type alu-
mina films [202]. Moreover, the mechanical properties of anodic alumina films,
including flexibility, hardness and abrasion resistance, are greatly influenced by the
incorporation of anions [200]. The content of incorporated species, and their distri-
bution, depend on the anodizing conditions such as anodizing potential/current
density and temperature. Consequently, different wall structures can be expected at
different anodizing conditions. The duplex structure of the cell walls (Figure 1.7A)
was proposed by Thompson et al. [200,274], whereby two different regions – the
inner layer containing relatively pure alumina and outer layer with incorporated
electrolyte anions – were distinguished. It was reported that the thickness of the
inner layer increases in the order:

H2SO4 <C2H2O4 <H3PO4 <H2CrO4 ð27Þ

According to Thompson [274], there is a transition from solid to gel-like material
in moving across the cell walls towards the pore interior. It was also found that the
ratio of the inner to outer layer thickness depends on the electrolyte, and equals 0.05,
0.1 and 0.5 for sulfuric, oxalic and phosphoric acids, respectively [274]. Recently, the
triplex structure of the cell walls (Figure 1.7B) was reported for anodized alumina
formed by anodization conducted in phosphoric acid [275]. The outer and interme-
diate layers are contaminated by electrolyte species, mainly anions and protons. The
outer layer is rich in anions and protons, whereas the intermediate layer contains
mainly anions. The inner layer consists of pure alumina.

Figure 1.6 Schematic distribution diagram of SO4
2� concen-

tration in the anodic porous alumina formed in sulfuric acid.
(After Ref. [272].)
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Although the water content in the porous alumina film can vary between 1 and
15% [200,205], it is generally accepted that the amount of water in porous alumina
depends on the anodizing conditions, sample handling, and the measuring tech-
nique. The porous oxide films are essentially dry when H2SO4 electrolyte is used for
their preparation [276]. The porous oxide grown in acidic electrolytes does not
contain any bonded water in the film bulk [202], but chemisorption of OH groups
and water molecules can occur on the porous oxide layer. The adsorption of water
onto the anodic porous alumina formed by anodizing in sulfuric acid was studied by
Palibroda andMarginean [277], who found that the amount of adsorbed water on the
porous oxide layer was equal to about 100 OH groups per nm2 and was constant,
independent of the sulfuric acid concentration used for anodizing, the temperature
of anodizing, and the current density.
The formation of voids in the anodic alumina layer has been reported elsewhere

[278–282]. Ono et al. [279,280] reported voids on the apexes of aluminum protru-
sions at the oxide/metal interface in the inner layer of cell walls (see Figure 1.8).
These authors suggested that this occurred due to oxygen evolution, to existing
tensile stress in the film, or to electrostriction pressure. The size of voids formed in
the oxide layer were also found to increase with increasing anodizing potential
[279,280]. Moreover, the formed voids could enlarge and merge under electron
beam irradiation [281].
A clear and exhaustive explanation of the process of breakdown of anodic passive

film and formation of voids was provided by Macdonald [283–285]. The proposed
vacancy condensation mechanism of void formation involves a localized

Figure 1.7 Schematic representations of the sectional and plan
views of the duplex (A) and triplex (B) structures of porous
alumina cell-walls formed in sulfuric and phosphoric acid,
respectively. (After Refs. [274,275].)Q1
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condensation of cation and/or metal vacancies at the oxide/metal interface, and a
subsequent detachment of the formed void. A schematic representation of voids
formation in the anodic porous alumina is shown in Figure 1.9. When the anodizing
process begins, vacancies are produced at the oxide/metal interface as a result of
enhanced field-assisted ejection of Al3þ directly into the electrolyte. The condensa-
tion of vacancies begins at the defected area at the intersection of metal grain
boundaries, and a void is formed. The growing void is detached from the apex of

Figure 1.8 Voids in anodic porous alumina film. (After Ref. [285].)

Figure 1.9 Schematic diagrams of the vacancy condensation
mechanism for the formation of voids in the porous alumina
layer. (After Ref. [285].)
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the protrusion when the oxide/metal interface recedes into the aluminum bulk
during oxide film formation. After undercutting the void, a new void nucleates on
the apex of the protrusion because aluminum becomes rapidly saturated with va-
cancies. The new void grows, is then detached, and the overall process is repeated.
The vacancy condensation mechanism has been expanded for the description of

voids formation in the outer and inner oxide layers [281]. The expanded model was
based on the appearance in the oxide/metal interface of a few protrusion apexes after
the vacancy detachment instead of that assumed in Macdonald�s model.

1.2.5
Crystal Structure of Oxide

Most investigators have agreed that the anodic alumina films formed during anodiza-
tion are amorphous oxides, or are amorphous with some forms of crystalline g-Al2O3

or g0-Al2O3. The recent observation of anodic films formed, over a wide range of
anodizing conditions, doesnot confirm the presence of crystalline alumina in coatings
[200].Thecrystallizationofg org0 alumina canbe inducedbyelectronbeamirradiation
of the sample in the scanning electronmicroscope [277],with crystallization occurring
preferentially in the anion-free inner layer of the cell walls [286–289]. Ono et al. [290]
found that the crystallization rate of films formed in various anodizing electrolytes
decreases with the increasing content of incorporated anions and H2O/OH

� in the
film. The rate of crystallization increases in the following order:

H2SO4 <C2H2O4 <H3PO4 <H2CrO4 ð28Þ

Crystallization in the amorphous alumina can occur during sealing and heating of
the film [195,291]. A recent study of porous alumina films formed in phosphoric
[275,292], oxalic [293] and sulfuric [291] acids, showed that the originally formed
anodic porous alumina films are definitely amorphous. On the other hand, anodiz-
ing in chromic acid can result in amorphous alumina with traces of g-Al2O3 [291].

1.2.6
Density and Charge of Oxide Film

The density of anodic alumina films varies significantly with anodizing conditions.
For constant current anodizing conducted for 30min in sulfuric acid, the density of
oxide film was found to be 2.78 g cm�3 [233]. The notably greater value of 2.90 g
cm�3 was obtained when the anodizing time was extended to 60min [233]. Different
values of the oxide density were obtained by Ebihara et al. [238] for anodization in
2MH2SO4. For anodizing potentials from 3 to 14V and in the range of temperature
from 10 to 40 �C, anodic alumina density varied between 3.2 and 3.46 g cm�3. It was
also found that increasing the anodizing temperature, and increasing the electrolyte
concentration as well as increasing the forming potential leads to a slight decrease in
oxide density. According to Gabe [294], the density of oxide film formed by anodi-
zation in sulfuric acid can vary from 2.4 to 3.2 g cm�3. A slight variation in the
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density of oxide films with anodizing temperature was found for anodizing in oxalic
acid at the constant current density regime [237]. The density of oxide varied be-
tween 3.07 and 3.48 g cm�3 in the range of temperature from 10 to 40 �C, and
increased with decreasing anodizing current density. Recently, the density of amor-
phous porous alumina was estimated at 3.2 g cm�3 [235,242,295]. The density of
anodic alumina film formed in dehydrated, high-temperature electrolytes with or-
ganic solvents was reported as 2.4 g cm�3 [296].
Since anodic porous alumina membranes are often used as templates for nano-

materials fabrication, the charge present on the anodic oxide film is a parameter of
major interest. The discussion concerning the space charge in anodic alumina oxide,
its distribution and kinetics of space charge accumulation in porous alumina films,
has been presented in detail [202]. It is generally accepted that the charge of the oxide
film is a result of electrochemical processes occurring during anodization and
incorporation of anions into the oxide film. The adsorption of species on anodic
alumina membranes and solution–membrane interactions are fundamental factors
which determine applications of the membrane for micro- and ultrafiltration, and in
this respect especially biotechnological separation aspects are extremely important.
The space charge in anodic porous alumina also has a negative influence on the
dielectric parameters of oxides, as well as on the long-term drift of oxide properties
[202]. A negative space charge in anodic porous alumina was reported [202], while in
contrast the positively charged alumina film was discussed in the adsorption of
SO4

2� ions occurring during the anodization of aluminum in sulfuric acid [208].
The process of spontaneous adsorption of anions from aqueous solutions was
studied for commercially available anodic porous membranes [297]. The maximum
number of accessible sites for adsorption was found to be much higher than for
neutral polycarbonate or nylon membranes. Moreover, at neutral pH a positive
charge of anodic alumina membranes formed by anodization was estimated at
4.2 and 8.5mCm�2 for phosphoric and oxalic acids, respectively. The positive
charge in porous alumina attributed to the residual electrolyte in the structure was
also reported recently [298]. According to Vrublevsky et al. [245], the oxide layer
formed in 0.42M phosphoric acid below 38V is negatively charged, whilst above
38V the positive charge of the oxide surface increases with increasing anodizing
potential. For anodization conducted in 0.45M oxalic acid, the anodizing potential at
which the surface charge equals zero was estimated at 55 V [247].

1.2.7
Miscellaneous Properties of Anodic Porous Alumina

A growing scientific interest in the fabrication of anodic porous alumina films, and
their further application for the synthesis of various nanomaterials, has given rise to
many studies of porous alumina self-properties. The thermal characteristics of highly
ordered porous alumina structures formed on aluminum have been studied widely
[299–306], with thermal analyses being performed in order to collect data on chemical
resistance [299,300], structural and optical properties [292,300–303], thermal conduc-
tivity and diffusivity along the channel axis [304], self-repair rearrangement of ordered
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nanopore arrays induced by long-term heat treatment [305], and mechanical proper-
ties [306]. The fracture mechanism, Young�s modulus, hardness, fracture toughness
[306] and fracture behavior in cylindrical ordered porous alumina [307] were also
investigated. The electrical properties of porous alumina films [298,308–311], elec-
tron energy-loss, associated with Cherenkov radiation during electron beams travel-
ing parallel to the pores of a porous alumina membrane [312], and surface roughness
factors of the film [313], were also studied. Contact angle studies on porous alumina
were employed to characterize the liquid/surface interactions at the nanoscale and
wetting properties of membranes in contact with different solvents and liquids [314].
It was found that aqueous solutions are not suitable to fill completely the nanopores,
and the preferred solvents are dimethyl sulfoxide (DMSO) and N,N0-dimethyl form-
amide (DMF). Small-angle X-ray scattering (SAXS) techniques were employed for the
in-situ investigation of filling behavior of porous alumina membranes with a pore
diameter of 20nm in contact with perfluoromethylcyclohexane as solvent [315].
The optical characterization of highly ordered porous materials can provide a

variety of information on their nanostructural properties, and especially on pore
volume fraction, pore shape, pore diameter, anodic layer thickness and the incor-
poration of additives occurring during anodizing [316–318]. It is widely recognized
that porous alumina exhibits a blue photoluminescence (PL) band [319–326], with
the emission bands being attributed to optical transition in the singly ionized oxygen
vacancies (Fþ centers) or to electrolyte impurities embedded in the porous alumina
membranes. The oxygen vacancies are produced in the alumina matrix as a result of
enhanced consumption of OH� in the electrolyte near the anode occurring during
the anodization of aluminum [326]. In contrast, the influence of various additives,
such as sulfosalicylic acid, Eu3þ and Tb3þ ions, on the photoluminescence spectra
were investigated [322,327–329]. Weak optical radiation, in the visible range of the
spectrum emitted during the anodizing of aluminum in acid electrolytes [known as
galvanoluminescence (GL) or electroluminescence] was also studied [330–332]. The
concentration of impurities and the pre-treatment of aluminum samples, including
degreasing, chemical cleaning and electropolishing, were found strongly to affect
GL intensity. Furthermore, the intensity of GL depends on anodizing conditions
such as current density, temperature, and electrolyte concentration. It was also
suggested that, depending on the nature of the electrolyte – whether organic or
inorganic – there are two different mechanisms or two different types of lumines-
cence center responsible for GL.

1.3
Kinetics of Self-Organized Anodic Porous Alumina Formation

1.3.1
Anodizing Regimes and Current/Potential-Time Transient

A hexagonal-shaped oxide cell can easily be formed by anodizing aluminum at a
constant current density or constant anodizing potential regime. A typical current
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density–time and anodizing potential–time transient recorded during the anodiza-
tion of aluminum in 20% H2SO4 at 1 �C are shown in Figure 1.10. When a constant
current is applied for porous alumina growth, the potential rises linearly with time
until the local maximum is reached, and then decreases gradually to the steady-
state-forming potential. During the initial period of anodization (Figure 1.10, stage
a), the linear increase in potential is associated with a linear growth of high-resistant
oxide film (barrier film) on aluminum. Further anodizing (stage b) results in the
propagation of individual paths (pores precursors) through the barrier film. At the
maximum of potential (stage c), the breakdown of the tight barrier film occurs and
the porous structure begins to be built. Finally, the steady-state growth of porous
alumina proceeds (stage d) and a forming potential is almost unchanged. At the start
of the process conducted under the constant anodizing potential, current density
decreases rapidly with time, and a minimum of current density is quickly achieved.
A linear increase then leads to a local maximum. After reaching the maximum, the
current density decreases slightly and a steady-state current density of the porous
oxide formation is achieved.
The rate of current decrease, the time at which the minimum current is observed,

and the steady-state-forming current density depends directly on the anodizing
conditions, such as applied anodizing potential, temperature and electrolyte con-
centration. In general, the minimum of current density decreases with increasing
electric field strength, increasing anodizing potential and temperature. The decrease
in the minimum value of current is also observed with increasing concentration of
acids. The minimum current density occurs earlier, with the higher anodizing
potential and lower pH of the electrolyte.
Recently, the constant potential of anodizing instead of constant current regime

has been commonly used for the fabrication of closed-packed highly ordered anodic
porous alumina films with a desired pore diameter. According to Hoar and Yahalom
[333], the relationship between current density and time observed under the

Figure 1.10 Schematic illustration of the kinetics of porous oxide
growth in galvanostatic (A) and potentiostatic (B) regimes, to-
gether with stages of anodic porous oxide development (C).
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constant anodizing potential is a resultant of two overlapping processes, as shown in
Figure 1.11. A first, exponential decrease is connected with the barrier film forma-
tion, and the second represents the process of pore formation.
The potential-time transients recorded during anodizing was studied carefully by

Kanankala et al. [334]. The theoretical model describing the potential–time behavior
at the initial stage of anodizing conducted under the constant current regime in
0.21MH2SO4 or 0.3M C2H2O4 was developed. The range of applied current density
for anodizing varied between 20 and 50mAcm�2. The model was based on the rate
of oxide formation and rate of oxide dissolution. The predicted potential–time curves
fit perfectly with experimentally recorded data. It was also found that the time when
the local current maximum appears on the potential–time curve can be estimated as
follows:

tmax ¼ 75
i
þ 1:5 ð29Þ

where tmax is a time (in s) when the maximum is reached and i is a current density in
mAcm�2.
The effect of alloy type on the kinetics of porous oxide growth at constant anod-

izing potential in sulfuric acid was investigated, and anodizing current density–time
transients were studied for various types of aluminum alloys at the anodizing
potential of 15 and 18V [335]. The rearrangement of pores, just before the current
density reaches a steady-state value, was found not to occur for some alloys.
The rearrangement of pores is usually indicated on the current–time curve
(Figure 1.10B) as a local maximum presence at stage c. The lack of pore rearrange-
ment was attributed to an accumulation of the alloying elements (e.g., Cu, Fe and Si)
at the oxide/metal interface.
The presence of additives in the anodizing electrolyte can cause a slight modifi-

cation in the kinetics of the process and the current–time transient. It is widely
recognized that, during anodizing, a sulfonated triphenylmethane acid dye (�Light
Green�) concentrates at the pore base and reacts with released Al3þ ions [336,337].
As a result, themovement of Al3þ ions into the electrolyte (direct ejection) is strongly

Figure 1.11 Schematic diagram of overlapping processes oc-
curring during the porous oxide growth under constant anodizing
potential regime. (After Ref. [333].)
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inhibited and the field-assisted dissolution of oxide is significantly reduced. Conse-
quently, a decreasing local current density at the pore base increases a radius of pore
base curvature and interpore distance in the presence of an additive. The influence
of �Light Green� as an additive on current density–time behavior was studied in
detail for the anodizing conducted in sulfuric acid solutions under the constant
potential of 15V [338]. The decrease in current density with increasing concentra-
tion of the additive was also observed. It was found also that increasing the concen-
tration of additive also decreases the slope of current density at the pore initiation
stage (stage c in Figure 1.10B).
Recently, the mixing of both galvanostatic and potentiostatic regimes has been

reported as a new and efficient method for the high-field anodization of aluminum
[213,223,251,293,339]. The sample was pre-anodized at a constant current density
and, after a certain period of time and after reaching a specified potential, the
potentiostatic mode was switched. Depending on the applied initial current density,
the duration of the constant current mode varied from a few seconds to 10min [251].
Themethod was used successfully for aluminum anodization in sulfuric, oxalic, and
phosphoric acids. The requisite anodizing conditions are collected in Table 1.8.
For oxalic acid pre-anodizing, the constant current density should be lower than

10mAcm�2 in order to avoid any breakdown of the oxide film and active film
dissolution. In the case when pre-anodizing is conducted in phosphoric acid, the
initial current density cannot exceed 15mAcm�2, and the steady-state current
density during anodizing should be kept at about 70mAcm�2 to avoid any possible
overheating of the sample in a high electric field [213]. It was also found that
increasing concentration of Al3þ allows higher current densities to be achieved
during pre-anodizing, and higher anodizing potentials after switching the mode
to potentiostatic. In other words, the fresh electrolyte should be aged by additional
electrolysis with the aluminum anode [251]. For this reason the additional pre-
electrolysis of electrolyte was employed, with the amount of charge passed through
sulfuric acid and other electrolytes (oxalic and phosphoric acids) being 30 and 2A �h,
respectively.

Table 1.8 Conditions for the high-field anodizing of aluminum at various electrolytes.

Electrolyte
Concentration
(M)

Temperature
(�C)

Current
density of
preanodizing
(mA cm�2)

Time of
constant
current
mode (s)

Anodizing
potential
(V) Reference

H2SO4 1.1 (10%) 0.1 160 — 40 [251]
0 200 420 70 [213]

H2C2O4 0.03 (0.25%) 1 12 60 160 [213]
H3PO4 0.1 (1%) 0 16 120 235 [213]
H3BO3 0.5 (3%) RT 1 — 1500 [293]
(NH4)2C4H4O6 0.17 (3%) — 1 — 25–100 [223]

RT: room temperature.
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A completely novel anodizing technique which employed a pulse sequential
voltage with a pulse frequency of 100Hz was proposed by Inada et al. [340]. The
technique was used for the strict control of pore diameter in the range of low
anodizing potentials (below 3V) where a linear dependence between pore diameter
and forming voltage does not exist. It should be noted that the smallest pores formed
by conventional anodizing have a diameter of 7 nm. However, by using the pulse
method pores with diameters of 3 and 4 nm can be successfully formed at pulse
sequential voltages of 1 and 2V, respectively.
The anodizing of aluminum resulting in a porous film can be also realized in

sulfuric and phosphoric acids under alternating current or potential regimes
[341–344]. The observed potential/current–time transients and morphology of films
were similar to the conventional anodizing conducted under constant current density
or constant potential [343,344]. The percentage of incorporated SO4

2� anions (13%)
was the same as found for DC-anodizing [344], but a significant differencewas seen to
exist between the AC andDC-anodizing.Hydrogen evolution on anodized aluminum
occurs during cathodic cycles of AC-anodizing; moreover, for AC-anodizing con-
ducted in sulfuric acid a secondary reaction of SO4

2� reduction proceeds during the
cathodic half-cycles, and as a result of this reduction sulfur and/or sulfide is released
[341]. In order to reduce the cathodic reduction of sulfate ions, a wide variety of
additives (e.g., Fe3þ, As3þ, Co2þ) was studied [341,342]. In contrast, the side cathodic
reduction of anions was not observed during AC-anodizing in phosphoric acid [343].

1.3.2
Pores Initiation and Porous Alumina Growth

The phenomena of anodic porous alumina film formation has been studied exten-
sively over several decades, with considerable scientific effort directed towards
elucidation of the mechanism of self-organized growth of the porous layer. Thus,
several theories have been proposed and developed. Although the anodizing of
aluminum was successfully and widely applied for the synthesis of high-ordered
nanostructures, it remains unclear as to which physical factors control pore ordering
during oxide growth, and especially how the surface features of the aluminum affect
the ordering of pores

1.3.2.1 Historical Theories
The early theories of porous film growth take into account a passage through the
barrier layer nascent oxygen formed from water in pores [345], peptization of alu-
minum hydroxide gel on aluminum [346], and current action on the barrier layer
resulting in pores [347]. Baumman [348,349] proposed the existence of vapor film
over the active layer at the bottom of pores where, at a gas/electrolyte interface,
oxygen anions are generated. The growth of oxide kernels occurs simultaneously at
the base of pores, and the porous structure is a result of oxide dissolution of
previously formed breakthroughs (zig-zags).
Keller et al. [197] extended this theory and proposed the model in which, at the

beginning of the anodizing process, formation of the homogeneous barrier film
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occurs and further dissolution of the oxide in the barrier film is followed by the
current which repairs the damage to the oxide layer. The passing current increases
the local temperature of the electrolyte such that consequently oxide dissolution is
enhanced and current breakdowns form pores in the oxide layer. The anodic struc-
ture exhibiting the hexagonally arrangement of cells is derived from pores due to the
existing tendency of spherical distribution of potential and current about the certain
point (pore). It should be noted that a closed-packed hexagonal arrangement of oxide
cells is formed as a result of steric factors.
On the other hand, Akahori�s hypothesis of porous oxide growth [350] suggested

that, after formation of the barrier layer and pores, evaporation of the electrolyte and
melting of aluminum occur at the bottom of pores due to the high local temperature.
The oxygen ions are then formed at the end of pore in the gaseous electrolyte.
Oxygen ions pass the oxide layer at the pore bottom and react with a liquid alumi-
num base.
A completely different approach to porous oxide growth was proposed by Murphy

and Michelson [351]. According to these authors, the outer part of the barrier film
formed on aluminum is transformed into hydroxide and hydrate compounds as a
result of interaction with water. Simultaneously, the continuous build-up of dense
oxide (inner layer) proceeds at the oxide/metal interface. Hydroxide and hydrate
compounds have a tendency to bond or to adsorb water and anions from the
electrolyte with creation of a gel-likematrix. Submicrocrystallites of aluminum oxide
are embedded in this gel. In fact, oxidation takes place at the border between the
barrier oxide film (inner layer) and the outer hydrated oxide layer. This model
assumed also the transmission of current by Al3þ ions, and a responsibility of
oxygen ions for the movement of the barrier layer towards the metal base. In this
model pores are formed at defect sites where local differences in solubility or
electrical breakdown exist.
An interesting view on the initial stages of aluminum oxide formation during

anodization and further growth of the oxide layer was presented by Csokan [352]. At
the start of the anodizing process, oxygen atoms or electrolyte anions are adsorbed or
chemisorbed onto active sites (defects, faults and grain boundaries) on the alumi-
num surface. The mono or oligomolecular layer of oxide nuclei is then formed.
Perpendicular oxide growth ismuch slower than at the edges of the nucleus, and as a
result of this lateral growth the oxide covers the entire aluminum surface. The local
differences in chemical solubility of the oxide film and in structural deformations
(different state of energy) are directly responsible for the formation of pores.
Csokan�s theory explains not only the porous anodic alumina structure but also
a fibrous structure formed on aluminum by anodizing. The internal stress influence
on the oxide structure was also studied by Csokan [352], who found that structural
deformations in the oxide films are produced by the isotropic and anisotropic
mechanical stresses.
A different interpretation of fibrous anodic alumina structure was given by

Ginsberg et al. [353–356], according to who the external part of the alumina tube
walls is formed from amorphous alumina oxide, while the internal part consists of a
gel containing hydroxide and embedded anions. Moreover, the interior of the tube is
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filled with the electrolyte and plays an important role in oxygen exchange between
electrolyte and metal.
Hoar and Yahalom [333] conducted extensive studies on the pore initiation

process during anodizing of aluminum, and suggested that this was a consequence
of proton entry into the barrier film when the field strength decreased sufficiently at
the certain region. Proton-assisted dissolution of the oxide then occurred.

1.3.2.2 Field-Assisted Mechanism of Porous Film Growth
It is generally accepted that the porous structure of anodic alumina film develops
from the barrier-type coating formed on aluminum at the start of anodization.
Growth of the barrier film occurs due to the high field ionic conduction and at the
constant field strength, defined as a ratio of the potential drop across the barrier
film to its thickness [203]. Governed by the constant field strength, the uniform film
with a uniform current distribution is developed on the whole surface, as shown in
Figure 1.12A.

Figure 1.12 Schematic diagram showing current distribution
during pore initiation and development of pores on anodized
alumina. (After Refs. [200,224].)

34j 1 Highly Ordered Anodic Porous Alumina Formation by Self-Organized Anodizing



The uniform growth results in a smoothing effect on the initial roughness of the
aluminum. However, some local variations in field strength can appear on a surface
with defects, impurities or preexisting features including subgrain boundaries,
ridges and troughs as remains of pre-treatment procedures (e.g., mechanical or
electrochemical polishing, etching) [200,208,274]. This non-uniform current distri-
bution leads consequently to the enhanced field-assisted dissolution of oxide and a
local thickening of the film (Figure 1.12B). The higher current above metal ridges,
accompanied by a local Joule heating, results in the development of a thicker oxide
layer [208,255,274]. Simultaneously, the enhanced field-assisted dissolution of oxide
tends to flatten the oxide/metal interface. Recently, the effect of local heat transfer on
current density was studied for anodizing in sulfuric acid [357]. It was found that
increasing the local temperature enhances the local field-assisted oxide dissolution
at the pore bases, and consequently increases the local current density. According to
Thompson [200,203], the oxide layer grown above the ridges (flaw sites with impu-
rities, scratches) is prone to generate a highly localized stress. Consequently, suc-
cessive cracking of the film and its rapid healing at the high local current density
occur (Figures 1.12C and D). Therefore, with a consumption of aluminum base and
enhanced progress in the oxide thickness build-up above the flaw sites, the crack–
heal events are more pronounced and the curvature of the film at the oxide/metal
interface increases (Figure 1.12E). Shimizu et al. [224] suggested that a tensile stress
at surface ridges leads to the formation of cracks which can act as conductive
pathways for film growth and where rapid healing effect occurs. The preferential
growth of oxide above flaw sites, and thickening of the barrier layer, proceed con-
tinuously until the moment when the current is concentrated in the thinner film
region at the bottom of the future pore (Figure 1.12E). On the other hand, increasing
pore curvature (increasing pore diameter) decreases the effective current density
across the barrier layer. As a result, the growth of other pores from other incipient
pores is initiated in order to maintain a uniform field strength across the barrier
layer. When the curvatures of the oxide film at the oxide/metal interface have
increased sufficiently and intersection of the scalloped regions has occurred, the
steady-state conditions of pore growth are reached. For steady-state porous oxide
growth, there is a dynamic equilibrium between oxide growth at the oxide/metal
interface and field-assisted oxide dissolution at the electrolyte/oxide interface [208].
The generation of pores was recently studied on aluminumwith a tungsten traces

layer incorporated into the anodic pre-film formed in phosphoric acid [358]. During
the subsequent anodization, the material was found to flow from the region of the
barrier layer towards the cell wall regions. This was attributed to the existence of
stresses associated with the film growth and field-assisted plasticity of the film
material.
When conducted anodization in chromic acid, Thompson [203] suggested that

interaction of electrolyte with the barrier film, resulting in the development of
penetrating paths is responsible for the local field strength increase just beneath
the tip of the penetration path. When the penetrating paths are more advanced, the
local field strength increases and further enhanced field-assisted dissolution of paths
occurs until an embryo pore at the oxide/metal interface is developed (Figure 1.13).
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1.3.2.3 Steady-State Growth of Porous Alumina
Although the anodization of aluminum has been investigated widely, some aspects
of the complex process are not yet fully elucidated. It is not clear yet which oxygen-
carrying anion species O2� or OH� ions are involved in the anodic process. The
OH� ions are generated in the anodizing electrolyte from water by simple splitting,
or by the cathodic reduction of water and dissolved oxygen through the following
reactions:

H2Oþ 2e�!2OH� þH2 ð30Þ

O2 þ 2H2Oþ 4e�!4OH� ð31Þ

On the other hand, O2� ions can be formed at the electrolyte/oxide interface from
adsorbed OH� ions by oxygen vacancy annihilation [359], simple splitting of water at
the interface, or from water by interaction with adsorbed electrolyte anions in the
process shown schematically in Figure 1.14 [208]. In the latter process, OH� ions
may also be produced.
Anodic polarization of aluminum in the acidic electrolyte leads to the amorphous

oxide film growth according to the following reactions:

2Al3þ þ 3H2O!Al2O3 þ 6Hþ þ 6e� ð32Þ

and

2Alþ 6OH�!Al2O3 þ 3H2Oþ 3e� ð33Þ

2Alþ 3O2�!Al2O3 þ 6e� ð34Þ

Figure 1.13 Development of penetrating paths and pores during
anodizing in chromic acid. (After Ref. [203].)
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The main contribution to the anodic current is made by the given reaction:

Al!Al3þ þ 3e� ð35Þ

The evolution of oxygen near themetal/oxide interface was reported for anodizing
of aluminum in various electrolytes [204,360–362]. This side reaction can be repre-
sented as follows:

2H2O!O2 þ 4Hþ þ 4e� ð36Þ

4OH�!2H2Oþ O2 þ 4e� ð37Þ

or alternatively,

2O2�!O2 þ 4e� ð38Þ

According to Chu et al. [363], during aluminum anodizing at high anodizing
potentials the generation of oxygen is also possible through the following reaction:

H2O2!O2 þ 2Hþ þ 2e� ð39Þ

The formation of oxygen bubbles within anodic alumina, according to Eq. (38) in
the vicinity of the metal/film interface, can proceed due to the presence and com-
positions of impurities or second-phase particles [360,361]. It was also suggested

Figure 1.14 Schematic representation of O2� and OH� ions
formation at the oxide/electrolyte interface fromwater interacting
with adsorbed SO4

2� anions. (After Ref. [208].)
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that oxygen evolution is directly connected with growth of the porous alumina film,
and the process can be used for testing transition from barrier-type to porous-type
coatings [204]. The anodic process is further complicated in the presence of elec-
trolyte anions susceptible to oxidation [342]:

2SO2�
4 !S2O

2�
8 þ 2e� ð40Þ

It widely recognized that pore formation is attributed to the thermally assisted,
field-accelerated dissolution of oxide at the base of pores. On the other hand, the
growth of oxide occurs mainly at the oxide/metal interface for typical acidic electro-
lytes including sulfuric, phosphoric, and oxalic acids. The growth of porous alumina
involves the inward migration of oxygen-containing ions (O2� or OH�) from the
electrolyte through the barrier layer, and the simultaneous outward drift of Al3þ ions
across the oxide layer. It was found that only a part of the Al3þ ion flux takes part in
the oxide formation at the metal/oxide and oxide/electrolyte interfaces. Depending
on the anodizing conditions – and especially on the current efficiency of the oxide
growth – oxide formation can also proceed at the oxide/electrolyte interface. For a
current efficiency close to 100%, and for phosphates and chromate electrolytes, the
majority of Al3þ ions reaching the oxide/electrolyte interface are involved in the
formation of oxide at the oxide/electrolyte interface [256]. This means that for high-
efficiency oxide growth, about 40% of the film material is formed at the oxide/
electrolyte interface. This behavior is consistent with the relative transport numbers
of Al3þ and O2�/OH� ions observed for various anodizing electrolytes and anodiz-
ing conditions. These relative transport numbers for cations and anions are about
0.4 and 0.6, respectively. In contrast, for anodizing in oxalate electrolytes and for
processes occurring with a low current efficiency, there is no evidence of any oxide
formation at the oxide/electrolyte interface [256]; rather, a direct ejection of Al3þ ions
to the electrolyte was observed [256]. The remainder of the Al3þ ions flux reaching
the oxide/electrolyte interface is lost into the electrolyte by field-assisted dissolution
[208,274] or by a mechanism involving direct Al3þ ion ejection to the solution [359].
A schematic representation of elementary processes involved in porous alumina
growth is shown in Figure 1.15.
Additionally, the electrolyte anions migrate inwards to the barrier layer and can be

incorporated into the oxide material. The chemical dissolution of oxide in acidic
electrolyte results in a thinning of the oxide layer.
For steady-state porous oxide growth, the locally increased field at the electrolyte/

oxide interface affects the dissolution of oxide in the pore bases [203]. Increasing field-
assisted dissolution of oxide increases the oxide growth rate at the metal/oxide inter-
face due to a dynamic equilibrium between the rate of field-assisted dissolution of
oxide and the rate of oxide formation. Thefield-assisteddissolutionof oxide starts from
the polarization of Al�O bonds, followed by the removal of Al3þ ions from the oxide
structure [208].TheremovalofAl3þ ionsoccursmore easily in thepresenceof thefield.
The field-assisted oxide dissolution is most likely thermally enhanced through

Joule heating effects [208]. According to Li et al. [236], a rise in the temperature of the
aluminum anode, calculated for a first 12 s of anodizing, is about 25 �C.
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1.3.2.4 Growth Models Proposed by Patermarakis and Colleagues
Patermarakis et al. [271–273,364–378] described, in several publications, a compact
theoretical model of porous alumina growth in various electrolytes. Different ap-
proaches have been employed to obtain information about the kinetics and mecha-
nism of the oxide growth mainly in sulfate solutions. The main conclusions derived
from these models are outlined in the following sections.
A strict kinetic model of anodic porous alumina growth based on the field-assisted

dissolution of oxide was presented by Patermarakis et al. [364–368]. The elongated
columnar pore with increasing diameter in the direction from the pore bottom to the
film�s surface was assumed in themodel. It was found that, for anodizing conducted
in 1.53M H2SO4 under the constant current density regime, oxide dissolution at
pores is essentially a field-assisted process, while dissolution of cell walls is governed
by first-order kinetics and is thermally activated [364]. Themain structural futures of
the porous oxide film formed in the unstirred [364,365] and stirred [366] sulfuric
acid bath were evaluated. The density of the compact cell walls estimated from the
model was about 3.42 g cm�3 [364]. For the stirred electrolyte, the concentration of
electrolyte in the pores increases linearly on moving from the film�s surface to the
pore bottoms [366]. The influence of sulfuric acid concentration on applicability of
themodel in the range between 0.20 and 10.71Mwas studied [367]. It was found that
the derived kinetic model of porous alumina growth is not valid for the critical
concentration of sulfuric existing between 0.51 and 1.53M [367]. For low acid
concentrations, an abnormal oxide growth (pitting and burning behaviors) is sug-
gested. A general formulation of the kinetic model applicable to other galvanostatic
anodizations was also proposed [368].
The theoretical model consideringmass and charge transport inside pores during

the self-organized growth of porous alumina in sulfuric acid was also described

Figure 1.15 Schematic illustration of ions movement and
dissolution of oxide in sulfuric acid solution.
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[369]. The proposed model employed both kinetics and transport phenomena equa-
tions, and showed that the concentration of Al2(SO4)3 at the pore bases is maximal in
comparison to other parts of the pore depth; moreover, it increases monotonically
with increasing oxide thickness, current density or decreasing temperature [369].
The electrolyte concentration at the pore bases depends on the current density, and
various phenomena were observed. The model showed that the sulfuric acid con-
centration can increase, decrease or reach a local minimum when the analysis of
concentration is performed along the pore depth in the direction from the top of the
film to the pore bottoms [369]. The transport analysis criterion, which allows pre-
diction of the conditions of regular and abnormal oxide growth, was also performed
[370,371]. The most important parameter influencing abnormal oxide growth is elec-
trolyte concentration at the pore base in relation to the current density [370]. The
promotionof pitting occurs at low temperature and sulfuric acid concentrationorhigh
current density and sulfate additives including Al2(SO4)3 [371,372]. For the saturated
Al2(SO4)3 solution in H2SO4, the incorporation of colloidal micelles of aluminum
sulfate was observed in the cell walls [373,374]. The kinetics and mechanism of
anodizing were also found to be strongly influenced by colloidal micelles. Recently,
a comparative study was performed in order to establish the kinetics andmechanism
of anodizing in oxalic acid [375]. Themechanism of porous oxide growth in oxalic acid
was the same as observed for sulfuric acid, but with an easier and stronger growth of
colloidal micelles being reported.
A model for charge transport across the barrier layer was also proposed by

Patermarakis et al. [376–378]. The prolonged anodization proved that the rate-con-
trolling step of the steady-state growth of porous alumina is charge transport across
the barrier layer, with the native oxide being produced mainly in the region adjacent

Figure 1.16 Schematic representation of the cross-sectional view
of the barrier layer in anodic porous alumina. (After Ref. [376].)
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to the metal/oxide interface (Figure 1.16). The zone where field-assisted dissolution
of oxide occurs is located inside the oxide film, near the oxide/electrolyte interface.
According to the derived model, the ionization of aluminum as shown in Eq. (35)

proceeds through successive one-electron-transfer elementary steps. Charge trans-
port across the barrier layer is realized by the migration of O2�, OH� and SO4

2�

ions. The model conclusions predicted that the O2� ions necessary for aluminum
oxidation are derived from the oxide lattice and from OH� ions adsorbed on the
oxide surface. Al3þ ions are rather immobilized inside the oxide film, especially at a
lower field strength. In the dissolution zone, the Al3þ ions are solvated and then
move towards the bulk of electrolyte. In the oxide film, SO4

2� ions migrate along a
boundary surface of microcrystallites through the successive vacancies. Sulfate
anions are much larger than O2� ions, and their movement towards the metal/
oxide interface is gradually blocked by greater-sizedmicrocrystallites. The electrolyte
anions are unable to reach the oxide formation zone and finally become embedded
onmicrocrystallites in the bulk of the oxide. Themodel calculation is consistent with
experimental data, and proved that there is no significant difference in the incorpo-
ration of various type of anion derived from the same electrolyte, such as SO4

2� or
HSO4

�. Other anions, including OH� and O2�, migrate at similar rates due to the
comparable ratio of ion charge to the radius. The migration process is probably
realized through vacancies inside crystallites. The OH� ions can be incorporated on/
in crystallites in the oxide bulk, or they can decompose inside the oxide to O2� and
Hþ. It is most likely that the OH� ions reach the oxide formation zone and form the
oxide film according to Eq. (33). In accordance with the model assumptions
[377,378], the process of field-assisted dissolution of oxide and OH� ions migration
in the oxide lattice can be represented as shown in Figure 1.17.
Due to the positive surface charge of oxide in acidic electrolytes, decomposition

of water occurs in the double layer. Consequently, the OH� ion is adsorbed at
the oxide/electrolyte interface on the Al3þ ion derived from the oxide lattice
(Figure 1.17A). Under the high field strength, the Hþ ion is rapidly removed from
the double layer to the bulk of solution. The adsorption of OH� ion onto Al3þ

weakens the bonds between Al3þ and O2� ions in the oxide lattice (Figure 1.17B).
The O2� ion can then leave its position in the lattice and migrate further towards the
metal/oxide interface. This results in anion void formation in the lattice and further
possible occupation of the void by the previously adsorbedOH� ion (Figure 1.17Cand
D). Simultaneously, the Al3þ ion can move slowly towards the bulk of electrolyte. The
process of adsorption and further migration of other OH� ions is faster than the Al3þ

ejection to the solution, and can easily be repeated several-fold by the time theAl3þ ion
leaves its position [377].

1.3.2.5 Other Phenomenological Models of Porous Alumina Growth
Although the field-assisted mechanism of oxide growth is commonly used to de-
scribe the self-organized growth of anodic porous alumina, some other models have
been developed. The formation of colloidal layer at the electrolyte/metal interface
was assumed by Heber [379,380] in his model of pore development and film growth.
A chemical interaction between hydroxide, electrolyte and adsorbed water molecules
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within the colloidal layer leads to the formation of droplets and pockets. Pressure
inside the pocket is responsible for the pore development and further growth. On the
other hand, the formation of a gel-like nascent oxide was assumed in various other
studies [227,274,351,381,382]. The gel layers promote the formation of anodic alu-
mina in antimonate, molybdate, silicate and tungstate electrolytes [382]. The gel
layer, which is formed above the growing oxide film, eliminates the field-assisted
ejection of Al3þ ions to the electrolyte. Moreover, it was found that the gel layer could
shrink and easily crack on drying.
Stress generation during anodic oxidation of aluminum was studied by Nelson

and Oriani [383]. Tensile stress was found to develop rapidly at the metal/oxide
interface due to differences in the volume between themetal ions and the oxide. The
compressive stress remains constant during the whole process of anodizing. Various
possible reactions of aluminum oxidation occurring at the metal/oxide and oxide/
electrolyte interfaces were suggested. One proposed model assumed that ions move
only through the vacancy exchange mechanism, and that the concentration of
vacancies does not change within the oxide film, except at the metal/oxide interface.
Compressive stress at the oxide/metal interface, associated with volume expansion
during oxide formation, was indicated by Jassensky et al. [384] as a main force
responsible for the cellular growth of porous alumina. The generated compressive
stress creates repulsive forces between neighboring pores and, as a consequence,
induces a close-packed hexagonal arrangement of oxide cells. Since the oxide
film formation involves oxidation occurring at the oxide/metal interface, the only

Figure 1.17 The process of field-assisted dissolution of oxide and
OH� ions movement in the oxide lattice according to the
Patermarakis� model.
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direction in which material can expand is by a vertical upwards growth of the cell
walls. For the steady-state growth of porous alumina resulting in a high-order of
nanopores, a uniform local compressive stress was postulated [385]. The suitable
compressive stress provides the correct conditions for steady-state oxide growth,
whilst a higher stress might break the oxide walls. A lower compressive stress alters
the penetration direction of pores and modifies their growth. An external tensile
stress which influences the ordering of pores in self-organized anodization was also
studied [231]. Well-ordered structures on anodized aluminum were obtained even
on the stressed surface, but a relatively high tensile stress was seen to destroy the
arrangement of the pores and, instead of nanopores, huge holes and pits are formed
on the highly stressed surface.
The Macdonald�s point defect model [283–285] assumed that during film growth,

cation vacancies are produced at the oxide/electrolyte interface and are consumed at
the metal/oxide interface. In contrast, anion vacancies are formed at the metal/oxide
interface but are consumed at the oxide/electrolyte interface. The film formed above
metal ridges may contain a high concentration of vacancies (vacancies condensa-
tion). According to the model, vacancies at the metal/oxide interface are responsible
for the breakdown of the anodic passive film and for large local cation flux through
the film. This model predicts that the steady-state thickness of the barrier layer and
the logarithm of the steady-state current density should vary linearly with applied
anodizing potential.
According to Palibroda et al. [227,234,254,386,387], the steady-state growth of the

porous oxide layer is a consequence of the electrical breakdown of the barrier layer by
a series of non-destructive avalanches that provide easy pathways for the oxidation of
aluminum. The model of oxide growth consists of three steps, the first step being
rate-determining in nature [254]. The first step consists of transformation of the
existing barrier layer from a compact to porous oxide film. In the second step,
aluminum is ionized according to Eq. (35), followed by the reaction of new barrier
layer formation [Eq. (32)] in the third step. The proposed model assumed that the
barrier layer behaves as a semiconductor, and electrical breakdown of the barrier
layer proceeds through non-destructive avalanches [386] which have been previously
proposed to explain the electroluminiscence phenomena of anodic alumina oxide
[388]. In contrast, Shimizu et al. [389] found that even a few Angstroms difference in
barrier layer thickness caused a remarkable variation in local electron tunneling
probability. In summary, it can be stated that local differences in oxide thickness
promote the electrical breakdown of the barrier layer. TheHoar–Yaholmmechanism
of barrier layer protonation [333] and possible proton conductivity in the barrier layer
was studied by Palibroda et al. [254,386,387], but no evidence was observed that this
mechanism might contribute to the rate-determining step.
Li et al. [236] considered themodel of porous alumina growth inwhich ionization of

aluminum according to Eq. (35) proceeds at themetal/oxide interface. The formation
of O2� anions occurring by a water-splitting reaction at the oxide/electrolyte interface
is a rate-determining step. The increasing electric field at the pore bottom increases
local acid-catalyzed corrosion of oxide, and reduces the barrier layer thickness.
As a result, the pores are initiated and their further growth proceeds through the
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self-catalyzed oxide dissolution. An increase in local temperature at the pore bottom
(ca. 21 �C), due to Joule heating and acid-catalyzed dissolution of oxide, may lead to a
local dehydration of the hydroxide. Consequently, the development of voids and a
lateral non-uniform compulsive stress within the middle shell of the cell is observed.
A cellular growth mechanism of self-organized anodic porous alumina was pro-

posed by Zhang et al. [390]. The oxide film propagation and growth takes place at a
curved metal/oxide interface, which can be counted as an unstable planar front. The
dissolution of aluminum and growth of the oxide are controlled by the distribution
of the electrical field (instability), which results in a re-stabilized curved metal/oxide
interface. Under steady-state conditions, the curved interface then propagates.

1.3.2.6 Other Theoretical Models of Porous Alumina Growth
The model of electronic conduction of anodic oxide based on the hopping conduc-
tivity of real amorphous dielectrics of limited thickness, with or without incorporat-
ed ions, was presented by Parkhutik and Shershulsky [239]. The hopping transport
was modeled as a quasi-Marcovian process. The current density–voltage relation-
ships recorded during aluminum anodizing were fully consistent with model pre-
dictions for a dielectric with negative space charge. The slope of the current–voltage
relationship was found to be related directly to the transition from the bulk-limiting
hopping conduction to surface-limited conduction. Another theoretical model based
on electrical field distribution was proposed by Parkhutik et al. [202,391]. Basic
conclusions derived from the field-assisted model of oxide growth were assumed.
The model also considered oxide dissolution by the electrochemical or electric field-
enhancedmechanism and 3D electric field distribution in the scalloped barrier layer
at pore bottoms. According to this model, the film geometry largely influences the
local conduction rate, and is therefore a main parameter responsible for the forma-
tion of a porous oxide. Themodel predicted that steady-state porous oxide growth is a
time-independent phenomenon, and that pore formation occurs in a self-consistent
manner. The relationship between pore geometry and some anodizing conditions,
including anodizing potential, temperature and pH, were successfully established
using this model, and the theoretical predictions obtained were consistent with
experimental data [239]. Parkhutik et al. [392] also studied the effect of combined
barrier and porous oxide growth in the mixture of chromic acid with sulfuric acid.
The results were attributed to an enhanced formation of insoluble aluminum chro-
mates at high electric field. The effect of extreme dependence of pore growth rate on
the electric field was suggested as a feasible explanation for this situation.
A mathematical model of oxide morphology evolution during anodizing was

presented by Wu et al. [393]. The main assumption of this model was based on
the established conduction behavior of anodic alumina oxide and interfacial reac-
tions. Additionally, the effect of current distribution on the near-concentric hemi-
spherical contour between existing surface ridges was taken into account. The
enhanced film growth above metal ridges due to a lower local resistance to the
metal/oxide interface results in a 2D potential distribution in the oxide film.
Although the process of porous oxide formation was described satisfactorily, a lack
of explanation for porous oxide growth in a narrow window of experimental

44j 1 Highly Ordered Anodic Porous Alumina Formation by Self-Organized Anodizing



conditions was evident. The same modeling school also presented a simulation of
the breakdown mechanism of passive oxide films and the growth of pits leading to
tunnel formation in anodized alumina during the anodic etching in solutions con-
taining chloride ions [394,395].
In addition to these previously mentioned models, many different approaches to

the anodic porous alumina growth have been described in the literature. The mor-
phology of anodic porous alumina membranes was simulated using a radial func-
tion of distribution of cells in the triangular network [396], rate equations for
competitive processes of alumina formation and etching [334,397], or linear stability
analysis showing instability of oxide layer with respect to perturbations with a well-
defined wavelength [398]. An electrical bridge model based on the analysis of ion
transport in the oxide film and electrical field distribution was also proposed in an
attempt to elucidate the self-organized growth of anodic porous alumina [399].
One very promising approach to the anodic porous alumina description seems to

be a fractal model of the porous layer formation [400], and the appearance of
hexagonally ordered patterns as a result of Turing systems modeling [401,402].

1.3.3
Volume Expansion: The Pilling–Bedworth Ratio (PBR)

The volume expansion of an anodic porous alumina, R, known also as the Pilling–
Bedworth ratio (PBR), is defined as the ratio of the volume of aluminum oxide,
which is produced by anodizing process, to the consumed aluminum volume:

R ¼ VAl2O3

VAl
¼ MAl2O3 �dAl

2�MAl�dAl2O3

ð41Þ

where:MAl2O3 is the molecular weight of aluminum oxide,MAl the atomic weight of
aluminum, dAl and dAl2O3 are densities of aluminum (2.7 g cm�3) and porous alu-
mina (3.2 g cm�3), respectively. The theoretical value of the PBR for porous alumina
formation with a 100% current efficiency is 1.6. Therefore, the aluminum specimen
volume increases significantly during anodizing (see Figure 1.18).
Experimental values of the volume expansion differ slightly from the theoretical

predictions due to the lower current efficiency of anodizing, and usually vary be-
tween 0.9 and 1.6 [224,384]. Jassensky et al. [384] found that increasing the anodizing
potential increases the PBR for anodization conducted in sulfuric acid and the
optimal conditions of anodizing; this results in the formation of high-ordered anodic
porous alumina corresponding to a moderate expansion of aluminum (R¼ 1.22).

Figure 1.18 Volume expansion observed during anodization of aluminum.
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According to Li et al. [403], the volume expansion factor for optimal anodizing
conditions leading to the hexagonally arranged nanopores should be close to 1.4,
independent of the electrolyte. For anodizing conducted in 0.34M oxalic acid at 40 V,
the volume expansion factor was found to be about 1.18 [236]. An anodic alumina
porosity of 10% guarantees the best ordering of nanopores and volume expansion of
about 1.23 [235]. By increasing the PBR above 1.3, a decrease in the size of the
ordered domains was observed. The volume expansion factor for the anodization of
aluminum in a 0.15M citric acid solution at 6 and 10mAcm�2 was found to be 1.4
and 1.5, respectively [217].
The influence of anodizing potential on the volume expansion factor was studied

by Vrublevsky et al. [247,404,405], for the anodization of aluminum conducted under
a constant current density. Measurements were performed using a mechanical
profiler with a computer signal processing for oxalic and sulfuric acids, whereupon
the PBR was found to be linearly dependent on the anodizing potential (Table 1.9).
In contrast, the concentration of oxalic acid in the range between 0.22 and 0.92M

(2% and 8%) did not affect the volume expansion factor [405]. For anodizing under
constant current density, increasing the temperature causes a decrease in anodizing
potential and volume expansion factor. Yet, increasing the current density increases
the volume expansion factor. This effect can be attributed to the fact that the PBR
depends on the electric field strength in the barrier layer. The dependence of the
current density logarithm on the inverse volume expansion factor of anodic porous
alumina is linear [247,404,405].

1.3.4
Rates of Oxide Formation and Oxide Dissolution

Awide variety of methods were employed tomeasure the thickness of the oxide layer
formed by anodization of aluminum [205]. Recently, optical and microscopic tech-
niques including TEM or SEM have mainly been used to evaluate anodic oxide layer
thickness.
For the constant current density anodization, the total thickness of the oxide layer

can be calculated from the pore-filling method, using the formula produced by
Takashi and Nagayama [406]:

h ¼ 10�7�BU�Vp� i�tp�MAl

n�F�k�dAl2O3

ð1�TAl3þÞ ð42Þ

Table 1.9 Anodizing potential influence on the Pilling–Bedworth
ratio at 20 �C and galvanostatic regime of anodizing.

Electrolyte Anodizing potential (V) R¼ f (U) Reference(s)

0.45M H2C2O4 22<U< 45 1.092þ 0.007�U [405]
U� 55 1.144þ 0.0057�U [247,404]
U> 55 1.308þ 0.003�U

1.1M H2SO4 13<U< 24 1.1þ 0.0217�U [404]
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where, BU is the barrier layer thickness per volt (nmV�1), i is the current density
(mAcm�2), MAl is the atomic weight of aluminum, n is the number of electrons
associated with oxidation of aluminum, F is Faraday�s constant, k is the weight
fraction of aluminum in alumina (0.529), dAl2O3 is the density of porous alumina
(3.2 g cm�3), TAl3þ is the transport number of Al3+ ions (about 0.4), and Vp and tp are
the voltage and time, respectively measured at the point where two straight parts of
the voltage–time transient meet.
On the other hand, the thickness of the oxide layer can be calculated from

Faraday�s law. As the efficiency of anodizing is not usually 100%, the recorded
current density cannot be used simply for theoretical estimation of the grown oxide
layer, and the current efficiency should be considered as follows:

mAl2O3 ¼ kAl2O3 �j�t�h ¼ MAl2O3

z�F �j�t�h ð43Þ

where, mAl2O3 is a mass of formed oxide, kAl2O3 is the electrochemical equivalent for
aluminum oxide, j is the passing current (A), t is the time (s), h is the current
efficiency, MAl2O3 is the molecular weight of aluminum oxide (gmol�1), z is the
number of electrons associated with oxide formation, and F is Faraday's constant
(Cmol�1). Taking into account that the oxidemass can be expressed as the product of
oxide density (dAl2O3 ) and oxide volume (VAl2O3 ) or as the product of density, the
surface area (S) and oxide height (h):

mAl2O3 ¼ dAl2O3 �VAl2O3 ¼ dAl2O3 �S�h ð44Þ

the oxide layer thickness formed at constant current anodizing is:

h ¼ MAl2O3

z�F�dAl2O3

� j
S
�t�h ¼ MAl2O3

z�F�dAl2O3

�i�t�h ð45Þ

where i is the current density. Consequently, for the constant potential anodizing the
thickness of the oxide layer can be expressed by:

h ¼ MAl2O3

z�F�dAl2O3

�h
ðt
0

iðtÞ dt ð46Þ

It is generally accepted that the constant current anodizing, the oxide thickness
increases linearly with increasing current density according to the following rela-
tionship:

h ¼ k�i�t ð47Þ

where k is a constant value independent of current density and temperature [364].
Therefore, the oxide layer thickness formed under constant potential anodizing can
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be calculated:

h ¼ k
ðt
0

iðtÞ dt ð48Þ

The value of k was estimated at about 3.09 · 10�6 cm3 (mA �min)�1 for the con-
stant current density anodizing carried out in 1.53M H2SO4 [364,367].
The thickness of the oxide layer grown under the constant potential regime in

0.3M oxalic acid can be easily estimated from SEM cross-sectional views and rates of
oxide formation (Rh in nmmin�1) at various temperatures according to the given
equation [241]:

ð5 �CÞ Rh ¼ 392:30�26:92U þ 0:63U2 ð49Þ

ð15 �CÞ Rh ¼ 123:43�9:19U þ 0:23U2 ð50Þ

ð30 �CÞ Rh ¼ 51:33�3:71U þ 0:095U2 ð51Þ

Sulka et al. [240,407] determined the experimental rate of oxide formation in 2.4M
H2SO4 under the constant potential anodizing regime. The growth rate of the oxide
layer was calculated for Al samples treated by one-, two-, and three-step anodizing
conducted in the overflow cell [407] at 1 �C (Figure 1.19A). No difference was found
between the experimental growth rate of oxide layers obtained by the one-, two-, and
three-step anodizing procedures. The experimental growth rates of oxide anodized
in the simple electrochemical cell with magnetic stirring were also determined for
various anodizing temperatures (Figure 1.19B). The effective growth rate of the
oxide layer on anodized aluminum increases exponentially with increasing cell
potential.
In general, the steady-state growth of anodic alumina is a result of equilibrium

between the rate of chemical formation and rate of oxide dissolution. The total
amount of dissolved oxide is a sum of electrochemical dissolution (field-assisted
process) and chemical etching. Hence, dissolution of the oxide layer should be a
function of the hydrogen ion concentration in the anodizing electrolyte, and is
especially accelerated by Hþ ion adsorption [199,202,254]. The typical rate of
field-assisted dissolution of alumina at room temperature is about 300 nmmin�1,
compared to a value of 0.1 nmmin�1 in the absence of the field (chemical dissolu-
tion) [203]. For anodizing conducted in 1.5M H2SO4 under 17V (12.9mAcm�2) at
21 �C, the rates of field-assisted dissolution and chemical dissolution were calculated
to be about 372.5 and 0.084 nmmin�1, respectively [244]. According to Nagayama
and Tamura [408], the rate of field-assisted dissolution of oxide is about 1040 nm
min�1 for anodization carried out in 1.1M H2SO4 at 11.9 V and 27 �C.
A strict control of the anodic nanoporous alumina formation requires the gaining

of access to the correct information concerning the rate of chemical dissolution of
oxide in the acidic electrolyte. The chemical dissolution of oxide, especially in acidic

48j 1 Highly Ordered Anodic Porous Alumina Formation by Self-Organized Anodizing



Figure 1.19 Growth rate of the oxide layer (Rh) versus anodizing
time. Anodizing was conducted at a constant cell potential in a
2.4M (20%) sulfuric acid electrolyte in the overflow cell (A) at 1 �C
and simple electrochemical cell (B) at various temperatures.
(Figure 1.19A reproduced with permission from Ref. [407],
� 2002, The Electrochemical Society.)
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electrolytes, is of major significance for the development of post-treatment proce-
dures that allow the strict control of the pore diameter of nanostructures. Moreover,
the rate of chemical etching of oxide in certain media serves as valuable information
in the process of selecting optimal anodizing conditions. The chemical dissolution
of alumina was normally studied in a sulfuric acid solution due to a strong chemical
aggression of the concentrated electrolyte used for anodizing. The concentration of
phosphoric or oxalic acid used as an electrolyte for the anodization of aluminum is at
least a few-fold lower than the sulfuric acid concentration. Consequently, the ex-
pected rate of chemical etching of alumina in phosphoric or oxalic acids solutions is
significantly lower. Selected values of the chemical etching rate in various electro-
lytes are listed in Table 1.10.
The rate of oxide dissolution in 1.53M oxalic acid is much slower than for the

same concentration of sulfuric acid [375]. For example, the rate of chemical etching
of oxide at 35 �C in oxalic acid is comparable with the rate of dissolution at 25 �C in
sulfuric acid [375]. The incorporated phosphate anions enhanced the chemical
dissolution of oxide [268]. Further details on the dissolution rate of the barrier layer
are presented in Section 1.4.3.

1.4
Self-Organized and Prepatterned-Guided Growth of Highly Ordered Porous Alumina

The process of alumina template formation by anodization is relatively simple and
results in a high density of parallel nanopores. Hence, anodic porous alumina (AAO)

Table 1.10 The rate of chemical etching of anodic alumina.

Electrolyte Concentration (M) Temperature (�C) Etching rate (nmmin�1) Reference

H2SO4 1.7 (15%) 20 0.076 [244]
25 0.114
30 0.172
50 0.873
70 4.434

0.1 (1%) 38 0.25
0.21 (2%) 0.27
1.4–3.1 (12–25%) 0.33
7.0 (48%) 0.25
15.3 (85%) 0.125
2.4 (20%) 20–22 0.05 [252]
1.53 (13.7%) 20–40 0.052–0.41 [364]
1.1 (10%) 27 0.074 [364]
1.1 (10%) 27 0.075 [408]
2.0 (11.1%) 60 1.6 [206]

H2C2O4 0.63 40 0.43 [406]
H3PO4 0.45 (4.25%) 20–22 0.02–0.02 [252]
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is a key template material for the fabrication of various nanostructured materials. In
general, there are two widely used methods of AAO template synthesis: (i) a self-
organized, two-step anodization leading to a quasi-monodomain structure; and (ii) a
prepatterned-guided anodization resulting in a perfectly ordered pore lattice.
A flow diagram of the self-organized formation of anodic alumina membranes by

the anodization of aluminum with a typical two-step anodizing procedure is pre-
sented in Figure 1.20.
The formation of nanopores by self-organized anodizing of aluminum is a mul-

tistage process consisting of a pre-treatment, anodizing, and post-treatment steps.
The pre-treatment procedure includes annealing of aluminum foil in a non-
oxidizing atmosphere, degreasing of samples, and electropolishing. The two-step
anodizing procedure is usually based on the initial anodizing at the pre-selected cell
potential and subsequent chemical etching of the grown aluminum oxide layer.
Following the chemical removal of oxide, a periodic concave triangular pattern
formed on the aluminum surface acts as self-assembled masks for the second
anodizing. The second anodization is conducted at the same cell potential as used
during the first anodizing step. Finally, the synthesized hexagonally arranged
nanopore structure can be removed from the base aluminum, and the pores may
be opened and widened.

Figure 1.20 Flow diagram of AAO templates formation by two-step anodizing in sulfuric acid.
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In contrast, prepatterned-guided anodizations based on the pre-texturing of elec-
tropolished aluminum prior to anodizing are used for the synthesis of ideally
ordered nanopores. Among these methods, a direct indentation of the aluminum
surface with a tip of the scanning probe microscope [410,411], focused-ion beam
lithography [412–415], holographic lithography [416] and resist-assisted focused-ion
beam lithography [417–419] were used successfully to form the pattern on the
aluminum surface. In the direct patterning of aluminum, each sample can be
indented individually, although this makes the techniques time-consuming and
also limits their applications to the laboratory scale. Therefore, the imprinting
lithography with a master stamp (mold) is the most widespread method used for
prepatterning of aluminum [420–436]. Stamps with an arranged array of convexes
are usually prepared lithographically, and can be used several times for the pre-
texturing of aluminum. The mold used for nanoindentation of aluminum can be
made from SiC [420–429], Si3N4 [430–432], Ni [433–435] and poly(dimethylsiloxane)
(PDMS) [436]. The imprinting of aluminum using amaster stamp and fabrication of
anodic porous alumina from prepatterned aluminum is illustrated in Figure 1.21.
The imprinting of aluminum with a master stamp is usually carried out using an

oil press. After imprinting, the generated array of concaves on the aluminum surface
is a negative replication of convexes of the master stamp. The typical depth of the
concave formed by the molding process is about 20 nm [420]. The different shape
and arrangement of convexes in the master mold leads to various nanopore arrays
in anodic porous alumina. The indentation of triangular, square, and graphite
structure lattices results in hexagonal, square, and triangular cells, respectively
(Figure 1.22) [424–427,430,432,434,436]. The porous alumina array with a Moiré
pattern was also fabricated using indentation with the mold [431].

Figure 1.21 Schematic diagram of fabrication of ideally ordered
porous alumina using an imprint stamp.
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Recently, the prepatterned aluminum surface has been obtained using nano-
sphere lithography (NSL) employing a 2D hexagonal close-packed array of polysty-
rene [433,437] and Fe2O3 spheres [438] formed on the Si or glass supporting sub-
strate. The aluminum layer was sputtered over the self-organized array of spherical
monodisperse nanoparticles. After the removal of particles, shallow concaves
formed on the Al surface serve as initiation points for pore formation during
anodizing (Figure 1.23).
A self-assembly, close-packed 3D ordered lattice of spherical polystyrene particles

formed on aluminum was used as a template for the synthesis of 2D/3D composite
porous alumina structure on the Al sample [439]. The formation of ordered anodic
porous alumina from the aluminum surface covered with a metallic Ta mask was
also presented [440].

1.4.1
Aluminum Pre-Treatment

The quality of aluminum substrates and their surface pre-treatment have major
influences on the surface nanostructuring by self-organized anodizing. The struc-
ture of a pre-existing film on the aluminum surface, which may develop in air,
thermally or during chemical and electrochemical treatment, depends on the ap-
plied pre-treatment procedure. During the self-organized anodizing of aluminum,
the process of pore nucleation is a combination of random nucleation and nucle-

Figure 1.22 SEM images of cells (A, C, E), openings (B, D, F) at
the bottom side of anodic alumina and cross-section (G) of
anodic alumina formed by indentation of triangular, graphite
structure and square lattices. (Reprinted with permission from
Ref. [427], � 2001, Wiley-VCH Verlag GmbH.)
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ation at surface faults. Moreover, the grain boundaries and scratches on the alumi-
num surface are sites for preferential pore development [440]. The pre-treatment
process control must be focused on the reduction of surface faults, or on their
controlled and reproducible generation, in the required morphology. Therefore, the
most desirable starting material for self-organized nanopore array formation by
anodizing is a high-purity, annealed aluminum foil.
The effect of starting material on pore ordering was studied by Terryn et al. [441].

Anodic porous film development in sulfuric and phosphoric acids was studied on
rolled and AC-grained aluminum, with a similar pore ordering, perpendicular to the
surface, being observed. The anodization of relatively pure aluminum and various
aluminum alloys was studied in a sulfuric acid solution at 0 �C [442], and the
uniformity of oxide growth was seen to increase with the increasing purity of
aluminum.
The annealing of foil reduces stresses in the material and increases the average

size of the grain [393,443], which is usually more than 100 mm (Figure 1.24). The

Figure 1.23 Schematic diagram of fabrication of high-ordered
anodic porous alumina using a 2D array of spherical monodis-
perse particles as template. (Reprinted with permission from
Ref. [438], � 2006, Wiley-VCH Verlag GmbH & Co. KGaA.)
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typical annealing of aluminum foil is conducted under an argon or nitrogen atmo-
sphere at 400 or 500 �C for 3–5 h.
The degreasing and polishing of Al samples is then carried out before anodizing.

Among various solvents used for degreasing, acetone and ethanol are commonly
employed. Due to their moderate or high carcinogenicity, dichloromethane [387],
trichloroethylene [218], benzene and methanol [444] have been used only sporadi-
cally. The immersion of samples in 5% NaOH at 60 �C for 30 s or 1min and
subsequent neutralization in a 1:1 HNO3þH2O solution for several seconds was
also proposed for Al degreasing and cleaning [236,309,335,343]. A mixed solution of
HFþHNO3þHClþH2O (1:10:20:69) was also proposed for degreasing and clean-
ing of the aluminum surface before anodizing, leading to a highly ordered, self-
organized nanopore array [403].
The most important step in the pre-treatment of aluminum before anodizing is

the polishing of samples. For aluminum, this can be achieved by means of mechani-
cal, chemical, or electrochemical polishing. Mechanical polishing of aluminum has
been used rather sporadically to prepare a smooth surface before anodizing
[252,390,442]. However, detailed TEM analyses of mechanically polished aluminum
have shown the procedure incapable of producing a microscopically smooth and
undeformed surface, even when conducted with great care [445]. Chemical polish-
ing of aluminum to prepare surfaces before anodizing may lead to highly ordered
nanostructures, and is not widely used (Table 1.11).
A combined chemical–mechanical polishing of aluminum with a slurry contain-

ing 0.05-mmAl2O3 particles with hydrogen peroxide, citric acid and phosphoric acid,
was reported in detail [447].
It should be noted that electrochemical polishing in a 60% HClO4þC2H5OH

(1:4, v/v) solution at 10 �C and 500mAcm�2 for 1min is commonly used to prepare
smooth Al surfaces before anodizing. Other less-frequently used electropolishing

Figure 1.24 Orientation image microscopy (OIM) top-view im-
age of the annealed and electropolished Al surface with marked
grain boundaries. The annealing was conducted in an argon
atmosphere at 400 �C for 5 hQ1 .

1.4 Self-Organized and Prepatterned-Guided Growth of Highly Ordered Porous Alumina j55



mixtures, together with conditions of electrochemical polishing, are listed in
Table 1.12.
An AFM study showed that the typical surface roughness of an electropolished

sample is about 20–30 nm on a lateral length scale of 10 mm [443]. The examination
of various procedures of pre-treatment of aluminum surfaces, includingmechanical
polishing or electropolishing, in a standard perchloric acid–ethanol mixture fol-
lowed by chemical etching was studied in detail [450]. The influence of the electro-
polishing of aluminum on pore ordering occurring during anodizing was also
studied [211,443,451]. Typical SEM images of the aluminum surface after electro-
polishing in a mixture of perchloric acid and ethanol are presented in Figure 1.25.
Similar stripes and mound patterns formed on the surface during the electro-

chemical polishing of aluminum were reported elsewhere [185,452–457]. The Al
(1 1 0) surface was found to exhibit a regular striped array, whereas on the Al (1 1 1)
and Al (1 0 0) surfaces hexagonally ordered patterns were observed. These patterns
act as self-assembled masks for nanopore growth in the anodizing process. Howev-
er, a cellular structure was also observed sporadically on the electropolished alumi-
num surface [449,450].
Apart from high-purity aluminum foil, the most frequently used starting materi-

als for the anodizing of aluminum have included sputtered or evaporated aluminum
on various substrates, including soda-lime glass covered with a tin-doped indium
oxide (ITO) [213,363,458–468], Si [298,310–312,321,322,468–485], Ti [486], InP [487]
and GaAs [488]. The transfer of nanopore order from anodic porous alumina to
semiconductor materials (e.g., Si) is of special interest from the point of view of

Table 1.11 Chemical polishing of aluminum before anodizing.

Electrolyte Temperature (�C) Time (min) Remarks Reference

70% HNO3þ 85%
H3PO4 (15:85)

85 2 Followed by
immersing in
stirred 1M
NaOH, 10min, RT

[278]

3.5% H3PO4þ 45 g L�1 CrO3 80 10 Followed by
electrochemical
polishing

[299]

70mL H3PO4þ 25mL
H2SO4þ 5mL HNO3

85 1.5 After initial
mechanical
polishing

[446]

91% H3PO4þ 98%
H2SO4þ 70% HNO3

(75:11:11, v/v)þ 0.8 g L�1

FeSO4�7H2O

95–100 45–75 Gentle
stirring
of solution

[333]

70% H3PO4þ 20%
H2SO4þ 10% HNO3þ 5 g L�1

Cu(NO3)2

– – – [341]

25% NaOHþ 20% NaNO3 80 3 – [220]

eRT: room temperature.
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integrating AAO with silicon circuit industrial processes, and the potential applica-
tion of such structures as biosensors, bioreactors, and magnetic recording media.
The main drawback of those methods which employ sputtered or evaporated alu-
minum is a limited thickness of the aluminum layer. Consequently, the anodizing

Table 1.12 Non-typical conditions of electrochemical polishing of aluminum.

Electrolyte
Temperature
(�C)

Current density
or potential Time (min) Reference(s)

20% HClO4þ 80% C2H5OH 0–5 15V 2 [259]
20% HClO4þ 80% C2H5OH 10 20V 2 [256]
20% HClO4þ 80% C2H5OH 10 100mAcm�2 5 [224,262–265]
HClO4þC2H5OH (1:4, v/v) 7 20V 1.0–1.5 [241]

30 160mAcm�2 3.5 [222]
51.7% HClO4þ 98%
C2H5OHþGlycerol
(2:7:1, v/v)

5 17V 4 [448]

HClO4þCH3COOH
(1:4, v/v)

10–15 100mAcm�2 – [268]

HClO4þC2H5

OH+2-butoxyethanolþH2O
(6.2:70:10:13.8, v/v)

10 500mAcm�2 1 [236]

HClO4þC2H5OH+2-
butoxyethanolþH2O

10 40V or
170mAcm�2

4.5 [305]

H3PO4þC2H5OHþH2O
(40:38:25, v/v)

40 5mAcm�2 2 [393]

H3PO4þC4H11OH (80:20, v/v) 60–65 10–40V 10–15 [449]
30–50mAcm�2

H3PO4þH2SO4þH2O
(4:4:2, v/v)

– – – [384,443]

H3PO4þH2SO4þH2O
(7:2:1, v/v)þ 35 g dm�3 CrO3

40 135mAcm�2 10 [299]

Figure 1.25 SEM top-view images of electropolished aluminum
foil with typical stripes (A) and mounds (B) patterns. The elec-
tropolishing was conducted in a 60%HClO4þC2H5OH (1:4, v/v)
solution at 10 �C and 500mA cm�2 for 1min.
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time required for steady-state growth of pores, and resulting in an ordered arrange-
ment of nanopores, might be not reached before the entire aluminum layer is
completely converted into aluminum oxide.
The self-organized anodizing of aluminum was carried out sporadically on alu-

minum alloys [489,490] or a curved cylindrical sample [491]. In the latter case,
cylindrically and pentagonally shaped 3D alumina nanotemplates with hexagonally
arranged nanopores were successfully fabricated.

1.4.2
Self-Organized Anodizing of Aluminum

The self-organized growth of ordered pores on anodized aluminum occurs within a
relatively narrow window of experimental conditions. Generally, a mild anodizing
process leading to porous alumina formation is conducted at low temperatures and
employs mainly sulfuric, oxalic, and phosphoric acids as an electrolyte. For each
electrolyte, there is a certain range of potential which can be applied for anodizing
without burning or breakdown of the oxide film (Table 1.13). Moreover, there is a
certain value of the anodizing potential (self-ordering regime) at which, the best
arrangement of nanopores is observed. When anodizing is conducted under differ-
ent values of anodizing potential, the degree of pore ordering is reduced drastically.
The temperature of electrolyte and alcohol addition have no influence on the self-
ordering regime for the certain anodizing electrolyte. In mild, self-organized anodi-
zation, the rate of oxide growth is low due to the low current density, and the highest
or most moderate rate of oxide growth is observed in sulfuric acid [448]. More
recently, hard anodizing (also known as a high-field anodizing) has been successfully
applied for self-organized oxide formation [213,251,499]. In this process the range of
anodizing potential and self-ordering values of potentials differ widely (Table 1.13).
The passing current density used during hard anodization is much higher than in

mild anodization, and the rate of oxide growth increases about 2500- to 3500-fold
[499]. For mild anodizing conducted in phosphoric acid, the rate of oxide growth is
about 0.05 to 0.2mmmin�1 over a range of anodizing potential from 80 to 195V,
whereas for hard anodizing at 195V the rate varies between 4 and 10 mmmin�1,
depending on the applied electric field [339,448]. Thus, in order to avoid any break-
down of the oxide film during hard anodization, aluminum is usually pre-anodized
at a constant current density or constant potential for a few minutes. It should be
noted that the high-field applied during hard anodizing promotes much evolution of
heat, and any excessive heat should be effectively removed from the sample in order
to prevent burning.
Following the discovery by Masuda and Satoh [500] of a two-step anodization,

the one-step, self-organized anodizing procedure (which resulted in a worse-or-
dered arrangement of nanopores) is no longer used. Today, a two-step anodizing
procedure is commonly used for the formation of high-ordered arrangements of
nanopores by anodizing aluminum in sulfuric, oxalic, or phosphoric acid. Fol-
lowing an initial anodization at the pre-selected cell potential, chemical etching of
the grown aluminum oxide layer is carried out in a mixed solution containing
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H3PO4 (6 wt.%) and H2CrO4 (1.8 wt.%) at a temperature of 60–80 �C (e.g., Refs.
[226,231,240,248,318,407,409,493,498]). A slightly modified composition of solu-
tion consisting of 0.4 or 0.5M H3PO4 and 0.2M H2CrO4 was also proposed for the
oxide removal [235,496,501]. The time required for the chemical etching of oxide
depends heavily on the thickness of the oxide film grown during the first anodization,
and can vary from a few minutes to several hours. It should be noted that the rate of
oxide growth during anodization depends significantly on the anodizing electrolyte,
with thehighest rate beingobserved for sulfuric acid anodizing.Acompletely different
method for the removal of oxide formed during the first-step of anodization was
proposed by Schneider et al. [502]. This method employs a voltage detachment proce-
dure, whereby a reverse voltage is applied to the anodized sample (the value of the
reverse voltage is the sameaswasused for theanodization). Sucha voltage detachment
procedure allows the production of a fully flexible anodic porous aluminamembrane,
as opposed to oxide removal by chemical etching. The enhancedmechanical flexibility
of the membrane is an undeniable advantage of the voltage detachment procedure
over the chemical etching. One application of the electrochemical voltage pulse tech-
nique for the effective detachment of oxide layer at various electrolytes was investi-
gated systematically [503]. The procedure results in a freestanding detached AAO
membrane with open pores. The proposed mechanism of the pulse detachment
involved oxide removal independently of the applied procedure, and resulted in the
formation of a periodic concave pattern on the aluminum surface, which acted as a
mask for the second anodizing. Following oxide removal, a second anodization is
carried out at the same anodizing potential as used for the first anodization. Selected
procedures of two-step anodization of aluminum resulting in a high-order arrange-
ment of nanopores are detailed in Table 1.14.
A three-step anodizing procedure, consisting of two full cycles of pre-anodization

and subsequent oxide removal, was verified as a method of self-organized nanopore
arrangement in oxalic [236,390] and sulfuric acid [407]. The duration of each anod-
izing step is usually different. For example, times for the first, second, and third
anodizations in three-step anodizing in oxalic acid were fixed at 10min, 690min and
3min, respectively [236]. It was fount that, for the three-step anodization, the order
of self-assembled nanopores is comparable with the arrangement of pores obtained
by the two-step anodizing process [390,407]. Brändli et al. [512] investigated the
effect of multi-step anodization in oxalic acid on a long-range uniformity in pore
diameter, with the anodization and oxide dissolution cycles being repeated even
three or four times; however, a rather disordered nanopore structure was obtained. It
was also found that increasing number of anodization–etching cycles led to an
increase in the uniformity of pore size and pore diameter.

1.4.2.1 Structural Features of Self-Organized AAO
The structural features of anodic porous alumina formed by anodization under a
potentiostatic regime depend on the electrolyte and the applied anodizing potential.
The interpore distance of the AAO lattice formed by the self-organized anodization
depends heavily on the anodizing potential. Figure 1.26 includes SEM images of the
pore arrangements with the same magnification, taken from the bottom of pores
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after their opening, and the interpore distance values of nanostructures. The high-
ordered anodic porous alumina films were obtained by the two-step anodizing in
sulfuric, oxalic, and phosphoric acid solutions under potentials of 25, 40, and 160V,
respectively. Pores formed in sulfuric, oxalic and phosphoric acid were opened by
immersing in 5wt.% phosphoric acid at 30 �C for 30min, 35 �C for 30min, and
45 �C for 30min, respectively.
SEM bottom-views of the AAO layers synthesized in the same electrolyte, but at

various anodizing potentials, are presented in Figure 1.27. The increasing anodizing
potential is seen to increase the interpore distance.
The typical range of potentials used for anodizing or hard anodizing (dotted

arrows) and corresponding interpore distances for various electrolytes are presented
in Figure 1.28. The diagonal of the graph denotes the theoretical dependence of
interpore distance on anodizing potential according to Eq. (5).
Irrespective of the type of electrolyte used, the linear relationship between the

anodizing potential and interpore distance of the formed nanostructures is clearly
visible. Each electrolyte is related with a specific range of anodizing potential and
corresponding interpore distance of the anodic porous alumina film. The interpore
distance of the formed nanostructure can be controlled over the whole range of
nanometric scale by choosing an appropriate anodizing electrolyte and correspond-
ing anodizing potential. It should be pointed out that the type of electrolyte used for
anodizing is directly related with the operating conditions, including the anodizing
potential, the concentration of electrolyte, and the temperature. On the other hand,
the structural features of anodic porous alumina are dependent upon conditions
used for anodizing. Selected operating conditions commonly used for anodizing of
aluminum are presented in Tables 1.15, 1.16 and 1.17 for sulfuric, oxalic, and
phosphoric acid anodizing, respectively.
In addition, the characteristic features of fabricated nanostructures including

pore diameter, interpore distance, porosity and pore density of the nanostructure,
are also collected in Tables 1.15–1.17. The operating conditions of anodization and

Figure 1.26 SEM bottom-views of porous anodic alumina with
hexagonally arranged nanopore structures after opening pore
bottoms. Nanostructures were formed by self-organized anodi-
zation in different electrolytes at 10 �C (A), 5 �C (B) and 3 �C (C).
(Reprinted with permission from Ref. [493], 1999, AVS The
Science & Technology Society.)
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Figure 1.27 SEM images of perfectly ordered porous anodic
alumina formed from pre-textured Al at different anodizing po-
tential in 0.3M oxalic acid at 17 �C (A and B) and 3 �C (C).
(Reprinted with permission from Ref. [420], � 1997, American
Institute of Physics.)

Figure 1.28 Anodizing potential influence on the interpore dis-
tance for anodic porous alumina formed in various electrolytes.
Dotted arrows for phosphoric, oxalic and sulfuric acids corre-
sponds to hard anodizing conditions. (Data for glycolic, malonic,
tartaric, malic and citric acids were taken from Refs. [211,213].)

1.4 Self-Organized and Prepatterned-Guided Growth of Highly Ordered Porous Alumina j63



Ta
bl
e
1.
15

St
ru
ct
ur
al

fe
at
ur
es

of
na

no
st
ru
ct
ur
es

ob
ta
in
ed

by
an

od
iz
in
g
in

H
2
SO

4
at

va
ri
ou

s
an

od
iz
in
g
co
nd

iti
on

s.

C
on

ce
nt
ra
tio

n
(M

)
Te
m
pe
ra
tu
re

(�
C
)

Po
te
nt
ia
l(
V)

D
p
(n
m
)

D
c
(n
m
)

a
(%

)
n
(1
cm

�
2 )

R
em

ar
ks

R
ef
er
en
ce
(s
)

0.
18

10
25

24
66

.3
12

.0
2.
63



10

1
0

2-
st
ep

[2
35
,4
93

]
0.
3

10
25

n
.a
.

60
n
.a
.

3.
2


10

1
0

1-
st
ep
,
vo
lu
m
e

ex
pa
n
si
on

fa
ct
or
:
1.
40

[4
03
]

0.
5–
4.
0

10
–
40

3–
18

12
–
18

18
.1
–
47

.9
41

.0
–
13

.0
3.
2–
0.
5


10

1
1

1-
st
ep

[2
38
]

1.
1

5
25

36
64

28
.7

2.
8


10

1
0

2-
st
ep

[5
02
]

1.
0–
1.
5

20
2–

20
9.
4–
16

.0
17

.8
–
50

.3
29

.3
–
10

.5
n
.a
.

1-
st
ep

[2
49
,5
13

]
1.
53

18
15

13
.5

40
.5

10
.1

8.
1


10

1
0

1-
st
ep
,
ra
te

of
ox
id
e

gr
ow

th
:
�3

30
n
m
/m

in
[4
48
]

1.
7

n
.a
.

10
–
15

10
–
20

n
.a
.

n
.a
.

n
.a
.

1-
st
ep
,
po

or
pe
ri
od

ic
it
y

[5
14
]

1.
8

0.
1–
5

15
–
25

10
–
20

44
.8
–
65

.0
4.
5–
8.
6

5.
8–
2.
7


10

1
0

1
st
ep

[2
51
]

1.
8

0.
1

40
–
70

30
–
50

90
–
13

0
10

.0
–
13

.5
1.
4–
0.
7


10

1
0

1-
st
ep
,
h
ar
d
an

od
iz
in
g,

[2
13
,2
51

]
2.
4

�8
to

10
15

–
25

13
.4
–
27

.0
39

.7
–
68

.7
10

.3
–
20

.5
7.
3–
2.
4


10

1
0

2-
st
ep

[2
40
,2
48

,4
07
,4
09
]

6.
0–
8.
0

0
or

20
18

30
45

40
.3

5.
7


10

1
0

2-
st
ep

[4
94
]

D
p
:
po

re
di
am

et
er
;

D
c:
in
te
rp
or
e
di
st
an

ce
;

a:
po

ro
si
ty
;

n:
po

re
de
n
si
ty
;

n
.a
.:
da
ta

n
ot

av
ai
la
bl
e.

64j 1 Highly Ordered Anodic Porous Alumina Formation by Self-Organized Anodizing



Ta
bl
e
1.
16

St
ru
ct
ur
al

fe
at
ur
es

of
na

no
st
ru
ct
ur
es

fo
rm

ed
by

an
od

iz
in
g
in

H
2
C
2
O

4
at

va
ri
ou

s
an

od
iz
in
g
co
nd

iti
on

s.

C
on

ce
nt
ra
tio

n
(M

)
Te
m
pe
ra
tu
re

(�
C
)

Po
te
nt
ia
l

(V
)

D
p
(n
m
)

D
c
(n
m
)

a
(%

)
n
(1
cm

�
2 )

R
em

ar
ks

R
ef
er
en
ce
(s
)

0.
03
–
0.
06

3
10

0–
16

0
50
–
10

0
22

0–
44

0
4.
7

0.
24
–
0.
06



10

1
0

1-
st
ep
,
h
ar
d
an

od
is
in
g

[2
13
]

0.
15

�1
70

90
.4

n
.a
.

26
.9

0.
42



10

1
0

1-
st
ep

[2
53
,5
15
]

16
87

.4
21

.9
0.
36



10

1
0

0.
15

5
10
–
60

11
–
39

40
.6
–
14

1
6.
6–
6.
9

7.
0–
0.
6


10

1
0

2-
st
ep

[4
95
]

0.
5

40
27

95
8.
1

1.
3


10

1
0

0.
2

18
40

40
10

3
13

.7
1.
2


10

1
0

1-
st
ep
,
ra
te

of
ox
id
e

gr
ow

th
:
�7

1
n
m

m
in

�
1

[4
48
]

0.
2

18
40

43
.8

10
4.
2

16
.0

1.
1


10

1
0

2-
st
ep

[5
05
]

0.
3

1
11

0–
15

0
49
–
59

22
0–
30

0
3.
3–
3.
4

1.
3–
1.
9


10

1
0

H
ar
d
an

od
iz
at
io
n

[4
99
]

0.
3

1
40

31
10

5
8.
0

1.
05



10

1
0

2-
st
ep
,
ra
te

of
ox
id
e
gr
ow

th
:

28
.6
n
m

m
in

�
1
or
de
re
d

do
m
ai
n
s:
1–

5
mm

2

[2
35
,4
93
]

0.
3

15
20
–
60

n
.a
.

49
.8
–
15

9.
8

n
.a
.

4.
6–
0.
45



10

1
0

2-
st
ep
,
ra
te

of
ox
id
e
gr
ow

th
fo
r

40
V
:
�1

47
.7
5
þ
12

5.
53

t
[n
m

m
in

�
1 ]

[2
41
]

40
24

10
9

4.
4

0.
97

·
10

1
0

0.
3

15
40

63
10

0
36

.0
1.
15



10

1
0

3-
st
ep
,
or
de
re
d
do

m
ai
n
s:
0.
5–
2
mm

2
[3
90
]

0.
3

20
40

50
92

26
.8

1.
36



10

1
0

2-
st
ep

[5
09
]

0.
3

30
2–
40

11
.5
–
34

.2
20

.3
–
97

.3
31

.4
–
12

.5
n
.a
.

1-
st
ep

[2
49
,5
13
]

0.
34

15
40

60
10

4
31

.6
1.
12



10

1
0

3-
st
ep
,
or
de
re
d
do

m
ai
n
s:
�4

mm
2

[2
36
]

0.
45

5
40
–
50

36
–
57

10
5–
11

4
10

.7
–
22

.7
1.
05
–
0.
89



10

1
0

2-
st
ep

[5
02
]

0.
45
–
0.
9

10
–
40

3–
20

14
.5
–
21

.1
20

.5
–
54

.5
45

.7
–
13

.7
3.
1–
0.
4


10

1
1

1-
st
ep

[2
37
]

20
–
40

21
.1
–
37

.7
54

.5
–
11

0.
7

13
.7
–
10

.6
0.
4–
0.
1


10

1
1

0.
63

20
–
40

4–
36

7.
3–
18

.5
n
.a
.

32
.0
–
10

.4
19

.1
–
0.
97



10

2
0

1-
st
ep

[4
06
]

D
p
:
po

re
di
am

et
er
;

D
c:
in
te
rp
or
e
di
st
an

ce
;

a:
po

ro
si
ty
;

n:
po

re
de
n
si
ty
;

n
.a
.:
da
ta

n
ot

av
ai
la
bl
e.

1.4 Self-Organized and Prepatterned-Guided Growth of Highly Ordered Porous Alumina j65



Ta
bl
e
1.
17

St
ru
ct
ur
al

fe
at
ur
es

of
na

no
st
ru
ct
ur
es

fo
rm

ed
by

an
od

iz
in
g
in

H
3P
O

4
at

va
ri
ou

s
an

od
iz
in
g
co
nd

iti
on

s.

C
on

ce
nt
ra
tio

n
(M

)
Te
m
pe
ra
tu
re

(�
C
)

Po
te
nt
ia
l(
V)

D
p
(n
m
)

D
c
(n
m
)

a
(%

)
n
(1
cm

�
2 )

R
em

ar
ks

R
ef
er
en
ce
(s
)

0.
04
–
0.
4

�1
to

16
16

0
17

0–
20

0
n
.a
.

14
.0
–
26

.0
5.
0


10

1
2

1-
st
ep

[5
15

]
0.
1–
0.
25

0
19

5–
23

5
13

0–
n
.a
.

42
0–
48

0
8.
7–

n
.a
.

6.
5–
n
.a
.


10
8

1-
st
ep
,
h
ar
d

an
od

iz
in
g

[2
13

]

0.
1

3
19

5
15

8.
4

50
1

9.
0

4.
6


10

8
1-
st
ep

[2
35

,4
93
]

0.
3–
1.
1

0
19

5
n
.a
.

50
0

n
.a
.

4.
6


10

8
1-
st
ep

[4
97

]
0.
4

25
80

80
20

8
13

.4
3.
1


10

9
1-
st
ep
,
ra
te

of
ox
id
e

gr
ow

th
:
�5

5.
6
n
m

m
in

�
1

[4
48

]

0.
4

25
5–
40

20
.8
–
74

.7
23

.5
–
10

5.
4

80
.0
–
50

.5
n
.a
.

1-
st
ep

[2
49

]
0.
42

23
.9

20
–
12

0
33

73
–
27

4
18

.9
–
0.
9


10

9
1-
st
ep
,
po

re
di
am

et
er

co
n
st
an

t
[1
97

]

0.
42

25
87
–
11

7.
5

64
–
79

23
6–
33

3
n
.a
.

n
.a
.

1-
st
ep

[2
32

]
0.
53

n
.a
.

40
–
12

0
60
–
20

0
n
.a
.

n
.a
.

n
.a
.

1-
st
ep
,
ra
te

of
ox
id
e

gr
ow

th
:
1–
2
n
m

m
in

�
1 ,

po
or

pe
ri
od

ic
it
y

[5
14

]

1.
1

3
16

0
n
.a
.

42
0

n
.a
.

6.
5


10

8
1-
st
ep
,
vo
lu
m
e
ex
pa
n
si
on

fa
ct
or
:
1.
45

[4
03

]

H
3
P
O
4-
C
H

3
O
H
-H

2
O

(v
/v

1:
10
:8
9)

�4
19

5
20

0
46

0
17

.1
5.
5


10

8
2-
st
ep
,
or
de
re
d

do
m
ai
n
s:
1–
5
mm

2
[4
98

]

H
3
P
O
4-
C
2H

5
O
H
-H

2
O

(v
/v

1:
20
:7
9)

�1
0
or

�5
19

5
(a
t
cu
rr
en

t
de
n
si
ty

15
0–
40

0
m
A
cm

�
2 )

80
–
14

0
38

0–
32

0
4.
0–
17

.4
8.
0–
11

.3


10

8
2-
st
ep
,
h
ar
d
an

od
iz
in
g,

ra
te

of
ox
id
e
gr
ow

th
:

4–
10

mm
m
in

�
1
,
an

od
iz
in
g

ra
ti
o:

0.
62

n
m

V
�
1

[3
39

]

0.
42

M
H

3P
O
4
þ
0.
5–
1%

H
yd
ra
cr
yl
ic

tr
ip
ro
ti
c
ca
rb
ox
yl
ic

ac
id
þ
0.
05
–
0.
1%

C
er
iu
m

sa
lt

15
–
20

12
0–
13

0
10

0–
20

0
n
.a
.

9.
0–
43

.3
1.
1–
1.
4


10

1
3

1-
st
ep

[2
19

,5
16
]

D
p
:
po

re
di
am

et
er
;

D
c:
in
te
rp
or
e
di
st
an

ce
;

a:
po

ro
si
ty
;

n:
po

re
de
n
si
ty
;

n
.a
.:
da
ta

n
ot

av
ai
la
bl
e.

66j 1 Highly Ordered Anodic Porous Alumina Formation by Self-Organized Anodizing



corresponding structural features of anodic porous alumina films for infrequently
used electrolytes, such as chromic, glycolic, malic, tartaric, citric and malonic acids
or mixed sulfuric and oxalic acids, are listed in Table 1.18.
An analysis of the data contained with Tables 1.15–1.18 shows that the highest

density of nanopores can be obtained by anodizing in sulfuric acid. Anodization
carried out in other electrolytes results in a lower pore density of the anodic porous
alumina film. It should be noted that the pore diameter is less strictly related to the
anodizing potential than the interpore distance, and is seen to differ slightly even for
the same anodizing conditions. Consequently, there is no consistency among the
porosity of nanostructures obtained under the same anodizing conditions. This can
be attributed to various concentrations of the electrolyte, or to various hydrodynamic
conditions of anodizing. It is generally accepted that stirring of the electrolyte during
anodization is an unquestionable necessity for in order to form ordered hexagonal
nanostructures [221,236,366,443]. Indeed, without stirring the electrolyte the tem-
perature at pore bottoms increases significantly [236]. Subsequently, in the event of
weak heat abstraction, breakdown of the oxide film or its anodic dissolution can
easily occur, especially during anodization at high potential or high electric field
(hard anodization). Furthermore, the electrolyte composition at pore bottoms differs
from the bulk electrolyte [366,443]. In general, with an increasing speed of electro-
lyte stirring and decreasing concentration of the acidic solution used for anodizing, a
shift of the self-ordering regime occurs and higher values of anodizing potentials
can be applied (compare mild and hard anodizations in Table 1.13) [494]. On the
other hand, an increasing concentration of acid, especially in combination with a
high anodizing temperature or a long process duration, greatly enhances the chem-
ical etching of oxide; the result of this is that a significant widening of pores occurs.
The effect of electrolyte temperature on interpore distance, pore diameter, wall

thickness and barrier layer thickness of anodic porous alumina formed by two-step
anodizing in 2.4M H2SO4 is illustrated graphically in Figure 1.29. These data were
collected in the range of anodizing potential from 15 to 25V for two different
geometries of the electrochemical cell. A simple double-wall cell with magnetic
stirring [240,248] and overflow cell with a pump system [407,409] were used for
anodizing aluminum over a range of temperatures from �8 to 10 �C. For the
overflow cell, anodizations were conducted only at a temperature of 1 �C. With
increasing temperature of the electrolyte, however, the range of anodizing potential
narrows such that, at 10 �C, the self-ordering of nanopores is observed only between
17 and 25V.
An analysis of the data presented in Figure 1.29 shows that the interpore distance

and barrier layer thickness do not vary significantly with the temperature of anodi-
zation. Moreover, the different geometry of the set-up, resulting in the different
hydrodynamics conditions, does not have any considerable influence on the inter-
pore distance and barrier layer thickness. These experimental data are in a close
agreement with the theoretical predictions calculated from Eqs. (5) and (15). For the
pore diameter and wall thickness, such good consistency between the experimental
values is not observed, and the data differ depending on the anodizing temperature.
In general, increasing the temperature of the electrolyte leads to an increase in pore
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diameter and a decrease in wall thickness. Due to the slow chemical dissolution of
oxide occurring at �8 �C, the smallest pore sizes were obtained. Consequently, the
thinnest cell walls are observed at the highest studied temperature. Since porosity
depends on the pore diameter according to Eq. (19), the observed changes in pore
diameter at different anodizing temperatures should also be indicated in the calcu-
lated porosity of the nanostructure.
The influence of temperature on the porosity and pore density of self-organized

anodic porous alumina formed in various electrochemical cells and temperatures
are presented in Figure 1.30.
Indeed, the data in Figure 1.30 indicate that the porosity of anodic alumina varies

between 10 and 20% in the whole range of the anodizing potential, and for all

Figure 1.29 Average interpore distance (A) pore diameter
(B), wall thickness (C) and barrier layer thickness (D) versus
anodizing potential at various temperatures. The anodization in
the overflow cell and double-wall cell with magnetic stirrer was
carried out in 2.4M H2SO4.
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studied temperatures. With increasing anodizing potential, both behaviors – an
increase and decrease in porosity – were observed. As might be expected from
Eq. (25), the pore density decreases with increasing anodizing potential for all
temperatures.
The current density recorded during steady-state growth of anodic porous alumi-

na in 2.4M sulfuric acid under a constant potential regime shows an exponential
dependency on the anodizing potential (Figure 1.31A).

Figure 1.30 Porosity (A) and pore density of the nanostructure
(B) versus anodizing potential at various temperatures. The
anodization in the overflow cell and double-wall cell with mag-
netic stirrer was carried out in 2.4M H2SO4.

Figure 1.31 Dependence of steady-state current density on an-
odizing potential (A) and ln Ireal on porosity of nanostructure (B)
at various temperatures. The anodization in the overflow cell and
double-wall cell with magnetic stirrer was carried out in 2.4M
H2SO4.
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Although the increasing temperature increases the current density of the porous
oxide growth, a different hydrodynamics flux in electrochemical cells does not have
any significant influence on the steady-state current density. It is widely recognized
that the current density accompanied by steady-state growth of the porous oxide film
is related exponentially with the electric field strength, defined as a ratio of forming
potential to barrier layer thickness. Therefore, the recorded steady-state current
density at 1 �C is similar for different electrochemical cells. Due to the porosity of
the anodic film, the real current density at the bottom of the pores is much higher
than recorded. The real current density, Ireal, as the ratio of average current density
for the certain anodizing potential to the porosity of nanostructure, shows a linear
dependency on the porosity of nanostructure (Figure 1.31B).
The structural features of anodic porous alumina formed in 2.4M H2SO4 (espe-

cially pore diameter) depend on the electrolyte temperature as, with increasing
temperature, an enhanced oxide dissolution is observed (Figure 1.32).
As a result, a considerable widening of pores occurs at the higher anodizing

potential. The 3D SEM top-view image of anodic porous alumina formed at 25V
shows that, at this particular magnification, nanostructures do not exhibit defects in
the nanopores arrangement. The distances between neighboring pores and pore
diameter are fully uniform over the analyzed surface area for the temperature of

Figure 1.32 SEM top-view and 3D images for the anodic porous
alumina surface formed at�8 �C (A) and 10 �C (B). The two-step
anodization in the double-wall cell with magnetic stirrer was
carried out in 2.4M H2SO4 under 25 V. (Reprinted with per-
mission from Ref. [240], � 2007, Elsevier Ltd.).
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�8 �C. At a temperature of 10 �C, however, a variation is indicated in pore diameter
over the surface area (Figure 1.32B). Moreover, the pores are reasonably wider than
those observed at �8 �C, a finding which is especially apparent in the 3D SEM
image, where the surface of the sample anodized at 10 �C is smoother due to the
enhanced chemical etching of oxide. Uniformity of the pore diameter and interpore
distance were also analyzed with, for all studied temperatures, 1000 independent
measurements of pore diameter and interpore distance being carried out from SEM
top-views images of anodic porous alumina formed under various cell potentials.
The collected values of the pore diameter and interpore distance, for each of the
anodizing potentials, were classified into seven groups and distribution diagrams
were constructed for all studied temperatures. The typical pore size and interpore
distance distribution diagrams obtained for an anodizing potential of 19 Vat various
temperatures are shown in Figure 1.33.
In order to obtain a better understanding of the influence of temperature on

uniformity of pore diameter and interpore distance, the breadths of the distribu-
tion diagram (being a maximum difference between extreme values), were cal-
culated from the diagrams and are collected in Table 1.19. Most importantly,
it should be noted that for anodizations carried out at 10 �C under 15 and
17 V, the pore growth was not exhibited on the surface. Rather, a fiber-like oxide
or porous random oxide structure was formed on the top of anodized aluminum
surface.
In general, the breadth of distribution diagrams at �8 and 1 �C decreases with

increasing anodizing potential, over the range of potentials between 15 and 23V. A
further increase in anodizing potential to 25Vcauses a slight increase in the breadth
of the distribution diagrams. At an anodizing temperature of 10 �C, there is no a
direct relationship between anodizing potential and the breadth of the diagram. This
can be explained in terms of the enhanced chemical dissolution of oxide at 10 �C
and, consequently, a significant change in pore diameter. Thus, the uniformity of
pore diameter is heavily affected by the chemical attack of acid.
It is generally accepted that whilst the duration of anodizing influences the pore

diameter, the cell size stays unchanged [223]. With increasing anodizing time an
increase in pore sizes was observed elsewhere (e.g., Refs. [201,223,233,255,408]).
The pore diameter increases with anodizing time due not only to the chemical
dissolution of oxide but also to the coalescence and formation of stable pore walls
[223]. The anodizing duration also alternates the regularity of the self-organized
anodic porous alumina structure. An improvement in nanopore arrangement and
an increase in the average size of the domains exhibiting an ideally arranged pore
structure, were observed with increasing anodizing time for sulfuric [216,407,492],
oxalic [216,518], phosphoric [216,497], and malonic acid [211] solutions. Thus, an
extended anodizing time improves the regularity of nanopore arrangement and
produces the ideally arranged triangular lattice. Moreover, the extended anodizing
not only rearranges the cells but also reduces the number of defects and dislocations
in the nanostructure. In contrast, Nielsch et al. [235] found that on extending the
anodizing time from 24 to 48 h, the size of ordered domain decreased for the
anodization conducted in 0.1M H3PO4.
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Figure 1.33 Poresizeand interporedistancedistributiondiagrams
of anodic porous alumina formed under 19V at various tempera-
tures: �8 �C (A and D), 1 �C (B and E) and 10 �C (C and F). The
two-step anodization in the double-wall cell with magnetic stirrer
was carried out in 2.4M H2SO4.
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1.4.2.2 Order Degree and Defects in Nanopore Arrangement
The broad range of various applications of the high-ordered, self-organized anodic
porous alumina requires close control of the nanopore arrangement over a large
surface area. From the nanoengineer�s perspective, one of the most desired material
is a close-packed nanostructure with a perfect arrangement of uniform pores.
Therefore, the avoidance of defects formation in self-organized anodic porous alu-
mina and a subsequent strict analysis of ordering degree in the nanostructure is
extremely important. The two-step anodization of aluminum, conducted under
precisely selected operating conditions including the specific self-ordering regime
of anodizing potential, can lead to perfectly arranged nanostructures. In the case
when operating conditions are fixed differently from the self-ordering regime, the
hexagonal arrangement of nanopores is disturbed and some defects appears. An
analysis of the order degree of nanopore arrangement can be performed from
images of the anodized aluminum surface, or from images showing the pore
bottoms. It should be noted that the order degree determined from the surface of
anodized aluminum is usually slightly worse than the order at the pore bottoms.
This difference is attributed to the rearrangement of pores occurring at the metal/
oxide interface during the anodic porous alumina growth.
SEM images taken from the anodized surface and pore bottoms, together with 2D

fast Fourier transforms (FFTs) and average profiles along the intensity of the 2D FFT
image, are shown in Figure 1.34. The two-step, self-organized anodizing of alumi-
num was performed in 2.4M H2SO4 under 21V at 1 �C.
The regular triangular nanopore array with a limited number of defects in the

pore arrangement is clearly visible in SEM images, and proven by 2D FFT images.
The Fourier transform of the lattice provides useful information about the period-
icity of the structure in the inverse scale. For a perfectly triangular lattice, a FFT
pattern should consist of six distinct spots on the edges of a hexagon.When the order
of the lattice is worse, ring-shaped or even disc-shaped forms can appear in the FFT
image. The non-perfect regularity of the nanostructure shown in Figure 1.34 is

Table 1.19 Distribution diagrams breadth at various temperatures and anodizing potentials.

Breadth of the distribution diagram (nm)

Pore diameter Interpore distance

Potential (V) �8 �C 1 �C 10 �C �8 �C 1 �C 10 �C

15 14.0 5.7 – 35.0 3.7 –

17 14.0 6.3 – 34.6 2.4 –

19 12.6 5.1 13.0 32.9 3.6 35.7
21 10.4 4.9 18.2 32.9 3.1 31.4
23 6.3 4.2 19.6 30.1 2.8 33.6
25 11.5 4.9 15.3 37.0 2.7 34.6

The two-step anodization in double-wall cell with magnetic stirrer was carried out in 2.4M
H2SO4. (Reprinted with permission from Ref. [240]; � 2007 Elsevier Ltd.).
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indicated in the ring-shaped pattern of the 2D FFT. The higher order degree at the
pore bottoms appears as distinctlymarked spots in the 2D FFT image (Figure 1.34B),
and narrower main peaks in the average profile along the intensity of the FFT image.
The cross-section of anodic porous alumina layer formed by two-step, self-orga-

nized anodizing in 2.4M H2SO4 at 21V shows a net of parallel straight channels
(Figure 1.35A). In order to observe a channel structure of holes grown in the
anodized layer, a Heþ ion beam was transmitted vertically through the anodic layer
with open pores, and dissipation of the beam after membrane transmission was
analyzed. In the dissipation diagram (Figure 1.35B), a relatively narrow peak proves
that channels formed during anodizing are both straight and parallel.
A two-step, self-organizing anodization of aluminum in sulfuric acid can result in

the perfect triangular arrangement of nanopores. Figure 1.36A shows the SEM-top
view of anodic porous alumina formed in sulfuric acid at 25V and �8 �C.
The perfectly arranged triangular lattice of nanopores is indicated in the SEM

image as a net of black circles. The dimensions of pores and distances between
neighboring pores are fully uniform. The 3D SEM image of the anodized surface

Figure 1.34 SEM top (A) and pore bottom (B) views of anodic
porous alumina layer with 2D FFT images and profile analyses of
the FFT intensity. The two-step anodization in the double-wall cell
with magnetic stirrer was carried out in 2.4M H2SO4 under 21 V
at 1 �C.
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(Figure 1.36B) does not exhibit any defects in the arrangement of pores, while the
high-degree of pore order is proved by the 2D FFTpattern (Figure 1.36C) consisting
of six distinct spots.
It is widely recognized that the ideally ordered array of nanopores grown by self-

organization processes can be observed only within perfectly ordered domains, over
a surface area of about 0.5 to 5mm2 [236,403,493,498]. Defects in the hexagonal
arrangement of nanopores appear at boundaries between ordered domains.
Figure 1.37A shows the SEM top-view image of anodized aluminum taken from
the surface area of 1mm2. The anodic porous alumina film was formed by two-step
anodizing in 2.4M H2SO4 under the constant potential of 25V at �8 �C. A close-
packed hexagonal arrangement of nanopores is still visible, but some defected pores
have appeared that are not six-fold coordinated by neighboring pores. The 3D SEM
image (Figure 1.37B) reveals clearly existing centers of defects as the protruding hills
much higher than others. The order degree in the nanostructure was reduced
slightly, and six distinct spots in the FFT image (Figure 1.37C) were broadened out.
The effect of anodizing temperature on the pore order degree of anodic porous

alumina formed in sulfuric acid was studied at cell potentials between 15 and 25V. A
typical SEM top- view and 2D FFT images are shown in Figure 1.38A for a sample
anodized at 23V and 1 �C.
In order to better characterize the order degree of self-organized nanostructures,

quantitative analyses of the FFT intensity profile were performed for various tem-
peratures and anodizing potentials. Figure 1.38B presents the intensity profile taken
from the FFT image along the direction marked with a solid line. From other two
directions, marked in the FFT image, the intensity profiles were also taken and the
regularity ratio, H/W1/2 (defined as a ratio of the maximum intensity of the peak to
the wide of the peak at half-maximum; Figure 1.38B), was calculated for various

Figure 1.35 Cross-sectional view of anodic porous alumina
formed at 21 V (A) and dissipation diagram recorded after
transmission of the Heþ ion beam through the channels of AAO
(B). The two-step anodization in the double-wall cell with mag-
netic stirrer was carried out in 2.4M H2SO4 at 1 �C.
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anodizing potentials and temperatures. The average regularity ratio versus anodiz-
ing potential is shown in Figure 1.39.
The results show that the hexagonal arrangement of nanopores obtained by two-

step, self-organized anodization of aluminum in sulfuric acid can be considerably
improved by increasing the anodizing potential. The average regularity ratio
increases with anodizing potential such that a maximum is reached at 25 V, inde-
pendently of the anodizing temperature. These results show that the formation
of nanostructure with the best nanopore order occurs at the anodizing potential
of 25 V.
The secondmethod of quantitative analysis of pore arrangement in anodic porous

alumina formed by self-organized anodization is based on a defect maps known as
Delaunay�s triangulations. Defects maps constructed from SEM top-view images for
the arrangement of over 1000 pores formed in 2.4M sulfuric acid at various po-
tentials and temperatures are shown in Figure 1.40. Each pore that is not six-fold

Figure 1.36 SEM top-view (A), 3D topography representation
(B), and 2D FFT (C) image of a perfect triangular nanohole array.
The porous alumina layer was formed at 25 V by two-step an-
odizing in 2.4M H2SO4 at �8 �C. The analyzed surface area was
0.25mm2. (Reprinted from Ref. [226].)
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Figure 1.37 SEM top-view (A), 3D topography representation
(B), and 2D FFT (C) image of anodic porous alumina with a
regular nanohole array. The porous alumina layer was formed at
25 V by two-step anodizing in 2.4M H2SO4 at �8 �C. The ana-
lyzed surface area was 1mm2. (Reprinted from Ref. [226].)

Figure 1.38 SEM top-view and FFT images of anodic porous
alumina (A) and profile analysis of the FFT intensity along the
marked solid line (B). The porous alumina layer was formed at
23 V by two-step anodizing in 2.4M H2SO4 at 1 �C. (Reprinted
with permission from Ref. [240], � 2007 Elsevier Ltd.).
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Figure 1.39 Anodizing potential influence on the average regu-
larity ratio (H/W1/2) at various temperatures. (Reprinted with
permission from Ref. [240], � 2007, Elsevier Ltd.).

Figure 1.40 Defect maps of the arrangement of over 1000 pores
constructed from SEM images taken from a surface anodized at
various cell potentials: 17 V (A), 21 V (B) and 25 V (C). The porous
alumina layer was formed at 23 V by two-step anodizing in 2.4M
H2SO4 at 1 �C. (Reprinted with permission from Ref. [248],
� 2006, Elsevier B.V.).
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coordinated by neighboring pores is marked with a white dot. The percentage of
defected pores was calculated and collected in Table 1.20.
For anodizing potentials from 15 to 23V, the percentage of defected pores is

constant, independent of the anodizing temperature. At a temperature of 1 �C, a
20% defect level is observed, while at�8 or 10 �C the percentage of defects increases
to about 30%. A perfectly ordered anodic porous alumina with a number of defects
equals to about 10% can be obtained by a self-organized anodizing of aluminum
carried out at 25V.
The analysis of nanostructure regularity and generated defects showed that the

best nanostructure resulting in a highly ordered and uniform nanopore arrange-
ment with a limited number of defects can be formed by a self-organized anodizing
of aluminum conducted in sulfuric acid at 25V and at 1 �C.
The effect of electrolyte concentration and anodizing time on the regularity of

nanostructures formed by self-organized anodization of aluminum were also inves-
tigated for oxalic acid [241,385,495,496]. The regularity ratio analysis performed at
various temperatures showed that the best nanopore arrangement with a largest size
of ordered domains can be observed for the nanostructure formed under 40V in
0.5M oxalic acid and 5 �C [495], or in 0.3M oxalic acid at 15–17 �C [241,496]. In
contrast, Ba et al. [385] suggested that the best ordered anodic porous alumina could
be formed by anodizing under 40V in 0.6M oxalic acid at 0 �C. The influence of
anodizing time on the size of the ordered domains grown during the anodization of
aluminum in 0.3M oxalic acid at 40 V and 0 �C was studied [236,519]. It was found
that the ordered domain size, equal to about 2.8 mm2, could be obtained after 10 h of
anodization, and the ordered domain area was doubled after 7 h of anodizing [519].
The linear relationship between the size of domain, D (mm2), and time of anodiza-
tion, t (h), was found to be at 0 �C:

½519� D ¼ 0:550�t ð52Þ

½236� D ¼ 0:195�t ð53Þ

Table 1.20 Percentage of defects in the arrangement of nanopores at various temperatures.

�8 �C 1 �C 10 �C

Anodizing
potential
(V)

Surface
area (mm)

Number
of
pores

Percentage
of defects
(%)

Number
of pores

Percentage
of defects
(%)

Number
of pores

Percentage
of defects
(%)

15 1.24
 1.24 1230 30.81 1054 20.87 – –

17 1.32
 1.32 1046 29.70 1072 20.43 – –

19 1.48
 1.48 1077 30.18 1040 21.15 1100 30.73
21 1.57
 1.57 1111 30.06 1004 20.92 1038 29.67
23 1.76
 1.76 1193 30.60 1134 20.99 1249 30.50
25 1.76
 1.88 or

1.82
 1.82
1268 9.54 1137 11.70 1191 10.75

Reprinted from Ref. [226].
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and at 15 �C [236]:

D ¼ 0:404�t ð54Þ

The influence of temperature of aluminum annealing before anodization on the
ordering degree of nanopores formed by two-step anodizing in 0.3M oxalic acid was
also investigated [520]. It was found that, with an increasing annealing temperature,
the size of ordered domains increases gradually.
The structural uniformity of nanopore arrangement was studied from

SEM images using adaptive thresholding with an analysis of wave propagation
[521]. The percentage of hexagonality was calculated on the basis of Veronoi
diagrams. The average hexagonality percentage for a commercially available
membrane with a pore size of 20 nm (Anapore, Whatman) was found to range
between 37.5 and 41.3%. However, for the laboratory-prepared membrane, syn-
thesized by the self-organized one- or two-step anodizing in oxalic acid, the
determined hexagonality ranged from 47.2 to 54.5%. The arrangement of nano-
pores formed by anodizing of aluminum was studied by Sui and Sangier using
AFM [522]. The hexagonal array percentage over a surface area of 0.25 mm2 was
found to be about 66% and 100% for anodizing in sulfuric and oxalic acids,
respectively.

1.4.3
Post-Treatment of Anodic Porous Alumina

Recently, anodic porous alumina films with a regular arrangement of nanopores
have been widely used as templates for the fabrication of other nanomaterials.
Therefore, AAO films fabricated by self-organized anodization are usually subjected
to an optional further post-treatment procedure which included removal of the
aluminum base, removal or thinning of the barrier layer, and re-anodizing.

1.4.3.1 Removal of the Aluminum Base
In order to detach the aluminum oxide from the remaining aluminum base, an
electrochemical detachment method employing a reversal and pulse voltage
techniques can be used [502,503]. The separation of aluminum oxide from the
remaining aluminum substrate might also be performed by using electrochemi-
cal etching in 20% HCl, with an operating potential between 1 and 5 V [302].
However, the most widespread method is based on a wet chemical removal of
aluminum. For this procedure, the unoxidized aluminum substrate is usually
dissolved by immersing an anodized sample for a few hours in a saturated HgCl2
solution (e.g., Refs. [220,407,409]). Other solutions that are infrequently used
for aluminum base removal are listed, together with operating conditions, in
Table 1.21.
The effect of different CuSO4/HCl contents and solution temperature on the rate

of chemical etching of aluminum substrate was investigated with great care [507].
Subsequently, it was found that the time necessary for effective dissolution of a
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0.2mm-thick aluminum base is less than 2min within a range of HCl concentra-
tions from 25% to 65%. The temperature of solution has a negligible influence on
the time of removal. Indeed, following removal of the aluminum substrate, the
spherical pore bottoms can be observed (see Figure 1.34B).

1.4.3.2 Removal of the Barrier Layer
The AAO template preparation consists of pore opening after separation of the oxide
from the Al substrate, or pore widening before the subsequent deposition of metals
and semiconductors into pores. Removal of the barrier layer in a separated AAO
membrane, formed by self-organized anodization, is usually carried out by chemical
etching of the oxide. The nanopore bottoms are opened by immersing in a H3PO4

solution, with the opening time depending directly on the barrier layer thickness,
and consequently on anodizing conditions. Some selected procedures of barrier
layer removal are listed in Table 1.22.
If the opening time is prolonged, the widening of pores can occur simultaneously

[498]. The diameter of the opened pores can be adjusted by changing the time of the
chemical etching treatment in a phosphoric acid solution. Pore opening and wid-
ening were studied in detail by Xu et al. [318]. Samples before widening treatment
were anodized in 0.3MH2C2O4 at 40Vand 12 �C. The dissolution rate of the barrier
layer in 0.5M H3PO4 was found to be approximately 1.3 nmmin�1, and to decrease
inside the columnar pore channel with increasing pore depth. The horizontal and
vertical dissolution rates were also distinguished. The horizontal rate of oxide dis-
solution is mainly responsible for barrier layer removal, whereas the vertical rate
plays a key role in the widening of pores and nanopore thickness reduction. A
different etching technique using a reactive ion-beam (mainly Ar+) was also pro-
posed for removal of the barrier layer in anodic porous alumina [385,524,528]. Most
importantly, it should be noted that dry etching by ion-beams requires the use of a
sophisticated apparatus.
In order to obtained an array of ordered nanopores with a desired pore diameter, it

is important first to carry out a widening treatment (Table 1.23).

Table 1.21 Non-typical solutions used for the chemical removal of
aluminum base after anodizing.

Solution Temperature (�C) Time (min) Reference(s)

Br2þCH3OH 40 10 [252,295]
CuCl2 (saturated) – – [523]
CuCl2 (saturated)þ 8% HCl RT – [305,324]
0.08M CuCl2þ 8% HCl 20 60 [524]
0.1M CuCl2þ 20% HCl 5–RT 10 [253,299,491,501,515]
CuSO4 (saturated) – – [303]
CuSO4 (saturated)þ 38% HCl 0–20 2–5 [318,507]

RT: room temperature.
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A relationship between pore diameter (Dp, in nm) and widening time (tw, in min)
for samples anodized in 0.3M oxalic acid under 40Vat 15 �Cwas reported byHwang
et al. [241]:

Dp ¼ 24:703�0:116�tw þ 0:0221�t2w ð55Þ

The widening of pores was conducted in 0.1MH3PO4 at a temperature of 30 �C. In
contrast, Choi et al. [529] suggested that the rate of pore widening in 1M H3PO4 at
30 �C was equal to 1.83 nmmin�1. The diameter of the widened pores can easily be
determined from SEM or AFM images [527]. Recently, capacitance–voltage measure-
ments on thin alumina films have been proposed for characterization of the pore-
widening process [530]. Pore widening in 1.2M NaOH, leading to a simultaneous
separation of AAO nanowires and nanotubes from the grown nanostructure, was also
reported [523]. When ultrasonic waves were also used to assist the pore-widening
process [531], the widening time was found to be shortened to a significant degree.

1.4.3.3 Structure and Thinning of the Barrier Layer
The structure of the barrier layer in anodic porous alumina, as well as its dielectric
characterization modified by oxide dissolution or ion implantation, was studied
using in-situ spectroscopic ellipsometry [532,533], Brillouin spectroscopy [534], elec-
trochemical impedance spectroscopy (EIS) [448,533,535,536], and re-anodizing
techniques [245–247,267,535,537,538].
It is generally accepted that the barrier layer in anodic porous alumina consists of

two or three sublayers, each with a different susceptibility to chemical dissolution in
acidic solution. Furthermore, the number and thicknesses of the sublayers, as well
as the percentage share of the barrier layer thickness, depends on the anodizing
potential. An anodic porous alumina was first formed under various anodizing
potentials in 0.4M H3PO4 and 0.45M H2C2O4 at 20 �C, and then subjected to
dissolution by immersion in sulfuric acid [246,247,532,537,538]. The dissolution
rate of the barrier layer in 2M H2SO4 or H3PO4 at 50 �C was investigated using the
re-anodizing technique (Figs. 1.41 and 1.42).

Figure 1.41 Sublayers of the barrier layer with different disso-
lution rates for anodic porous alumina formed by anodizing of
aluminum in 0.4M H3PO4 at 20 �C. (After Refs. [532,537].)
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Dissolution of the barrier layer formed in a 0.1M ammonium adipate solution at
the anodizing potential between 5 and 80V and 20 �C was studied using the re-
anodizing technique [267]. The rate of dissolution was investigated in 2M sulfuric
acid at 60 �C, whereupon the results obtained suggested the dissolution rate to be
similar for anodic films formed at the anodizing potential between 20 and 80V.
Although the barrier layer was seen to be composed of one layer, for lower anodizing
potentials two sublayers were apparent, each with different dissolution rates.
A close control of the nucleation sequence of electrodeposits within all pores of the

anodic porous alumina is required in order to create a significant thinning of the
barrier layer. Such effective thinning provides the necessary conditions for electrons
to tunnel through the barrier layer, with subsequent uniform pore filling by elec-
trodeposition. Thinning of the barrier layer in anodized aluminum always occurs
together with pore widening. According to Stein et al. [532], the barrier layer in
anodic porous alumina formed in 0.4M H3PO4 under the constant current density
of 2mAcm�2 at 20 �C consists of two sublayers each with a different dissolution rate
(see Figure 1.41). The interface barrier layer, which is close to the metal/oxide
interface, does not dissolved in 2M H3PO4, whereas the layer at the pore bottoms
is in contact with the electrolyte and dissolves easily. The rate of barrier layer
dissolution in a mixture of 0.4M phosphoric and 0.2M chromic acids at various
temperatures was investigated in detail [533]. The barrier layer in the anodic porous
alumina film was formed by anodization in 0.34M oxalic acid under 30V at 0 �C.
Subsequently, the dissolution rate of the 36 nm-thick barrier layer was estimated as
approximately 0.3 and 1.0 nmmin�1 at temperatures of 38 and 60 �C, respectively.
Under the same anodizing conditions, the dissolution rate of porous oxide formed
by anodization was estimated at 6 nmmin�1 for 38 �C.
O�Sullivan and Wood [208,232] suggested that decreasing the anodizing potential

would result in a substantial barrier layer thinning, due to a field-assisted dissolution

Figure 1.42 Sublayers of the barrier layer with different disso-
lution rates for anodic porous alumina formed by anodizing of
aluminum in 0.44M oxalic acid at 20 �C. (After Refs.
[246,247,538].)
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of the oxide. On the basis of this assumption, an extraordinary electrochemical
method of homogeneous thinning of the barrier layer was derived [539]. A progres-
sive reduction of the anodizing potential led to a thinning of the barrier layer, and
finally to its perforation. The step-wise reduction of the anodizing potential from 160
to 0.1 V, with decrements of 0.3 V or 5% of the existing potential, was applied to thin
the barrier layer formed by the anodization g of aluminum in 0.4M H3PO4 at 25 �C
[539]. A similar, exponentially decaying, potential was applied for thinning of the
barrier layer in anodic porous alumina formed in 0.1M phosphoric acid at 195V
[529]. The process of thinning involves two different electrolytes used for the differ-
ent ranges of decaying potential. For the thinning process from 195 to 80V, 0.1M
phosphoric acid was used, and each potential decrement of 2 V was applied for 180 s.
In the range of decaying potential from 80 to 1V, a 0.3M oxalic acid solution was
used for barrier layer thinning. The exponential step-wise reduction began from a
step of 2V and finished at the last step with the potential difference of 0.01V. Each
step of the potential reduction was applied for 30 s. This thinning method was
successfully applied during fabrication of the ordered Ni nanowire array by elec-
trodeposition of metal into nanopores of the AAO template. The thinning of the
barrier layer in AAO formed in 0.3M oxalic acid at 40 V and 2 �C was performed by
means of two subsequent additional anodizations conducted for 15min under
constant current densities of 290 and 135mAcm�2, respectively [540]. Prior to the
electrochemical barrier layer thinning, a chemical widening of the pores in 0.3M
oxalic acid was carried out for 2 h at 30 �C.

1.4.3.4 Re-Anodization of Anodic Porous Alumina
The re-anodizing technique, which is known also as a pore-filling method, is widely
used to characterize porous oxide films formed by anodization. The re-anodization
of anodic alumina is usually carried out under the constant current density in a
neutral electrolyte, for example a mixture of 0.5M H3BO3þ 0.05M Na2B4O7 [245–
247,406,537,538]. The dissolution rate of the barrier layer in acidic solutions, as well
as the anodizing potential influence on the thickness of the barrier layer formed
during anodization in ammonium adipate [267], oxalic [246,247,406,538] and phos-
phoric acid [245,537] solutions, were investigated using the re-anodization tech-
nique. The re-anodizing method allows one to calculate the anodic oxide thickness
from Eq. (42). Girginov et al. [533] showed EIS to be a suitable technique for the
estimation of barrier layer thickness modified by re-anodization. Moreover, the
electrical conductivity of the complex anodic oxide films formed during re-anodizing
of anodic porous alumina was investigated in detail [541]. The modification of
barrier layer properties by the re-anodization of anodic porous alumina in oxalic
acid with fluoride additives was also studied [536], with a significant reduction in
electrical resistance being observed during the re-anodizing.
The re-anodizing methods can be used for determination of anodic alumina

porosity, a, from the following equation:

a ¼ TAl3þ �ðm2=m1Þ
1�ð1�TAl3þÞðm2=m1Þ ¼

TAl3þ �ðm2=m1Þ
1�TO2� �ðm2=m1Þ ð56Þ
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where: TAl3þ and TO2� are transport numbers of Al3þ and O2�,m1 is the slope of the
voltage–time curve recorded during re-anodizing, andm2 is the slope of the voltage–
time curve recorded during the anodizing of aluminum. Since the transport num-
bers of Al3þ and O2� were estimated at 0.4 and 0.6 for various electrolytes used for
anodizing, the porosity of anodic porous alumina can easily be calculated. The re-
anodization was also successfully employed for determination of the porosity of
anodic porous alumina films formed in sulfuric [216,249], oxalic [216,249,406,541],
phosphoric [216,249,336], and chromic acids [249].
The kinetics of growth of the complex anodic alumina films during re-anodization

was studied by Girginov et al. [542–545]. These authors found that, during re-
anodization, the current flowed mainly through the bottom of pores, with distribu-
tions of the current density at the pore bottoms corresponding directly to the
hemispherical curvature of the pore bottom.

1.5
AAO Template-Assisted Fabrication of Nanostructures

The self-organized anodization of aluminum, which results in a hexagonal pattern of
nanopores with an extended long-range perfect order, appears to be a very promising
powerful and inexpensive method used for the synthesis of nanostructured materi-
als. AAO templates are widely used for the transfer of nanopore arrangements to
other materials. In general, the use of anodic porous alumina for nanomaterials
fabrication can be carried out in two ways: (i) the anodic film with a remaining alumi-
num substrate can be used directly for the electrodeposition of metals; or (ii) it can be
separated from the aluminum base and further processed into a freestanding mem-
branewithopenpores at the top andbottomof themembrane.The secondapproach to
employinga freestandingAAOtemplate representsakeymethod for fabricatinghighly
ordered nanostructures. Liang et al. [546] have reported details of themost widespread
methods of nanoarrays fabrication employing anodic porous alumina (Figure 1.43).
An enormous variety of nanoscale materials including metal and semiconductors

nanopores, rings, particles, nanorods and nanowires, metal oxides, metallic, Si and
diamond nanopore arrays, carbon and polymer nanotubes have been successfully
fabricated on a basis of ordered anodic porous alumina. However, unfortunately only
selected nanostructured materials fabricated on the basis of the AAO template can
be discussed here.
Most nanomaterials synthesized with the assistance of anodic porous alumina

may be classified into the following groups:

. Metal nanodots, nanowires, nanorods and nanotubes

. Metal oxide nanodots, nanowires and nanotubes

. Semiconductor nanodots, nanowires, nanopillars and nanopore
arrays

. Polymer, organic and inorganic nanowires and nanotubes

. Carbon nanotubes
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. Photonic crystals

. Other nanomaterials (metallic and diamond membranes, biomate-
rial, etc.).

1.5.1
Metal Nanodots, Nanowires, Nanorods, and Nanotubes

Metallic nanodot arrays are often fabricated by the evaporation of metals into the
AAO template (step d in Figure 1.43). The advantage of the evaporation method over
electrochemical deposition is an easier control of nanodot growth. Various nanodot
arrays were obtained including Ni [4], Cu [547] Au and Au–Ag [548] nanodots on a Si
substrate. Recently, Park et al. [549] reported Au, Al, Ag, Pb, Cu, Sn and Zn nanodot
arrays on the silicon substrate obtained by metal evaporation through the AAO
template. A second approach to nanodot or nanoparticle synthesis is a metal depo-
sition via a chemical route. For example, Ag [550] and Pd [551] nanodots were
fabricated successfully using the chemical method.
Arrays of metallic nanowires and nanorods are mainly synthesized by the elec-

trodeposition of materials into the nanochannels of anodic porous alumina (step a in

Figure 1.43 Schematic diagram of the fabri-
cation of nanostructured materials with utili-
zation of anodic porous alumina. Step a: me-
tallic nanowire array electrodeposited in AAO;
step b: AAO template with metal deposited on
its surface; step c: metal nanowire array elec-
trodeposited within the AAO template; step d:
metallic nanodot array deposited on semicon-

ductor substrate; step e: semiconductor sub-
strate with nanopore array; step f: semicon-
ductor freestanding nanopillar array; step g:
heterostructure quantum dot array by molec-
ular beam epitaxy (MBE). (Reprinted with
permission from Ref. [546],� 2002, Institute of
Electrical and Electronics Engineers, Inc.).

1.5 AAO Template-Assisted Fabrication of Nanostructures j89



Figure 1.43) or in the AAO template with open pores (steps b and c in Figure 1.43).
Arrays of Ag [529,552,553], Au [554–556], Co [557–559], Cu [560], Ni [540,556,561–
566], Pb [567], and Pd [568] nanowires and nanorods were obtained successfully by
electrodeposition. A highly ordered array of silver nanowires electrodeposited in the
AAO template is presented in Figure 1.44.
A single Ni nanowire and complex nanowire pattern were also obtained by elec-

trodeposition with a supported AAO template [569]. Recently, the electrochemical
deposition of multilayered Co/Cu [570] and alloyed Co–Cr [571], Co–Pt [572,573],
Fe–Pt [573] and Fe–Pd [574] nanowires into anodic porous alumina was also re-
ported, while the evaporation technique was used to fabricate arrays of Au nanowires
[575]. Ag [576] and Ni doped with P [577] nanowires were obtained by the electroless
deposition of metals into the AAO template.
Metallic nanotubes with outer diameters ranging from 50 to 100 nm were

successfully prepared by the electrodeposition of Fe, Co and Ni inside nanopores
of the through-hole AAO template (steps b and c in Figure 1.43) [578]. The
immobilization of Ag nanoparticles, followed by the electrochemical deposition
of Au and Ni, was applied for the synthesis of Au and multi-segmented Au–Ni
nanotubes [579]. Thin-walled Co [510,580] or Pd [581–583] nanotubes coated with a
polymer layer on their inner walls were formed in anodic porous alumina. These
composite magnetic nanotubes were obtained within the AAO template by ther-
mal decomposition of the appropriate precursor; the same process was also used to
synthesize Au nanotubes inside the AAO template [584]. The spontaneous coales-
cence of Au nanoparticles on the pore walls of a silane-treated AAO template was
used for the fabrication of Au nanotubes [585]. The electroless deposition as a
method of Co, Ni and Cu nanotube synthesis was reported by Wang et al. [586].
Aluminum nanotubes were formed by physical vapor deposition on the AAO
template, followed by atmospheric pressure injection of the evaporated layer into
pores of the template [587].

Figure 1.44 SEM images of silver wires embedded in a mono-
domain anodic porous alumina template. Top view (A) and cross-
sectional view (B). (Reprinted in part with permission from
Ref. [529], � 2004, American Chemical Society.)
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1.5.2
Metal Oxide Nanodots, Nanowires, and Nanotubes

By using the AAO template, metal oxide nanodots and nanowires are usually formed
in nanopores of the template by electrochemical or electroless deposition of metals
(steps a–c in Figure 1.43), followed by their oxidation. This method was employed
successfully for the fabrication of ZnO nanowires [588]. The electrodeposition tech-
nique was used for a direct deposition of Cu2O nanowires into the channels of
porous alumina template [589]. Metal evaporation through the AAO template with
open pores (step d in Figure 1.43) was used for the preparation of TiO2 nanodots
[546]. Recently, the complex structure of In2O3 rods in dots was synthesized by the
deposition of individual nanorods within the AAO template on a Si substrate using a
radiofrequency magnetron sputtering system [590]. A highly ordered array of tanta-
lum oxide nanodots with a narrow size distribution was fabricated by the anodiza-
tion of Al on TaN [591] and Ta(Nb) [592] substrates. During anodizing, the alumi-
num layer is converted into porous alumina oxide, and the growth of tantalum oxide
beneath the anodic porous alumina occurs simultaneously. Alternatively, ZnO na-
nowires can be formed by a catalyzed epitaxial crystal growth [593], and the AAO
template was used to form ordered Au dots on GaN. The regular array of straight
ZnO nanowires was grown on Au nucleation sites. TiO2 [594] andWO3 [595] porous
films were fabricated using a two-step replication process. The first step of the
method was based on the fabrication of negative-type AAO with poly(methacrylate)
(PMMA). In the second step, the replicated PMMA-negative with the evaporated thin
Au layer was used either for the subsequent electrodeposition of WO3 [595] or for a
sol–gel synthesis of TiO2 [594]. Sander et al. [596] used atomic layer deposition (ALD)
to create an array of ordered TiO2 nanotubes inside the channels of anodic porous
alumina template (Figure 1.45). Recently, ferroelectric PbZrTiO3 nanotube arrays
were also fabricated by using a sol–gelmethod of the AAO template infiltration [597].

1.5.3
Semiconductor Nanodots, Nanowires, Nanopillars, and Nanopore Arrays

Recently, research interest has focused on the synthesis of semiconductor nanos-
tructures, due mainly to their fascinating potential technological applications. The
hexagonal pattern of the AAO template can be replicated directly in semiconductors
by using dry etching methods, such as plasma etching, ion milling, and reactive ion
etching. This positive transfer of the nanopore arrangement (step e in Figure 1.43)
results in antidot (pore) arrays in the semiconductor material. Alternatively, the
negative transfer of AAO nanopores, employing molecular beam epitaxy (MBE)
and metal–organic chemical vapor deposition (MOCVD) (steps e and g in Figure
1.43) or vapor–liquid–solid (VLS) growth and low-pressure chemical vapor deposi-
tion (LPCVD) (steps d and f in Figure 1.43), produces quantum dots or nanopillars.
Quantum dot arrays can also be fabricated by the extended anodization of aluminum
on a semiconductor substrate [598]. The process is continued until the moment
when a whole aluminum layer is consumed, after which a barrier layer of anodic
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porous alumina is dissolved and oxidation of the semiconductor substrate occurs.
The great variety of quantum dot arrays, including InAs [598], GaN [599], CdTe
[600,601], InGaN [602], SiO2 [603] and nc-Si:H [604] dots on various semiconductor
substrates (Si, GaAs or GaN), were fabricated with AAO template assistance.Wang et
al. [602] reported that a strict control of the growth time can result in nanorings and
nanoarrows of regular patterns formed by MOCVD (Figure 1.46).
Anodic porous alumina is widely used as a template for the synthesis of semi-

conductor nanowires and nanopillars. Si, InP, GaAs and GaN nanopillars were
fabricated using the reactive ion or reactive beam etching process (step e in
Figure 1.43) [546,605,606]. Uniformity of the pore diameter in GaAs and InP nano-
hole arrays was fairy acceptable for 2D photonic bandgap crystals. The hexagonally
arranged nanowire array of GaN grown in the VLS process (step f in Figure 1.43) was
also reported [4]. The AAO template-assisted electrochemical deposition was used
for the preparation of PbS [607], CdS [608–610] and Se [611] nanowires. Semicon-
ductor InN nanowires were fabricated by the electrodeposition of indium into pores

Figure 1.45 SEM images of TiO2 nanotube
arrays on silicon substrate. Top view (A) and
side view (B) of nanotubes with outer diameters
of 40 nm and average intertube spacing of
60 nm. Top (C) and oblique (D) of hexagonally
ordered array of nanotubes with outer dia-

meters of 80 nm and average intertube spacing
of 100 nm. The inset in (D) shows a side view of
the nanotubes on the substrate. (Reprinted
with permission from Ref. [596],� 2004, Wiley-
VCH Verlag GmbH & Co. KGaA.)

of anodic porous alumina, followed by a direct reaction of indium with ammonia at
550–700 �C [612]. The hydrothermal method with the AAOmembrane was used for
the synthesis of In2S3 nanofibers [613].
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Figure 1.46 SEM images of InGaN nanostructures. Nanorings
(A) (inset shows the larger magnitude); nanodots (B); and na-
noarrows (C) (inset shows the cross-sectional view). (Reprinted
with permission from Ref. [602], � 2006, American Chemical
Society.)

1.5.4
Polymer, Organic and Inorganic Nanowires and Nanotubes

Ordered porous alumina membranes are considered to be one of the most suitable
host materials for the fabrication of polymer nanowires and nanotubes. High-
conductivity polypyrrole (PPy) nanowires with a pore diameter of 220 nm and
length of 20 mm were prepared by using anodic porous alumina as the template
(Figure 1.47). The high-density array of uniform nanowires was electrosynthesized
in amedium of 75% isopropyl alcoholþ 20% boron trifluoride diethyl etherateþ 5%
poly(ethylene glycol) [614].
A melt-assisted template method employing anodic porous alumina was used for

the synthesis of semi-conducting polythiophene mesowires [615]. The AAO tem-
plate was also used for the fabrication of organic–inorganic hybrid polymer nano-
wires consisting of poly(N-vinylcarvazole), rhodamine 6G and TiO2 nanoparticles
[616]. A wide variety of polymer nanotubes, such as perylene [617], polyaniline [618],
polystyrene [582,619], polytetrafluoroethylene (PTFE) [619,583], polyvinylidene fluo-
ride (PVDF) [582,583], and epoxy resin [620] were successfully prepared by a simple
wetting of the AAO templates. Poly(p-xylene) (PPX) nanowires were synthesized by
CVD polymerization [621] and poly(2-hydroxyethyl methacrylate) (PHEMA) by atom
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transfer radical polymerization [622], with the assistance of AAO templates. The
highly ordered array of PMMA nanopores, fabricated on the basis of the AAO
template [594,595,623,624] is frequently used for the fabrication of various nano-
porous membranes by the two-step replication process.
Recently, the preparation of crystalline organic nanorods of 2,7-di-t-butylpyrene

(DTBP) [625] and organometallic nanotubes synthesized from a di-Rh N-heterocy-
clic carbene complex [626] were also reported.
By using highly ordered anodic porous alumina as templates, inorganic nano-

wires such as AgI [627], CuS, Ag2S, CuSe and Ag2Se [628] were prepared success-
fully by the electrochemical or electroless deposition processes. A high aspect ratio
Prussian blue nanotube [629] with an outer diameter of 60 nm, and nickel sulfide
[630] nanotubes with a diameter of approximately 200 nm, were each grown inside
the pores of the AAO template.

1.5.5
Carbon Nanotubes

In recent years, carbon nanotubes have attracted much attention due to their remark-
able electronic, optical, and mechanical properties. AAO templates have often been

Figure 1.47 SEM images (A)–(C) and TEM image (D) of the PPy
nanowires. (Reprinted with permission from Ref. [614], � 2006,
IOP Publishing Ltd.).

utilized for carbon nanotube growth [621,631–638], while cylindrical carbon nano-
tubes with various diameters [631–637] and triangular [638] cross-sections have been
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synthesized using the CVD approach. An array of parallel and multiwalled carbon
nanotubes with uniform diameter and periodic arrangement was achieved by using
the AAO template [4,634,635]. The production of carbon nanotubes with deposited Pt
nanoparticles on the interior walls of the AAO template has also been reported [637].

1.5.6
Photonic Crystals

Two-dimensional photonic crystals are periodic dielectric materials with an ability to
control the propagation of light. The ideally ordered array of nanopores in anodic
porous alumina can be directly used as a 2D photonic crystal in the near-infrared (IR)
and visible wavelength regions. Numerous publications have been dedicated to 2D
photonic band-gap crystals made from ideally ordered anodic porous alumina [639–
646]. Amonodomain porous alumina with a perfect nanopore order and high aspect
ratio, for photonic crystals applications, is normally fabricated by anodizing of the
pre-patterned aluminum foil.

1.5.7
Other Nanomaterials (Metallic and Diamond Membranes, Biomaterials)

The growing interest in nanoimprinting and the development of regular patterns
has resulted in a considerable increase in the number of attempts to transfer the
perfect order of nanopores from the AAO template to other materials with a greater
mechanical stability. A variety of nanomaterials with a highly ordered arrangement
of nanopores has been fabricated with aid from the AAO template, including a
negative array of highly ordered Ni nanorods [647], and negative membranes from
Ni [648], Au [593,649,650], Pt [651] and diamond [652,653]. A freestanding gold
nanotube membrane replicated by Fan et al. [593] from a monodomain AAO tem-
plate is illustrated in Figure 1.48.

Figure 1.48 (A) SEM image of a gold nanotube membrane
viewed from the front side (inset: enlarged top view). The inner
diameter of the nanotube is about 130 nm. (B) Inclined view of
the gold nanotube membrane showing the perfect alignment of
the nanotubes. (Reprinted with permission from Ref. [593],
� 2005, IOP Publishing Ltd.).
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Recently, a number of nanostructured biomaterials have been synthesized on
the base of the AAO template [622,654–657]. Protein binding to an AAO mem-
brane covered with a polymer layer and functionalized by a nitrotriacetate–Cu2þ

complex was studied [622]. Such modified membranes reveal an unusually high
capacity for rapid protein binding, and can be applied to the purification of His-
tag proteins. A flow-through-type DNA array, prepared by affixing a single-strand-
ed probe DNA to the sidewall of holes in the perfectly ordered anodic porous
alumina film with the evaporated Pt layer, was recently described [654]. The
formation of a highly ordered DNA array on the Au array formed in anodic
porous alumina was also studied [655,656]. Controlled DNA nanopatterning was
carried out via the fabrication of Au disk arrays on the AAO template, with a
interpore distance of 63 nm and a pore diameter of 40 nm. DNA molecules were
fixed to the ordered Au disc array by the formation of Au�S bonds between the Au
surface and thiolated groups introduced at the end of the DNA sequences. The
DNA nanopatterns (Figure 1.49) were formed upon immersion of the Au disk
array into DNA solution [656].
The potential applications of such materials lie in the field of highly functional

biodevices for analysis in hereditary diseases, in DNA computers, molecular motors,
heterogeneous sensors, transducers, and reactors. An electrochemical biosensor for
the determination of blood glucose was constructed by the condensation polymeri-
zation of dimethyldichlorosilane at the surface of a porous aluminamembrane [658].
Anodic porous alumina films can also be used as implants with enhanced bone-
bonding performance, by filling the nanopores with a bioactive material that sup-
ports normal osteoblastic activity [659].

Figure 1.49 Schematic of Au-particle-DNA array prepared using
Au disk array formed from highly ordered anodic porous alumina.
(1) Streptavidin; (2) Au particles; (3) deposited Au; (4) anodic
porous alumina; (5) aluminum; (6) biotin; (7) DNA. (Reprinted
with permission from Ref. [656], � 2005, The Japan Society of
Applied Physics.)
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2
Nanostructured Materials Synthesized Using Electrochemical
Techniques
Cristiane P. Oliveira, Renato G. Freitas, Luiz H.C. Mattoso, and Ernesto C. Pereira

2.1
Introduction

The visualization and/or handling of atom clusters, or even individual atoms, has
been achieved during the past 25 years. One of the most practical instruments for
this purpose is the tunneling microscope, which was invented during the 1980s. On
such a small scale, material�s properties are not the same as those of a macroscopic-
sized substance. The first occasion on which a scientist proposed atom handling was
in 1959, when Professor Richard Feynman [1], during a lecture at the California
Institute Technology, suggested that in the near future engineers would be able to
take atoms and place them exactly where they wanted to, without – of course –

infringing the laws of Nature. Today, Professor Feynman�s lecture, which was enti-
tled There is Plenty of Room at the Bottom, is considered a milestone of the current
technological and scientific era.
We can define nanoscience as the study of the phenomena and handling of

structures on the atomic, molecular and macromolecular scale, where at least one
dimension is significantly less than the others. And nanotechnology includes the
design, characterization, and production of devices and systems on a nanometer
scale. This definition of nanotechnology is wide-ranging, it is not a specific tech-
nology, all of the techniques based on physics, chemistry, biology, materials science
and engineering – and/or using computers – leading to the development of materi-
als and tools in such a way that the common point among them is the reduced
dimension in which they operate. Among these applications are: increased storage
and processing capacity for computers; the creation of new mechanisms for drug
delivery; and the production of materials which are both lighter and more resistant
than metals and plastics. Additional benefits of nanotechnology developments
include energy saving, environmental protection, and the more efficient use of
increasingly scarce raw materials.
Today, these new investigations into material fabrication are focused mainly on

nanostructured devices or, at least, microdevices. Themost-often used technique for
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this purpose is lithography which, despite its associated high costs, is used exten-
sively for the large-scale production of these materials. In fact, it is mainly due to
high costs that many research groups worldwide are seeking alternative, new routes
of preparation. In this regard, electrochemical tools are one such approach which
has emerged and which benefits from both low cost and accuracy. The low cost is
related to the use of near-room temperature conditions and aqueous solutions (in
most cases), while high accuracy is related to an ability to control the potential or
current density on an interfacial region extending over only a few nanometers. In
fact, the electric potentials used in an electrochemical procedure range between
tenths of volts and hundreds of volts. Otherwise, the electric field, considering the
small size of the electrical double layer, ranges from about 105 to 107 Vcm�1.
Furthermore, the simplest relationship between potential and current density which
flows through the electrode/solution interface is exponential in nature. Today, opin-
ion suggests that the main problem relating to electrochemical tools is the nature of
the chemical species in solution which can be incorporated during material growth
on electrode surface. Yet, the grain size and shape, crystal structure, doping level –
and even the ions� oxidation state in compounds – can at present be controlled.
During the past 15 years, several groups investigating electrochemistry havemoved

towards a materials science approach, having previously developed electrochemical
methods for synthesizing electronic materials such as semiconductors [2–9], metal
oxides [10–12], metal nitrides [13,14], porous silicon [15,16], metal, alloy and multi-
layers, and a variety of layered composites [17–19]. As a consequence of these suc-
cesses, a new route has emerged for the preparation of nanostructured materials.
Based on these developments, the aim of this chapter is to review the materials

prepared using electrochemical methods, and for this purpose it is divided into two
principal parts, namely anodic and cathodic approaches. In fact, by using both
methods it is possible to prepare nanostructured materials such as metals (and
their alloys), oxides, semiconductors, composites and compounds with different
shapes, including layered, dots, wells and wires, all of which have become very
important in the development of nanostructured materials.
The electrochemical processes employed in nanotechnology can be subdivided as

anodic, cathodic, and open-circuit processes [20]. In general, the latter approach
is treated as a chemical process, despite involving both cathodic and anodic reactions
which follow the electrochemical laws. The first section of the chapter includes details
about the first two processes, in addition to an outline of anodic methods. Electro-
polishing and anodization are among the most important anodic processes; the
former approach deals with the material anodic dissolution which leads not only to
a leveling and brightening of the dissolving surface but is also used for precision
shaping and surface structuring [20], which may in fact be considered a form of
electrochemicalmachining. Otherwise, anodization consists of the growth of an oxide
film by anodic polarization. Within this chapter, an example of an electropolishing
application will be presented followed by the formation of nanostructured oxide films
by anodization. The most well-known oxide of the anodic film type – porous anodic
alumina (PAA) – will be described in a separate subsection restricted to the presenta-
tion of nanostructures fabricated by this means.
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The second section of this chapter is dedicated to the cathodic methods which
represent major means of preparing nanostructured systems, including one-dimen-
sional (1D) or even two-dimensional (2D) structures such as nanowires, nanotubes
and monolayers. Further discussion will center on template procedures to prepare
nanowires and their different compositions, shapes, and magnetic properties. Re-
garding the formation of the well-ordered 2D structure, discussion will also focus on
the mechanical, magnetic and electrocatalytic properties of metallic multilayers and
superlattices prepared using electroplating. Finally, underpotential deposition
(UPD) formation and deposition at electrochemical interfaces using tips as prepa-
ration tools will be outlined.
It should be noted that organic materials such as nanostructured polymers, al-

though, inmost cases, arepreparedusing the template approach,will notbediscussed
in this chapter,mainly because thesematerials constitute a chapter in their own right.

2.2
Anodic Synthesis

2.2.1
Electropolishing and Anodization

Electrochemical machining involves the selective anodic dissolution of a metal (or
alloy) through a mask in order to achieve a given shape and surface finish [20].
Aluminum electropolishing, otherwise, occurs by selective dissolution, under spe-
cific conditions without the use of any form ofmask. One common procedure before
anodizing the aluminum is the use of electropolishing to level the aluminum
surface. During this process, an unexpected effect is the formation of patterns of in
hexagonal nanoarrays. Bandyopadhyay et al. [21] investigated such pattern formation
during aluminum electropolishing, and found out that the process may lead to
spatial ordering depending on the duration and applied voltage. Figure 2.1 shows
micrographs of the stripes (Figure 2.1a) and �egg-carton� (Figure 2.1b) patterns
formed on the aluminum surface after electropolishing under two different con-
ditions. The period of the patterns is about 100nm, and the height of a crest above
a trough is about 3 nm. The authors described how to use these structures as self-
assembled masks for producing highly periodic arrays of quantum wires and dots,
and this routine is depicted schematically in Figure 2.2. Here, a thin aluminum film
is evaporated onto a given substrate, after which electropolishing is carried out to
produce the desired surface morphology. After electropolishing, any troughs are
selectively etched away in a suitable solution, and finally the metal dots are obtained
in a periodic pattern on the substrate surface.
Such structures have application in nanoelectronic computing architectures using

single effects in quantum dots [22]. This simple process, which is used widely in the
anodizing industry, was subsequently promoted to a �high technology� for the mass
fabrication of dense, 2D quasi-periodic arrays ofmetallic, semi-conducting, or super-
conducting quantum dots.
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Figure 2.1 Atomic force micrograph of stripes and �egg-carton�
patterns formed on an aluminum surface after electropolishing.
Stripes formafter electropolishingat50V for 10 s; egg-cartons form
after electropolishing at 60V for 30 s. (Reprinted from Ref. [21].)

Figure 2.2 The four steps for using the electropolished aluminum
as a self-assembled mask to create a periodic array of electrically
linked quantum dots on a surface. (Reprinted from Ref. [21].)
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The interest in anodic polarization of valve metals dates back about 60 years, due
to the practical importance of anodic oxides, such as capacitor and surface protection
applications. These anodic oxides are characterized by a delay in the dissolution
reaction of the metal. Recently, different research groups [23–28] have recom-
menced investigations into valve metal oxidation, mainly because some anodic
oxides have unique and excellent properties for optical, electronic, photochemical
and biological applications. Among these anodic oxides, titanium oxide is a prom-
ising material for photoelectrocatalysis [29] and implants [30]. The latter application
is due to the superior mechanical strength and biocompatibility, and has led to the
commercial production of implants fabricated from pure titanium or titanium-based
alloys [31]. Titanium anodization is used to prepare an interfacial layer (a porous
layer) on the metal surface, which has the function of osseointegrating with bones
[32–35]. The formation of this layer is important because the native titanium oxide
coatings (the oxide formed naturally in air) do not have any ability to form a strong
bond with bony tissue; consequently, the surfaces of titanium implants must be
covered with a thick oxide layer in order to promote osseointregration.
Aluminum is the most frequently used metal for the fabrication of oxides with

orderedpore arrays, althoughsome issues regarding thepossibility ofpreparing these
nanostructuredarraysduringanodizationofothervalvemetalssuchasTi,Ta,Nb,V,Hf
or W have also been proposed. During the past few years, many different research
groups have begun to study the electrochemical anodization of other valve metals
[36,37] and bilayers formed by two valve metals [38,39] aimed at this purpose. For
example,Choietal. [36] investigatedthepreparationofaporoustitania (titaniumoxide)
in different electrolytes. In most reports [35–37,39], the authors used an anodizing
solutioncontainingfluorideions.However,Martellietal. [40],duringthe investigation
of theeffectsof thepreparationparameters (i.e.,electrolyteconcentration,anodization
temperature and current density) on the surface morphology of the titanium oxide
films, reported the preparation of porous titanium oxide without any addition of
fluoride ions to the anodization bath. A scanning electron microscopy (SEM) image
ofporous titaniumoxidepreparedbygalvanostatic anodization is shown inFigure2.3.

Figure 2.3 SEM image of porous titanium oxide prepared in
1mol dm�3 H3PO4, 15mA�cm�2, 15�C.
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These authors [40] observed that a large porosity, with pore size ranging from
100 to 700 nm, was obtained during anodization using a low current density and
temperature (5�C).
Recently, Raja et al. [35] reported details about the self-ordered growth of nanos-

tructured titanium oxide by anodization. In this report, the authors� intention was
to clarify the role offluoride ions during the formation of titaniumoxide nanotubes.
A SEM image of the cross-section of this structure formed at 20 V in 0.5mol dm�3

H3PO4 þ 0.14mol dm�3 HF solution, is shown in Figure 2.4, which clearly shows
the presence of the scalloped barrier film.
Besides the porous titanium oxide (Figure 2.5a) presenting a random pore distri-

bution, similar to that reported by Martelli et al. [40], Choi et al. [36] reported the
preparation ofmonodomain porous titanium oxide (Figure 2.5b) by the nanoimprint
of titanium and successive anodization below the breakdown potential. This report
[36] was the first to investigate the possibility of preparing ordered structures from
different valve metals using nanoimprinting methods.

Figure 2.4 SEM image of a titanium oxide cross-section. The
nanotubular structure was prepared by anodization in 0.5mol
dm�3 H3PO4þ 0.14mol dm�3 HF solution at 20 V. (Reprinted
from Ref. [35].)

Figure 2.5 (a) SEM image of titanium anodized in 1mol dm�3

phosphoric acid at 210 V for 210min at 60�C. (b) SEM image of
anodization of the nanoimprinted titanium, having a lattice
constant of 500 nm at 10 V in ethanolic HF for 240min.
(Reprinted from Ref. [36].)
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Cheng et al. [41] reported a surface processing to improve the biocompatibility of
titanium. This involved a cathodic pretreatment in acidic solution (1mol dm�3

H2SO4 solution) followed by anodization in alkaline media (5mol dm�3 NaOH
solution). In this report [41], the authors demonstrated the presence of nanoparticles
of TiH2 phase on the titanium, which was critical to the formation of a multi-
nanoporous TiO2 layer and, consequently, to the improvement in the bioactive
performance over that layer. The authors observed that a multinanoporous layer
and thicker titanium oxide layer was formed during the anodization performed after
the cathodic pretreatment. These features are considered to be responsible for the
improvement of the implant biocompatibility [42].
Recently, the growth of nanoscale hydroxyapatite phase using chemically treated

titanium oxide nanotubes prepared by anodization [33] was reported. For example,
Oh et al. [33] studied the effects of a vertically aligned titanium oxide nanotubes on
in-vitro hydroxyapatite by investigating the formation kinetics and morphology, their
aim being the use of such nanotubes for bone growth. These authors used a
chemical treatment of the titanium oxide nanotubes produced in NaOH solution
to explore the possibility of enhancing its bioactivity. Such chemical treatment led to
the formation of sodium titanate, which presents an extremely nanofiber-like struc-
ture on top of the TiO2 nanotubes. The material formed was exposed to a simulated
body solution in order to investigate hydroxyapatite growth [33]. A micrograph of
the titanium surface with nanotubes after the anodization process is shown in
Figure 2.6. The formation of hydroxyapatite is significantly accelerated compared
to the pure TiO2 nanotube surface. In the latter case, a 7-day period was needed for
the formation of a detectable quantity of hydroxyapatite, compared to 1 day for the
TiO2-NaTiO3 nanofibers.
Recently, photoreactive materials have received much attention due to their in-

herent photochemical properties. Titanium oxide is a particularly versatile semicon-
ductor with a variety of applications in photocatalysis, as gas sensors, photovoltaic
cells, optical coatings, structural ceramics, and biocompatible materials [43,44]. It
has also been confirmed that the titania morphology modifies the physico-chemical
properties [45]. Both, sol–gel and hydrothermal synthesis have been developed to
produce various nanostructured titania powders with high photoactivity [46–48].

Figure 2.6 SEM image of titanium oxide nanotube after 30min of
anodization. (Reprinted from Ref. [33].)
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These films showed a limit in their photoelectrocatalytic activity due to a low
electron transfer rate between the TiO2 film and its supporting material. An
alternative route for preparing such materials is to use electrochemical methods.
Thus, titanium oxide prepared electrochemically as a photoelectrode presents
several advantages over other titanium oxide, due to an efficient charge transfer
between the oxide and the metal [49]. Moreover, the thickness and morphology of
these materials can be controlled by adjusting the electrolyte composition and the
applied current density or potential, under galvanostatic or potentiostatic condi-
tions, respectively [40]. Xie et al. [49] prepared two types of electrochemical titani-
um oxide films: (i) the microstructured TiO2 formed in H2SO4-H2O2-H3PO4-HF
solution after 2 h of anodization; and (ii) the nanostructured TiO2 thin films
prepared in H3PO4-HF solution for 30min followed by a calcination process at
high temperature. The photocatalytic performance of the nanostructured films
used for bisphenol degradation was more efficient than that of the microstruc-
tured, thick-film electrode.
Today, superimposed metallic layers of valve metals (a valve metal substrate

covered with a thin, continuous, deposited layer of a different metal) are the subject
of intense investigation in the field of anodization. The anodization of superimposed
metallic layers represents an alternative approach to the study of ionic transport
processes in the anodic oxide growth [50–53]. It should be pointed out that important
information on ionic transport in amorphous and crystalline oxides was obtained
using the Al–Mo, Al–Ta, Al–Nb, and Al–Zr couples as tracers for studying cation
migration during the formation of barrier-type alumina [54–56]. In addition, other
groups using the same approach [37–39,54,57] showed that these systems are very
complex due to the ionic current transport resistivity through the anodic oxides of
the deposited metallic layer and substrate metal. New superimposed metallic layers
were investigated, in which both valve metals are sputter-deposited on a dielectric
substrate, using mainly aluminum as the overlying metal over hafnium [58], niobi-
um [59] or tantalum [60]. Recently, much technological interest has been expressed
in these new types of superimposed metallic layers, also referred to as �double-
layered anodic oxides�, for both micro- and nanoelectronics, such as in planarized
aluminum interconnection [60], precision thin-film resistors [38], thin-film capaci-
tors [61], and nanostructured field-emission cathodes [62]. It has also been reported
that a nanostructured anodic oxide film can be formed from the underlying metal
through PAA [38]. Such a film is composed of column arrays penetrating the pores
in the initially formed upper alumina. When niobium is the underlying metal,
structures called �goblets� are formed in the alumina pore [39]. A schematic diagram
of the general step for the formation process of nanostructured tantalum anodic
oxide under porous alumina is shown in Figure 2.7.
Mozalev et al. [39] reported a systematic investigation on the anodization of Ta–Al

and Nb–Al bilayers under conditions where a porous anodic alumina layer is
formed. The formation of these structures was carried out under galvanostatic
condition until the anodizing voltage reached a steady-state value. At this stage, the
anodization was switched to potentiostatic mode. The structures formed using this
procedure are presented in Figures 2.8 and 2.9.
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Figure 2.7 Diagrammatic representation of the nanostructured
tantalum anodic oxide under porous alumina formation. (a)
Sputter-deposition of an Al on Ta system; (b) porous anodizing of
the aluminum layer; (c) anodizing of the tantalum underlayer
through the alumina pores; (d) selective removal of the overlying
porous alumina. (Reprinted from Ref. [39].)

Figure 2.8 SEM images of the surface and cross-section of the
nanostructured tantalum oxide formed from Ta–Al bilayers
anodized in 0.8mol dm�3 tartaric acid at 200V. (Reprinted from
Ref. [39].)
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The same authors [39] proposed that, during the anodization, the transport pro-
cesses involve the outward migration of Ta5þ and the inward migration of O2� ions.
Moreover, at the tantala (tantalum oxide)/alumina (aluminum oxide) interface, the
tantalum oxide is presumed to develop through injection of O2� ions which are
released from dissociating Al–O bonds in the alumina barrier layer due to the high
electric field. Thus, the underlying tantalum is oxidized by oxygen ions transported
through/from the barrier layer of the initially formed porous alumina – that is,
without direct contact of tantalum with the electrolyte. With regards to the exotic
shape of the nanostructures formed during anodization of the Nb–Al bilayers (gob-
let-like shape), these authors suggested that this might be explained by the sharp
difference in resistivity between the outer and inner parts of the alumina cells, and a
relatively large difference in the resistivity in niobia–alumina couple compared with
tantala–alumina couple [39].
In a previous report [38], the authors described the anodization of a Ta–Al bilayer

to produce nanoscale metal-oxide coatings, and investigated their potential use as an
alternative material for microfilm resistor fabrication. The interest in this system is
related to the fact that the major limitation of thin-film hybrid technology is in the
fabrication of accurate and large-value microfilm resistors [63,64]. As can be ob-
served in Figure 2.8, the coatings comprise regularly arranged nanoscale dielectric
bulges, surrounded by unanodized metallic tantalum gaps, which are self-inte-
grated in an ultra-thin continuous conductive grid. This nanoscale topography
resulted in large-value sheet resistance, which varied from 700O to 75 kO, as well
as a low-temperature resistance coefficient (10�5 K�1). As noted by Liang et al. [65],
much research effort has been concentrated on individual nanostructures, and
almost none of the groups investigated the collective behavior of the ensemble
of these materials. In this sense, such as electrochemical anodizing technique

Figure 2.9 SEM images of the surface and cross-section of the
Nb–Al bilayer which were anodized in 0.8mol dm�3 tartaric acid
at 200 V. After anodization, samples were dipped in selective
etching solution at 60�C for 60min to remove overlying alumina.
(Reprinted from Ref. [39].)
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represents an alternative routine for fabrication, which is fully compatible with the
existing integrated circuit (IC) technologies, which can also be used for integration
of the nanostructured metal-oxide films with other IC components on a single
substrate [66].
In order to enhance the reliability of the silicon IC devices, Lazarouk et al. [67]

used an electrochemical anodization technology to prepare a low-constant dielectric
material based on porous alumina. This approach could minimize the interconnec-
tion problems that are the most severe limiting factors in ICs as their dimensions
decrease. The route proposed allows the formation of an intralayer alumina insu-
lator used in themultilevel aluminummetallization. A schematic representation of
the main technological process steps is shown in Figure 2.10, while SEM images of
the porous alumina surface with built-in aluminum lines after anodization are
shown in Figure 2.11. An enlarged view of the multilevel aluminum interconnec-
tion with the porous alumina insulator is also shown in Figure 2.11. In order to
control the porosity and dielectric constant, the anodization was carried out under

Figure 2.10 Schematic view of the main
technological process step of a device prep-
aration. (a) Deposition of a bilayer system of
aluminum–niobium onto the silicon sub-
strate; (b) formation of a photoresist mask,
plasma etching of the upper niobium layer,

removing the photoresist mask; (c) electro-
chemical anodization of the aluminum layer
and formation of a porous alumina film,
chemical etching of the porous alumina film.
(Reprinted from Ref. [67].)
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special conditions using a low forming voltage (V), and in a H2SO4 and H3PO4

mixed solution. The use of the mixed solution during PAA preparation decreases
the oxide porosity. This is important because films with high porosity cannot be
used as reliable intralayer insulators, since this parameter depends on the chemical
and thermal stability of the insulator layer, with a high porosity would lead to a
decrease in thermal conductivity. These authors concluded that the reliability of
built-in aluminum interconnections with low-e porous alumina fulfill all the re-
quirements of advanced IC technologies.

2.2.2
Porous Anodic Alumina

Aluminum oxide growth has been studied since the 1930s [68]. Due to the chemical
stability of its passive layer, the anodic polarization of aluminum was investigated
intensively in order to obtain protective and decorative materials [68]. Subsequently,
anodic aluminum oxide was used traditionally as a corrosion-resistant material. In
1953, the porous structure of aluminum oxide was described by Keller and cow-
orkers as a hexagonally close-packed duplex structure consisting of porous and
barrier layers [69].
In 1995, Masuda et al. [70] presented the so called two-step anodization method for

the fabrication of honeycomb alumina. This technique allowed the preparation of a
highly ordered porous structure with a hexagonal distribution, and since then the
main emphasis in this system has been to control the geometry and regularity of
pore distribution. Designs of new pore shapes have rarely been explored due to the
high regularity attained with the two-step anodization method. The complexity of
shape control on the nanometer scale also leads to difficulties in obtaining such
structures. As it has been well established [69,70], the pore shape in PAA has,

Figure 2.11 (a) SEM image of the porous alumina surface with
built-in aluminum lines. (b) Cross-sectional SEM image of the
multilevel aluminum interconnections with the porous alumina
insulator. (Reprinted from Ref. [67].)

128j 2 Nanostructured Materials Synthesized Using Electrochemical Techniques



spontaneously, a hexagonal array. However, based on the Voronoi tessellation con-
cepts [71], Masuda and coworkers [72] reported the fabrication of architectures with
square and triangular pores. These authors combined nanoindentation techniques
with anodization, the procedure was based on the stamping of the pore initiation
sites in square or triangular lattices before anodization. This procedure allows one to
obtain shapes printed on the Al substrates, based on the nanotiling through the
close-packed cells. Some micrographs of the anodic alumina formed using this
procedure are shown in Figure 2.12.
In another report [73], pore growth with square cells formed during the initial

stage of the anodization was investigated. These authors noted that the square lattice
was also square at steady state, and concluded that the imprinting pattern – which is
different from natural hexagonal cells – controls the growth of anodic porous
alumina and so defines the final shape of the pores. These indentation techniques
opened new possibilities for the exploration of different cell shapes, although certain
unsolved questions remain, for instance, with regards to the true nanowire cross-
section prepared inside these types of membrane. According to the findings of Choi
et al. [74], the pore shape at the bottom of the porous structure is not controlled by the
prepatterned stamp on the Al surface. Rather, the bottom region shape is defined
only by the current flow and the electrolyte – that is, the bottom preserves the
hexagonal pore structure. These authors compared the surface and the bottom view,
and observed that the pore shape changed from rectangles into circles during their
growth. Moreover, the same group reported a guided self-organization [75], in which
prepatterns on the Al substrate formed by stamping not only acted as seeds for pores
but also guided the formation of new pores between the prepatterns. This procedure
enabled the preparation of alumina pore arrays with interpore distances smaller
than the lattice constant of the stamp print. By using the guided self-organization
process [75], these authors prepared a triangular pore array which was generated

Figure 2.12 SEM images of the pore opening at the bottom of the
anodic alumina formed by indentation of square (a) and trian-
gular (b) patterns. Anodization was performed using the fol-
lowing parameters: (a) 0.05mol dm�3 H2C2O4 at 17�C and 80 V
for 6min; (b) 0.5mol dm�3 H3PO4 solution at 17�C and 80 V for
20min. (Reprinted from Ref. [72].)
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from the lithographic patterns with a square shape. An SEM image of triangular
pores generated during the growth of pores by guided self-organization, as reported
by Choi et al. [75], is shown in Figure 2.13.
Due to the high regularity achieved with two-step anodization, as reported by

Masuda et al. [70], and the nanoidentation techniques combined with anodization
[76,77], little has added with regard to the preparation of new pore architectures. One
interesting configuration in PAA are the Y-branched pores reported by Zou et al. [78],
which show a ramification along the porous structure (normal to substrate). These
authors obtained this pore configuration by using a two-step potentiostatic anodi-
zation on aluminum film evaporated onto a Si substrate. According to Zou et al. [78],
the Al/Si interface is responsible for the formation of branched cells, since the
Y-branched pores are derived from stagnant cells that grew slowly (or even ceased
to grow) during the anodization, due to an increase in the electrical resistance at
interface. Previously [79], an electrochemical route for the preparation of individual
alumina nanotubes had been reported; these alumina nanotubes were also prepared
from an aluminum film evaporated onto Si. However, in this case, these authors
considered that the semiconductor substrate was principally responsible due to the
detachment of cells.
By changing the position where electrical contact is made [79] during the synthe-

sis of individual alumina nanotubes (ANTs), is possible to obtain different struc-
tures. Electrical contact can be made at the bottom of the Si substrate [known as
normal stepwise anodization (NSA configuration], or laterally on the Si wall [known
as lateral stepwise anodization (LSA) configuration] (Figure 2.14d). Here, the current
paths are different, and this leads to different nanotube geometrical parameters
using the two methods. It should be emphasized here that the orientation of the
sample is not important. The transmission electron microscopy (TEM) images in
Figure 2.14 show a general view of the ANTs, which are attached to the PAAmother
film. The largest ANT observed was 650 nm in length, and had outer and inner
diameters of 35 and 12 nm, respectively (Figure 2.14a). Some bundles of ANTs were
also present (Figure 2.14b). The ANTs fabricated by the two methods had the same
structure and differed only in size, with the NSA tubes being smaller than the LSA

Figure 2.13 SEM image of a porous anodic alumina membrane
with triangular pores generated from the lithographic patterns
with a square shape. (Reprinted from Ref. [75].)
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tubes. The main factor determining tube size may be whether the current path
during growth passed through the interface region, or not.
Alumina whiskers and fibers are widely used in advanced materials such as

metal matrix composites, because of their high temperature resistance and high
modulus values [80,81]. Generally, thesematerials are prepared using conventional
ceramic methods. Additionally, high-performance alumina fibers can be used
as catalyst supports, as radar-transparent structures, and antenna windows [82].
Recently, Al2O3 fibers [83] and nanopillars [84] have been produced, although
high-temperature calcination was needed to obtain both structures. In spite of
reports about electrochemical methods being used to prepare branched alumina
nanotubes (bANTs) [78] and individualANTs [79], fewadditional investigationshave
beenmade concerning the fabricationofAl2O3fibers arraysusing theseprocedures.
Pang [85] reported the large-scale synthesis of ordered Al2O3 nanowire arrays
embedded in the PAA nanochannels by electrodeposition at room temperature.
Through-hole PAAs with ordered nanochannels were prepared using two-step

anodization method [85], where upon it was observed that bulk quantities of Al2O3

nanowires with an equal height and a highly ordered tip array were formed. Tian
et al. [86] also reported the preparation of alumina membranes with parallel
Y-branched pores using a procedure different to that of Zou et al. [78]. Tian et al.
performed a potentiostatic anodization using a high-purity aluminum foil in three
steps where, before the third anodization step, the oxide formed during the inter-
mediate step was not removed. However, during the last anodization step the applied
voltage was reduced by a factor of 1/

p
2. This procedure was based on results

obtained by Parkhutik and Shershusky [87] and Almawlawi et al. [88], which sug-
gested that the pore diameter in PAA is proportional to the applied potential. The
potential decrease then resulted in ramificated pores. An important result here is
that the branching process has occurred at the same depth. A micrograph of a PAA
membrane, showing a close image of a branching point of an individual Y-branched

Figure 2.14 TEM images of: (a) alumina nanotubes (ANTs);
(b) normal stepwise anodization (NSA) tubes; (c) lateral stepwise
anodization (LSA) tubes. (d) A sketch of the preparationmethods
of ANTs: (i) normal stepwise anodization (NSA); (ii) lateral
stepwise anodization. Scale bar¼ 100 nm. (Reprinted from
Ref. [79].)
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pore prepared using this route, is shown in Figure 2.15. Furthermore, the
Y-branched nanoporous alumina membrane was etched during an adequate period
of time, after which the alumina nanowire arrays stood on the surface of the
remaining alumina membrane. This kind of structure was also prepared using the
consecutive anodization method, as proposed by Li et al. [89]. In both reports [78,86],
the fundamental aspects involved in the formation of the pore ramification were not
well understood. However, from a different point of view these membranes may
represent an important potential in the preparation of heterojunctions.
Both, alumina nanotubes and branchy alumina can provide new routes to the

synthesis of nanostructures with an increasingly complex design. These structures
make up the fascinating class of nanoscale cables, heterojunctions, and jacks to the
fabrication of nanotube-based electronic devices and circuits.
Two overlapped porous layer configurations in PAA were obtained and reported

by the present authors� group [90,91] (see Figure 2.16). These structures were

Figure 2.15 SEM side view image of the alumina nanowire array
standing a porous alumina membrane on the surface. Scale
bar¼ 1mm. The inset shows a close-up of the branching point of
an individual Y-shaped cell. (Reprinted from Ref. [86].)

Figure 2.16 SEM images of the porous anodic alumina (PAA)
membranes prepared in two-step galvanostatic anodizations that
present two porous layers overlapped at (a) low and (b) high
magnification.
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prepared under galvanostatic conditions, using a variation of the two-step anodiza-
tion method. Unfortunately, it was not possible to define this array in a side view (by
SEM), since the superior porous layer was very thin compared to the inferior layer.
Recently, Lee et al. [92] reported a new oxalic acid-based anodization process for

long-range ordered alumina membranes. This method can be considered as a new
version of the traditional hard anodization (HA) used by industry to fabricate
mechanically robust and very thick alumina films. These authors reported a new
self-ordering regime with interpore distance from 200 to 300 nm which, to date,
have been achieved by using mild anodization (MA). Hence, this represents a
second self-ordering regime for oxalic acid anodization, but in this case the range
of applied potential used is between 120 and 150 V (three- to fourfold higher than
that in MA conditions in oxalic acid). MA is characterized by slow oxide growth
rates (2–6 mmh�1) which requires several days of processing in order to obtain
thicker, highly ordered Al2O3 films. Unfortunately, this feature limits the use of
Masuda�s approach [70] on an industrial scale. The time-consuming factor is not
the only limitation, since the spatial domain, with a high ordering degree, is also
reduced. The main features of MA and HA are summarized in Table 2.1.
Figure 2.17 shows a side view of the porous alumina prepared under MA and HA

in oxalic acid. In addition, on the basis of the fact that HA yields anodic alumina with
one-third lower porosity than MA (i.e., PHA< 3% for HA and PMA< 10% for MA),
these authorsmodulated the pore diameter by combining both anodization processes
(Figure 2.18). First, the Al sheet is anodized underMA in 0.1MH3PO4 at 110Vusing
4wt.%H3PO4 (10�C) for 15min, and this results in a segment of oxidenanoporeswith
higher porosity. Subsequently, HA was carried out at 137V using 0.015M H2C2O4

(0.5�C) for 2min, which resulted in a lower-porosity nanoporous alumina segment.
Highly uniform periodic modulations in pore diameters have been achieved by
repeating two consecutive anodization processes of MA and HA. In addition, the
length of each segment of oxide nanopores can freely be controlled by varying the time
of the anodization steps.
The versatility of the porous anodic alumina is one of its most important features.

By taking advantage of the highly ordered structure of the PAA, it is possible to
design complex nanoscale-structured devices with unique physical properties due to
the size effects. The role of the porous anodic alumina within the nanostructure

Table 2.1 Mild anodization (MA) versus hard anodization (HA) in 0.3M C2H2O4 (1�C).

MA HA

Voltage (V) 40 110–150
Current density (mA�cm�2) 5 30–250
Film growth rate (mmh�1) 2.0–6.0 (linear) 50–70 (non-linear)
Porosity (%) 10 3.3–3.4
Interpore distance (nm) 100 220–300
Pore diameter (nm) 40 49–59
Pore density (pores cm�1) 1.0� 1010 1.3–1.9� 109
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Figure 2.17 SEM images of the corresponding anodic porous
alumina (AAO) specimens formed by (a) mild anodization (MA)
for 2 h and (b) hard anodization (HA) for 2 h. (c) A close-up view
of image (b). The thicknesses of the respective samples are
indicated in the cross-sectional SEM images. (Reprinted from
Ref. [92].)

Figure 2.18 Long-range ordered alumina membranes with
modulated pore diameters. SEM images showing the cross-
sectional view of the corresponding sample with modulated pore
diameters. Magnified cross-sectional images of the top part of
the membrane are shown on the left and right. (Reprinted from
Ref. [92].)
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fabrication field can be divided basically in two wide classes: (i) highly ordered
porous structure working as a template to the preparation of a nanodevice (which
is themost traditional application of this system); and (ii) PAA acting as a nanodevice
itself. In the latter case, the highly ordered architecture combined with the physical
and mechanical properties are the key point. Some representative examples of the
first class will be presented briefly in the next subsection, while details of nanos-
tructures prepared by cathodic methods using PAA as a template are presented in
Section 3. (For further details about this topic, see Chapter 2.) Details of the second
above-described class are presented in Section 2.2.2.2.

2.2.2.1 Porous Anodic Alumina as Template
Although porous alumina is present at least in one step of all procedures for
preparing nanomaterials, its main application in nanotechnology is in template
synthesis. The success of porous alumina as a template is due to the fact that a
large variety of materials (metallic, semiconductors and insulator nanowires, carbon
nanotubes, etc.) can be consistently fabricated with accuracy and ease. For example,
nanodots (Au, Ni, Co, Fe, Si and GaAs), nanopores (Si, GaAs and GaN), nanowires
(ZnO) and nanotubes (Si, carbon) which can be prepared using highly ordered
porous alumina by evaporation or using etching masks. The porous alumina mem-
brane determines the uniformity, diameter size, and length of the nanostructures. It
is similar to the design of nanodevices inside a beehive.
Recently, Hillebrenner et al. [93] showed interest in a universal delivery vehicle

which used PAA as a template to synthesize silica nano test tubes. Currently, much
interest exists in the preparation of nanodevices to deliver biomolecules and macro-
molecules to specific sites inside living systems. An alternative is that of nanopar-
ticles, where drug release is accomplished by chemical or enzymatic degradation of
the particle wall [94,95]. These groups are currently exploring an alternative release
system which utilizes template-synthesized nano test tubes. It is suggested that, if
these nano test tubes were filled with a medicine, and the open end then sealed with
a chemically labile cap, they could act as delivery vehicles. A schematic route used to
�build� nano test tubes is shown in Figure 2.19, while SEMand TEM images of nano
test tubes prepared in this way are shown in Figure 2.20.
By using a free-standing PAA as an evaporation mask, Ding and coworkers [96]

were able to fabricate nanocrystalline Si:H (nc-Si:H) artificial quantum nanodot
arrays on Si. The thickness and pore diameter of porous alumina play an important
role in this fabrication process. The nc-Si:H quantum nanodot obtained has a
tunable diameter ranging from 50 to 90 nm, as shown in Figure 2.21. The unique-
ness of this approach is the fabrication of nanodevice arrays with true quantum size
effects, combined with artificial quantum dot fabrication through porous alumina
masks with Si natural quantum dots inside nc-Si:H dots. This alternative procedure
allows the preparation of semiconductor devices arrays, where the Si natural quan-
tum dots will play a key role in the quantum size effects, while the spacing of the
uniform artificial quantum dots serves as a good electrical insulator [96].
Recently, many research groups [97–99] have been investigating the deposition

of carbon nanotubes with controlled sizes, using chemical vapor synthesis (CVD) in
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a porous alumina template. Yanagishita et al. [100] prepared carbon nanotubes using
porous alumina with triangular pores as template; these templates were prepared
according to the procedure reported by Masuda et al. [72]. Carbon nanotubes were
deposited in PAA by CVD. Usually, cobalt particles, which may serve as a catalyst for

Figure 2.19 Scheme of the test tube synthesis and corking
processes. (Reprinted from Ref. [93].)

Figure 2.20 SEM images (upper) and TEM image (lower) of
the nano test tubes prepared by template synthesis. Scale
bar¼ 500 nm. (Reprinted from Ref. [93].)
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the synthesis of carbon nanotubes, are electrodeposited at the bottom of the porous
alumina template. An SEM image of the ordered arrays of carbon nanotubes
with triangular cross-sections, prepared using an alumina template, is shown in
Figure 2.22.

2.2.2.2 Porous Anodic Alumina to Create Nanodevices

Photonic Crystals A recent application of PAA is as photonic crystals [101]. When
electromagnetic radiation with a wavelength comparable to the periodicity of the
system passes through such an array, the dispersion relation is modified according
to its geometry and composition. This is analogous to the effect of a crystalline
structure on the behavior of electrons [102]. These artificially engineered periodic
dielectric structures, which are referred to as �photonic crystals� [103], are periodic
dielectric materials that allow control of the light path. In this system, the light
behaves like the electron inside the semiconductor, highlighting forbidden regions.
It follows, therefore, that new designs of nanostructured materials may lead to

Figure 2.21 SEM images of the nc-Si:H artificial quantum dot
arrays with different dot diameters: (a) 50 nm; (b) 90 nm.
(Reprinted from Ref. [96].)

Figure 2.22 SEM images of carbon nanotubes with a triangular
cross-section at (a) lowmagnification and (b) highmagnification.
(Reprinted from Ref. [100].)
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advances in optical manipulation, such as waveguides, which are devices that pres-
ent a curvature of the optical light path. A simulation of an optical path, as reported
by Kim [104] and performed in a conventional material and in a photonic crystal, is
shown in Figure 2.23. Here, the change of dispersion relation in the photonic crystal
compared to that in a conventional material can be clearly observed.
On the basis that applications as photonic crystals require a perfect PAA mem-

brane with only one domain, the self-ordered growth and prepattern guided anodi-
zation compete on terms of both product quality and cost. Although self-ordering is
a cheap and simple route, and has achieved good results [70], more sophisticated
technologies, which involve a prepattern of the substrate (e.g., imprint by a pyramid
stamp [74]; imprint by a dot-like stamp [76]; electron beam (e-beam) lithography
[105]; two-step indentation by commercial gratings [106]), are currently under in-
vestigation. According to Mikulskas et al. [106], the key characteristic of these
methods is the fabrication of a precise die having appropriate dimensions. Here,
it is important to emphasize that, in the self-ordered as well as in prepattern guided
anodization, the applied voltage also plays a key role.
In 1999, Li et al. [102] reported the fabrication of parallel, regular nanopore arrays

with a high aspect ratio in PAA, which is important for the 2D behavior of photonic
crystals. These authors developed a lateral microstructuring technique for micro-
machining bars of PAA. The preparation process of ordered PAA involved a two-step
anodization, without any previous imprint procedure. Subsequently, a lithographic
technique was applied to obtain the microstructured porous array. The route to
porous array preparation, and the microstructure obtained according to this proce-
dure, are shown schematically in Figure 2.24. The highlights of these studies are the
high aspect ratio obtained (ca. 1400), and the accuracy of the design which combines
self-ordered growth with lithographic techniques.
Masuda et al. [107] also reported the preparation of a porous array with a 2D

photonic band gap in the visible wavelength region. The fabrication was based on Al
pretextured by imprinting with a mold, followed by anodization. The 2D photonic
crystal was fabricated using PAAwith a highly ordered pore array, and an aspect ratio

Figure 2.23 Simulation of the optical path performed in a con-
ventional material (a) and a photonic crystal (b). (Reprinted from
Ref. [104]; courtesy Prof. Dr. H.K. Kim.)
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in excess of 200. The transmission properties of the obtained ordered pore array in
the aluminamatrix exhibited a stop band in the spectrumwhich corresponded to the
band gap in 2D photonic crystals.
Mikulskas et al. [106] proposed an alternative substrate prepatterning, using an

optical grating. The texture of the grating was transferred to an aluminum surface,
covering it completely. The porous array obtained, which has a perfectly ordered
structure, is shown in Figure 2.25. Optical transmission measurements confirmed
the existence of a photonic band gap in the visible region, thus indicating that the
perspectives are good for this fabrication technique, which can be used to create
large structures. These results are also important for conventional spectroscopic
applications and 2D photonic crystal development. Furthermore, this alternative
method provides the possibility of preparing photonic crystals based on porous
alumina by using holographic optical lithography, which is commonly used in the
production of diffraction gratings.
Choi et al. [108] investigated both the near solution-hydrated (outer) oxide

and internal (inner) oxide in detail. The inner layer is a pure alumina with

Figure 2.24 (a) Schematic diagram of the
fabrication and microstructuring processes on
a nanopore array in anodic alumina. (i) Porous
alumina obtained in the first anodization; (ii) Al
substrate after the chemical removal of the
porous alumina formed during the first anod-
ization; (iii) a nanopore array formed in the

second anodization; (iv) evaporation of an
aluminum transfer layer; (v) coating of photo-
resist; (vi) patterning of resist; (vii) patterning
of aluminum layer; and (viii) etching of vertical
microstructures. (b) Typical microstructure
depth profile and an enlarged view of a side
wall. (Reprinted from Ref. [102].)
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thickness �50 nm, while the outer layer has incorporated anions. Consequently,
these layers present different dielectric constants. In addition, the outer layer con-
sists of an outermost part and an intermediate part into which the anions are
concentrated. Hence, the outer layer has a non-homogeneous effective dielectric
constant, depending on the concentration of impurities at each site. As shown in
Figure 2.23, the optical path in this type of material is determined by the arrays
formed according to the lattice defects, while the periodic potential modulation
will be equivalent to the dielectric constant and defect modulation. These authors
reported a detailed discussion on photonic crystals, based on PAA. They also
described the preparation of a perfect 2D photonic crystal on an area of 4 cm2 using
imprint methods, followed by conventional potentiostatic anodization.

Electrochemical Double Layer Capacitors Jung et al. [109] used carbon nanotube-
modified PAA as electrode materials for electrochemical double layer capacitors
(EDLC). These authors reported the preparation of carbon nanotubes embedded in
free-standing porous alumina, together with the results of its EDLC properties
investigation. The aluminum substrate was seen to be the current collector for the
electrochemical cell. The homogeneous carbon nanotubes, grown in highly ordered
porous alumina, present good characteristics for EDLC with enhanced specific
capacitances. These systems were also investigated as field emitter arrays due to
the improved diameter uniformity and inner distance of the tube regularity
[110,111].
The use of PAA membranes as separators for Li rechargeable batteries was

investigated by Mozalev et al. [112]. Here, an attempt was made to apply the alumina
membranes for storing a non-aqueous battery electrolyte, and for the repeatable
deposition–dissolution of lithium metal through the pores on Ni and Al substrates.
These authors noted that the ionic resistance of the membrane prepared by one-step
galvanostatic anodization was lower than those of commercially available polyethyl-
ene separators, and this proved attractive for propylene carbonate-based battery

Figure 2.25 SEM image of the porous anodic alumina (left)
and cleaved edge of the porous array (right) prepared according
to procedure reported by Mikulskas et al. (Reprinted from
Ref. [106].)
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electrolytes. Coulombic efficiencies for the cycling of Li through the alumina mem-
brane on an aluminum substrate was improved with cycle number, reaching a
constant value of 89% after 25 cycles and showing an upward tendency beyond
the 40th lithium deposition (Figure 2.26).

Light-Emitting Diodes An organic light-emitting diode (OLED) is a light-emitting
diode (LED) in which the emissive layer comprises a thin film of an organic (O)
compound. It has been reported [113] that a thin insulatingfilmon the cathode surface
largely enhances the electroluminescence intensity and lifetime. Kukhta et al. [114]
proposed a new cathode for organic light-emitting based on PAA films. The model
of the organic electroluminescent cell based on the porous alumina is shown in
Figure 2.27. In order to improve the efficiency of the electroluminescent structure,

Figure 2.26 Coulombic efficiencies for cycling of Li on the Al
substrate directly and through the one-step membrane attached.
The cell was charged at: 1mA cm�2 for 6min, 3min rest time.
Discharge at: 1mA cm�2, cut-off potential 2 V versus Li/Liþ,
3min rest time. (Reprinted from Ref. [112].)

Figure 2.27 Schematic model of the organic electroluminescent
cell. (Reprinted from Ref. [114].)
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which consists of aluminum, PAA doped with organic phosphor, and a tin-doped
indium oxide (ITO) layer, the authors removed the barrier layer by a slow reduction of
the anodization voltage to zero. A consequent increase in the alumina porosity was
observed which was proportional to the increase in electroluminescence intensity.
Anodic films can serve as effective catalysts or catalyst supports within micro-

reactors due to their thickness being in the micron range, their elevated specific
surface area, and their strong adhesion to the substrate. Ganley et al. [115] described
the process conditions for preparing PAA as a catalyst support in monolithic micro-
reactors. The process involved the galvanostatic anodization of an 1100 aluminum
alloy in oxalic acid, and the deposition of a transition metal (which served as the
catalyst). These authors subsequently demonstrated the performance of aluminum–

alumina microreactors with optimized PAA films for the decomposition of anhy-
drous ammonia using supported metal catalysts, thereby opening the possibility of
carrying out heterogeneous catalyzed reactions on a small scale.

Medical Applications Porous alumina can also be used as implants in medical
applications. One of the main goals of bony tissue engineering is to design better
materials to control osteoblast behavior [116]. It has been shown previously that
osteoblast responses are extremely sensitive to surface roughness and porosity [117],
and in this sense nanoporous designs have proved favorable for osteoblast prolifer-
ation. Karlsson [118] described a new procedure to prepare a composite material for
use as a bone implant, which consists of porous alumina formed on titanium
substrate. Subsequent in-vitro studies showed that the porous alumina had a high
adhesion to the titanium substrate, and supported the osteoblast and its
proliferation.
Popat et al. [116] also reported an investigation of the osteoblast response seeded

on PAA, by investigating the parameters of short-term adhesion and proliferation,
long-term functionality, and matrix production. These authors compared results
obtained with PAA to those achieved with amorphous alumina, commercially
available ANOPORE�, and glass. PAA showed an improved short-term osteoblast
adhesion and proliferation compared to the other surfaces, while the nanoporous
alumina support achieved the greatest osteoblast adhesion overall. In addition, cells
cultured on porous alumina presented a higher protein content, as indicate by the
bi-cinchoninic acid (BCA) assay.
As mentioned earlier [93], porous alumina represents a very important alter-

native approach for the preparation of nanodevices with biomedical functions, in
this case, as a template for the preparation of nano test tubes. Similarly, Gong
et al. [119] reported the use of nanoporous alumina capsules, with highly ordered
pores having diameters ranging from 25 to 55 nm, for controlled drug delivery.
Anodization of the aluminum tubes resulted in a tubular porous alumina mem-
brane, the process was based on the studies of Itoh et al. [120]. The capsules were
filled with fluorescent molecules of different molecular weight, and plugged with
silicone. Subsequent controlled-release experiments showed that drug transport
was sensitive to the pore diameter, and that it was also possible to control
molecular transport by the appropriate selection of the membrane pore size.
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Moreover, these biocapsules prevented the diffusion of molecules larger than a
certain cut-off size.
In addition to the development of devices for drug delivery, the area of biomedi-

cine has made many important advances in the construction of highly ordered
structures of biological molecules such as proteins, DNA, and antibodies on the
nanometer scale. For example, Matsumoto et al. [121] reported the fabrication of
highly ordered nanometer-sized arrays of DNA on regularly sized Au disks inside
porous alumina. It appeared that these authors encountered some problems during
the fabrication of biological molecule nanopatterns using PAA, since the limits of
resolution of the optical microscope used was insufficient to observe such patterns.
More recently [122], the same group presented a DNA nanoarray on Au disks with a
controllable interval suitable for observation by optical microscopy. A representation
of the DNA nanoarray produced using ideally ordered porous alumina is shown in
Figure 2.28. The Au disk fabrication was made possible by selectively opening the
pores and filling them with Au. In order to accomplish this, the group explored the
differences in thicknesses between the barrier layers at the imprinted and unim-
printed sites of the convex dots on the Al substrate and found that, at for every six
imprinted sites there was one unimprinted site. Moreover, the barrier layer which
developed in the latter site was thinner than in the former site. An SEM image,
clearly showing the period between the Au disks functionalized with DNA, is shown
in Figure 2.29. Most importantly, this approach shows how a simple insight can
overcomesome limitations, in this case, the resolution limit of theopticalmicroscope.
In summary, within this section several studies have been presented on the ad-

vances of precise tailoring at the nanometer scale using porous alumina, an approach
which can be considered as one of the key aspects in the development of nanotech-
nology. Indeed, the template approach using PAA, although pioneered independently

Figure 2.28 Schematic of DNA array prepared using ideally or-
dered anodic porous alumina. (a) Ni; (b) Pt–Pd layer, which
functions as an electrode during electrodeposition of Au inside
these opened pores; (c) PAA; (d) Au; (e) DNA; (f ) fluorescent
dye. (Reprinted from Ref. [122].)
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by several groups fromdifferentfields [21,70,96,122–124], is currently beingusedwith
great success by an increasingly number of research groups worldwide. More signifi-
cantly, perhaps, a large number of prototypes of nanostructured devices have been
produced, thus demonstrating the enhancement of performance that can be achieved
compared with conventional devices.

2.3
Cathodic Synthesis

2.3.1
Nanowires

Research into nanostructured systems, particularly of one-dimensional (1D) struc-
tures, has included many investigations into the physical and chemical principles of
these materials. Today, the properties and effects of nanostructures, such as high
storage and information transmission rate, blue shift of absorption edge of nano-
particles, conductance quantization, enhancement of mechanical properties [125–
128], are better understood on the basis of theoretical studies and calculations
performed on low-dimensional systems [129], notably those related to the next
generation of nanoelectronic devices [130]. In spite of the difficulties encountered
in obtaining an accurate control of the fabrication parameters, 1D nanostructures
are ideal systems compared to dots and 2D systems for studying transport phenom-
ena at the nanometric scale [131].
These facts, together with the current tendency to fabricate functional, nanos-

tructured devices, are clearly the new �trends� in nanotechnology. This applies in
particular to 1D systems such as nanowires (NW) and nanotubes, and these are
discussed in the following paragraphs.

Figure 2.29 (a) SEM image of the fabricated Au
disk array. Disk diameter¼ 50 nm (i.e., the
diameter of the alumina pores). Disk period
¼ 1.2mm. (b) SEM image, taken from the
barrier layer side of a porous alumina substrate
with selectively opened pores (large dark

circles) which were filled with Au to form the Au
disk. The small dark points are the pores with
unremoved barrier layer. Note that the opened
pores are perfectly separated from each other
by six cells. (Reprinted from Ref. [122].)
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Nanostructured materials and devices are interesting not only because they may
lead to new applications, but also because they exhibit novel quantum phenomena.
An interesting example is conductance quantization, which occurs in a semicon-
ductor or metal wire connected between two macroscopic electrodes when the
following two conditions are fulfilled. First, the wire must be shorter than
the electron mean free path, so that electrons are transported ballistically along the
wire. Second, the wire diameter must be comparable to the electron wavelength in
order to allow electrons to form standing waves (quantum modes) in the transverse
direction of the wire. These systems are also known as �quantum wires� or
�quantum point contacts�. This phenomenon was first observed in semiconductor
devices, where the electron mean free path is of the order of many microns, and the
electron wavelength is �40 nm, much larger than the atomic scale [132,133]. The
relatively large wavelength made it possible to fabricate the required nanowires
using conventional nanofabrication techniques. However, this led to a small energy
difference between the quantum modes, which means that a pronounced conduc-
tance quantization in these devices occurs only at liquid helium temperature. For a
typical metal (e.g., Au), the electron wavelength is only a few Ångstroms, and so the
low temperature is not required in order for this phenomenon to be observed,
although the wires must be atomically thin. A number of techniques have been
developed to fabricate atomically thin metal wires that exhibit conductance quanti-
zation. These methods can be divided into two categories:

. A mechanical approach, in which a nanowire is formed by separating two elec-
trodes from contact [134–136]. During the separation, a metal neck is formed
between the two electrodes and this is then stretched into an atomically thin wire
before it is completely broken.

. A technique developed by Xu et al. [137], in which the nanowires are fabricated
electrochemically [138,139]. Recent TEM data have confirmed clearly that a metal
wirewith quantized conductance consists of a string of a fewmetal atoms [140,141].

In a semiconductor nanowire or quantum point contact, the width and electron
density of the nanowire can be controlled flexibly by using gate electrodes, although
this flexibility does not exist for metallic nanowires in vacuum or in air. In electro-
lytes, however, the potential of a metallic nanowire can be controlled in a similar
fashion to the gate voltage. By controlling the electrical potential, it has been possible
to study a variety of processes which take place on the nanowires, such as double
layer charging, potential-induced stress, ionic and molecular adsorption.

2.3.1.1 Template Procedures to Prepare Nanowires
Many fabrication methods, including thermal decomposition [142], surfactant-
assisted hydrothermal process [143], and vapor–liquid–solid (VLS) techniques, have
been developed for the preparation of nanowires.
The template method is considered to be themost convenient for nanowire growth,

where porous polycarbonate (PC) and PAA membranes are typically used as tem-
plates. Electroless plating (i.e., the electroplating process conducted without any
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applied electrical field) leads to a chemical reduction of the cations in the pores of the
template to form the nanowire [144,145]. Nanowire crystal growth processes using
templates with different pore sizes have also been investigated [146,147], while
many studies have also addressed the modification of nanowires after their growth
[148,149].
Silver nanowires with variable surface roughness can be prepared using electro-

plating with a PAA template [150], and different types of nanostructure, including
nanowires with nanoparticles or nanorods on their surfaces can be grown in this
way. A pulsed DC voltage can be applied to grow branched structures on the surfaces
of Ag nanowires. A cross-section of a nanowire in the initial stage of growth under
high electroplating voltage, and with a coarse surface morphology, is shown in
Figure 2.30. Of note, some bubbles which were trapped due to the high electro-
plating potential were considered to be the main cause of the rough surface.
Electrochemical silver infiltration into self-ordered porous alumina templates with

pores in the sub-100nm range has been studied recently by Sauer et al. [151]. The
achievement of a high degree of electrochemical porefillingwithmetals in a PAAwith
400 nm-diameterpores is difficult due to the thick barrier layer that is generally formed
in these templates. This situation leads to instability during pore growth, such that the
filling becomes highly inhomogeneous. In 2006, Sauer et al. developed a unique
imprint stamp consisting of Si3N4 pyramids which were wafer bonded to a silicon
wafer [152]. After nanoindentation of the aluminum, monodomain porous alumina
templates were fabricated via anodization. The results achieved for silver infiltration
produced by DC deposition are shown in Figure 2.31, where the average length of the
silver rods is approximately 22mm [153]. Over large areas, the filling of silver in the
monodomain porous alumina template with straight long channels was almost 100%,
which permitted their use as metallodielectric photonic crystals.
Chu et al. [154] studied the formation process of PAA, Ni nanowires arrays, and

TiO2-RuO2/Al2O3 composite nanostructures on glass substrates. A highly pure
aluminum layer deposited by radiofrequency sputtering [155,156] onto a glass

Figure 2.30 Field emission SEM cross-section of 4 V electro-
plated nanowire in a PAA template. AAO¼ anodic porous
alumina. (Reprinted from Ref. [150].)
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substrate and coated with an ITO film, was used as the starting sample. The PAA is
then formed by anodization of the aluminum layer. Owing to its thin dimensions,
the barrier layer of anodic alumina films formed on the ITO/glass substrates can be
removed by using an appropriate chemical dissolution, thereby preserving the porous
layers on the substrates. This feature is important because the conductive ITOfilm can
then be exposed to the electrolyte. Finally, the pores are completely filled with metals
(or other materials) by cathodic deposition until a continuous layer is formed. The
morphologies of nickel nanowire arrays embedded in porous alumina films on ITO/
glass substrates, after being removed the alumina films, are shown in Figure 2.32. It
can be seen that the pores of the alumina are uniformly filled with nickel nanowires,
even though theheights of thenanowires are uneven (arrows inFigure 2.32a, c, and e).
The electrosynthesis of titanium and ruthenium oxide nanostructures on PAA

were also described by Chu et al. [154]. These authors first deposited, electrochemi-
cally, a peroxicompound of themetals, and this was then converted to the oxide using
a calcination step at 600�C. The field emission scanning electron microscopy (FES-
EM) images of the fracture sections, and the surface and the bottommorphologies of
the as-electrodeposited specimens are shown in Figure 2.33. The deposits are com-
posed of tiny grains ranging from 10 to 50 nm size, which completely fill the pores
and then form a continuous layer on the anodic alumina films.

2.3.1.2 Magnetic Nanowires
Currently, the complete characterization of magnetic nanowires is the subject of
intense research investigations, the main motivations being led by analyses of
magnetization processes based on micromagnetic theory, and their potential use
as media for high-density magnetic storage. The most cost-effective technique for
producing magnetic nanowires is the electrodeposition of transition metals inside
the nanometric channels of porous membranes.

Figure 2.31 SEM image of a cross-sectional view of silver wires
infiltrated in the monodomain porous alumina template with a
pore diameter of 180 nm. The bright strips are silver wires.
(Reprinted from Ref. [153].)
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Garcia et al. [157] investigated both the growth andmagnetic properties of an array
of cobalt nanowires which had been electrodeposited inside the pores of track-etched
polymer membranes from Nucleopore�. In order to follow the nanowire electro-
deposition under potentiostatic conditions, it is necessary to monitor the current–
time curve. As shown in Figure 2.34, three zones can be distinguished: Zone I

Figure 2.32 Nickel nanowire arrays bending on ITO/glass sub-
strates fabricated in anodic alumina film obtained in H3PO4

(a, b), H2C2O4 (c, d) and H2SO4 solutions (e, f). Before imaging,
the specimens were selectively etched in a solution of 10% NaOH
at room temperature for 10 s to 5min. (Reprinted from Ref. [154].)
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corresponds to the deposition of Co inside the pores, while zone II arises from
the complete filling of some pores which gives rise to the formation of hemispherical
Co caps over the end of the longest wires. It has been realised that as the effective
cathodic surface is larger, the current increases. Finally, when all of the pores
are completely filled, zone III is reached, the caps coalesce into a continuousmetallic
top layer, and the current saturates with a value higher than that obtained for
deposition into the pore membranes.

Figure 2.33 Field emission SEM images of vertical fracture
section and morphology of TiO2-RuO2/Al2O3 composite
nanostructures on ITO/glass. The porous alumina films are
obtained in H3PO4 (a, b), H2C2O4 (c, d), and H2SO4 (e, f)
solution. (Reprinted from Ref. [154].)
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The structural characterization of such arrays has been achieved using X-ray
diffraction, thereby revealing that Co grew with a hexagonal structure. Subsequent
AFM images were recorded of isolated nanowires after the membrane had been
dissolved with appropriate chemicals. A typical AFM image of a 3.1 mm-long nano-
wire (diameter 90 nm) is shown in Figure 2.35.
It has been proposed that these electrodeposited magnetic nanowires are used as

ultra-high-density magnetic recording media [158–161]. This type of use is based on
the perpendicular anisotropy of nanowires, which derives from the shape anisotropy
of these systems. However, in some cases (e.g., as in Co nanowires), due to the
competition of magnetocrystalline and shape anisotropies, there may be no perpen-
dicular anisotropy [161]. Ge et al. [162] produced nanowires with different micro-
structures and, consequently, with different magnetic properties. These authors
[162] perfected the conditions for obtaining adequate perpendicular anisotropy by
changing the depositing voltage or applying a magnetic field during the process.
These different magnetic behaviors can be related to differences in their micro-
structures, as both X-ray diffraction and electron diffraction studies have confirmed
that the former sample is amorphous, whereas the latter is polycrystalline. In the

Figure 2.34 Current (I) versus time (t) plot during the electro-
deposition process. (Reprinted from Ref. [157].)

Figure 2.35 AFM image of a 3.1mm-long, 90 nm-diameter Co
nanowire. (Reprinted from Ref. [157].)
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polycrystalline sample, due to the competition of shape and magnetocrystal aniso-
tropies, the sample does not display any perpendicular anisotropy. However, mag-
netocrystal anisotropy is minimal in the amorphous sample, and hence shape
anisotropy plays a dominant role which leads to strong perpendicular anisotropy.
In alternative experiments, the application of a magnetic field during deposition
caused Co grains to grow preferentially along the c-axis, and this also led to a strong
perpendicular anisotropy.
Direct current electrodeposition into PAA templates is most often performed by

removing the remaining aluminum substrate, opening the pore bottoms by etching
in phosphoric acid, and finally depositing a conducting layer (e.g., gold) onto one
face of the template [163–166]. Choi et al. [167] have reported a method where the
barrier layer was reduced to a thickness which was proportional to a 1V final
anodization potential, at which point the barrier layer was sufficiently thin to enable
DC electrodeposition, without prior removal of the aluminum substrate. Unfortu-
nately, however, the barrier layer thinning process is time-consuming and must be
accurately controlled to ensure that the resultant barrier layer is thinned uniformly.
By utilizing this procedure, the electrodeposition of 30mm-long silver nanowires
was achieved [167]. Recently, Sander et al. [168] also reported DC electrodeposition
into PAA formed by depositing silver onto one side of a thin (<100 mm-thick) Al foil,
preparing an electrode, and anodizing the Al completely. However, this procedure
requires the adhesion of a very thin foil to a substrate (e.g., glass), and it is difficult to
uniformly anodize the entire foil. For industrial-scale processes, or applications
where a rapid method of template production is required, it is still preferable to
develop an AC deposition process as this produces wires of comparable length,
without any need for a barrier layer thinning process.
In general, AC electrodeposition through the barrier layer involves many variables

that must be controlled, including the electrolyte concentration, composition, tem-
perature, deposition potential, frequency, waveform (sine, square, and triangle), and
pulse polarity [169–171]. Moreover, the optimal deposition conditions appear to
depend on the metal or compound to be deposited [170].
The feasibility of the electrodeposition of copper into PAA templates under AC

conditions from an aqueous metal salt solution was reported by Davydov et al.
[172], although the experimental details were not clearly described and the resul-
tant wires were only half-filled in the case of the 5 mm-long pores. Details of the
electrodeposition of different metals (including Fe [173], Ni [174], Co [175], Cd
[176], Bi [177] and Au [178]) into PAA templates under AC conditions have also
been published in the literature. Almost all of the materials prepared by AC
deposition used <25 nm-diameter pore anodic alumina grown in sulfuric acid.
It is known that the structure and chemical properties of the barrier layer grown in
oxalic acid differs significantly from those using PAA grown in sulfuric acid
solutions [179], and this difference impacts on AC electrodeposition into the
template, as might be expected.
The frequency of the deposition signal had the most significant effect on pore-

filling. In one report investigating the copper nanowires formation [180], the
authors noted that the best results were obtained using 200Hz, and that pulsed

2.3 Cathodic Synthesis j151



(non continuous) or continuous deposition also modified the nanostructure
characteristics, while continuous wave depositions resulted in improved pore-filling.
The results also indicated that final anodization voltage during alumina formation
(and consequently the barrier layer thickness) should be set at the low value in order to
maximize porefilling.Thebest-identified conditions led to a completeporefillingwith
monodisperse wires. Some SEM images of nanostructures prepared under different
conditions are presented in Figure 2.36a and b.
Different research groups [181,182] have suggested that silver particles deposited

using AC electrolysis reproduce the shape of the alumina pores. For example,
Figure 2.37 shows the TEM images of the reverse side of alumina grown in different
acid solutions, and the contours of silver particles deposited within these pores [183].
The calculated values of the alumina average pore diameters were 13.5, 40 and
80 nm for sulfuric, oxalic and phosphoric acid baths, respectively. Therefore, alu-
mina templates with pore densities of about 0.81 · 1011, 1.25 · 1010 and 3.08 · 109

pores cm�2 were used in this investigation. It can also clearly be seen from the
experimental images that alumina templates grown in oxalic acid bath exhibit
the most uniform array of cells and pores. As can be observed, the Ag nanowire
diameters were proportional to the template pore size.
The procedure for synthesizing platinum nanowires (PtNWs) using an alumina

template is simple and easy to control [184].After thedeposition, the alumina template
is immersed into, for example, an 8% phosphoric solution to dissolve the template
membrane [185,186].Figure2.38shows: (a) the templatepristinesurface; (b) thePtNW
bundles obtained after template dissolution; and (c) an individual PtNW. The high-
densityandwell-alignedPtNWspresenta comparatively evendistributionofdiameters
of about 250nm and average length of 5mm.

2.3.1.3 Nanotubes
Carbon nanotubes (CNTs) have been extensively studied because of their unique
electronic, chemical and mechanical properties, which leads in turn to a very large
number of potential applications [187–190]. These materials can promote electron-
transfer reactions with enzymes, and this has resulted in a series of investigations of
their use in biosensor interface fabrication [191–193]. Indeed, the integration of
CNTs and some othermaterials, such as conducting polymers [194], redoxmediators
and metal nanoparticles with a synergistic effect, has shown particular promise as
chemical sensors [195–198]. The group of Professor Yang has reported a synergistic
effect for biosensor fabrication, such as using CNTs and cobalt [199] or platinum
[200,201] nanoparticles. These authors also showed that a combination of platinum
nanoparticles with CNTs produces interesting electrode materials for catalytic
applications [201].
Platinum is important for many applications due to its chemical, catalytic and

electrocatalytic properties [202]. Platinum particles are used in many different
applications [203–205], and many research groups are currently investigating PtNWs
and composites of these materials with carbon nanotubes (Pt-CNT). These materials
have beenprepared using different templates such as alumina [206] and silica [207], or
directly over CNT networks [208].
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Figure 2.36 SEM images of oxalic acid-anod-
ized templates filled using continuous size
wave deposition with (a, b) bulk growth, (c, d)
pulsed sine wave deposition with bulk growth,
and (e, f) continuous sine wave deposition
without bulk growth. (g, h) SEM images of

sulfuric acid-anodized templates filled using
continuous sine wave deposition. In (a–f) the
pores are 40 mm deep; in (g) and (h) the pores
are 25 mm deep. Circles in (a), (b) and (g)
identify the area of template damage. (Rep-
rinted from Ref. [180].)
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Afewreportshavealsobeenmaderegarding theapplicationsofPtNWsonbiosensor
fabrication. Qu et al. [184] studied the template strategy combined with potentiostatic
electrodeposition techniques to produce PtNW-CNT composites for fabricating bio-
sensors. In order to improve even more the composite electrochemical properties,
theseauthors [184]preparedsolutionsof thecompositeswithchitosan(CHIT) tocreate
a PtNW–CNT–CHIT system. The resulting PtNW–CNT–CHIT material introduces

Figure 2.37 TEM images of the alumina/metal
interface (a–c) and silver nanowires (d–f) de-
posited within the alumina template pores.
Alumina was grown in sulfuric (a, d), oxalic (b,
e) and phosphoric (c, f) acid baths at 15, 40,
and 80V for 1, 2, and 3 h, respectively, with a

subsequent decrease in E to 10 V. The nano-
wires were grown in a solution of 10mol dm�3

AgNO3þ 50mol dm�3 MgSO4, under an AC
voltage 15 V control for 10min. Scale
bars¼ 100 nm. (Reprinted from Ref. [183].)
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newcapabilities for electrochemical devicesdue to the interactionofPtNWsandCNTs,
which facilitates the electron-transfer process. The behavior of PtNW–CHIT is similar
to that expected for polycrystalline platinum [209]. The PtNW–CNT–CHIT film pre-
sents a sharp increase in the current peak, but without any increase in peak potential.
The fact that there was virtually no change in the cyclic voltammetry (CV) shape
and peak potentials suggests that the introduction of CNTs did not affect the
electron-transfer process between the PtNWs and the electrode support [210].
The deposition of semi-conductingmaterial over CNTwas proposed by Rajeshwar

et al. [211], who deposited ZnSe on fibers via cathodic electrosynthesis. The contrast
between the �before� and �after� morphology of the nickel-coated carbon fiber after
electrodeposition of ZnSe is shown in Figure 2.39.
The cathodic electrosynthesis of metal oxides has a more recent history relative

to their chalcogenide counterparts [212–214]. Two types of cathodic deposition
processes can be envisioned from a mechanistic perspective. The first process
involves a change in the oxidation state, as exemplified by the cathodic electrosynth-
esis of Cu2O from Cu(II) precursor species [215]. The second process is based on an
electrochemical reaction involving oxygen or other additives (e.g., nitrate) [216–218].
The net effect is an electrochemical generation of OH� ions and a subsequent
precipitation of the oxide/hydroxide phase. A post-deposition thermal annealing
then converts the hydroxide phase to the desired oxide material. Table 2.2 contains

Figure 2.38 (a) SEM image of the primitive surface of the sample.
(b) SEM and (c) TEM images of platinum nanowires synthesized
by the method of templating. (Reprinted from Ref. [184].)
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Some examples of oxide semiconductors that have been prepared via the cathodic
deposition route are listed in Table 2.2.
In general, recent innovations in oxide electrosynthesis have included the fabri-

cation of superlattices [232], epitaxial growth on selected substrates [233,234], and
the preparation of large-scale, uniform nanowire arrays [235].
ZnO is an important oxide semiconductor material because of its good optical,

electrical, and piezoelectrical properties. The preparation of well-ordered nanowire
arrays is an important step towards fabricated micro-optoelectronic devices [236].
Ordered ZnO nanowire arrays embedded in PAA templates have already been
fabricated by electrodepositing Zn into PAA nanopores to form metallic nanowire
arrays and then oxidizing them thermically to ZnO [237]. The long time necessary
for thermal oxidization (�35 h) at 300�C limits its application. This material has also
been synthesized by one-step electrodeposition conducted in aqueous zinc nitrate
solutions [238], again using PAA as the template. However, the aqueous solution
induces the deposition of Zn(OH)2 competing with the formation of ZnO [239]. The
problem here is that the Zn(OH)2 compound can quench the near band emission of
ZnO [240]. Gal et al. [241] reported a new approach to prepare the ZnO film involving
non-aqueous dimethyl sulfoxide (DMSO), without Zn(OH)2 formation. Further-
more, a higher deposition temperature can be used in non-aqueous baths, which
usually leads to better crystallinity and larger crystal size [242], and avoids blocking of

Figure 2.39 SEM image of nickel-coated carbon microfibers
(INCOFIBER� 12k20) before (a) and after (b) the cathodic
electrosynthesis of ZnSe on their surfaces. (Reprinted from
Ref. [211].)

Table 2.2 Examples of oxide semiconductors prepared by cathodic electrodeposition [211].

Semiconductor Reference(s)

CuO2 [219]
ZnO [220–222]
TiO2 [223–225]
MoO3 [226–228]
WO3 [229–231]
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the nanopores of the PAA template during the electrodeposition process. By using a
variation of the method developed by Gal et al. [241], Wang et al. [243] prepared ZnO
nanowire arrays from a DMSO solution containing ZnCl2, and a molecular oxygen
precursor. A typical surface view of a PAA template is shown in Figure 2.40a. Highly

Figure 2.40 SEM images of a PAA template and
ZnOnanowire arrays. (a)Surface viewof thePAA
template. The inset at upper right shows a close-
up view of the hexagonal arrangement of the
nanopores. (b) Cross-sectional view of the PAA
template. (c) Bottom view of ZnO nanowires
embedded in a PAA template after the Au-
evaporated electrode was mechanically polished

off. (d, e) Large-scale uniform ZnO nanowires
with the PAA template partly dissolved in
1mol dm�3 NaOH solution. (f) Cross-sectional
view of ZnO nanowire arrays embedded in an
PAA template, for which deposition was carried
out for 2 h. A (arrowed) indicates the ZnO na-
nowires; B (arrowed) indicates the pores of the
PAA template. (Reprinted from Ref. [243].)
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ordered pores with diameters about 60 nm and an interpore spacing of�100 nm can
be observed. Figure 2.40c shows the SEM image of the bottom of the ZnO nanowires
and PAA assembly with the Au-evaporated electrode mechanically polished off. The
bright regions show nanowire-filled pores, while the dark regions show unfilled
pores. The ZnO nanowires with 60 nm in diameter are uniformly embedded in the
PAA nanopores, and more than 90% of the PAA nanopores are filled. Figure 2.40d
and e show the surface images of the ZnO nanowires.
It can be seen that the ZnO nanowires are uniform, smooth, and the diameters are

about 60 nm, which is basically equal to that of PAA template nanopores. The cross-
sectional image of ZnO nanowire arrays deposited for 2 h is shown in Figure 2.40f.
Each individual ZnO nanowire is dense, and completely fills the pore.

2.3.2
Multilayers

Superlattices andmultilayers are especially well suited to devices applications, as the
confinement dimension (i.e., the individual layer thickness) can be maintained in
nanometer range. They are composed of alternating layers of materials, with a
bilayer thickness known as the �modulation wavelength�. Although multilayers and
superlattices are both modulated materials, superlattices have the additional con-
straint that they are crystallographically coherent [244]. Because of this constraint,
superlattices are usually produced with alternate layers of materials with very low
lattice mismatch, whereas multilayers can be produced using even amorphous
materials.
One reason for the interest in superlattices and multilayers is their enhanced

mechanical properties, and today multilayered materials are being considered for
protective coatings, as their hardness greatly exceeds the values for comparable bulk
alloys [245–249]. With two alternating phases, the resistance to plastic deformation
and hardness increase as the modulation wavelength decreases [245]. Although
many of these studies have focused on metallic multilayers, single-crystal TiN/VN
strained-layered superlattices with extremely high mechanical hardness have been
produced by reactive magnetron sputtering [250]. With a modulation wavelength of
5.2 nm, the multilayer had a hardness that was more than 2.5-fold that of TiN, VN,
or a Ti0.5V0.5N alloy. Tench and White have used electrodeposition to prepare Ni–Cu
multilayers with an ultimate tensile strength (1300MPa) that was a factor of three
greater than that measured for pure Ni metal, and more than twice as large as the
value for the corresponding alloy of Ni and Cu [251].
Most studies performed on the fabrication of nanometer-scale superlattices and

multilayers have focused on the use of chemical and physical vapor phase deposition
processes in anultra-high vacuum.Electrodepositioncanbe applied to the synthesis of
such materials, and has several advantages [252,253], including: (i) a low processing
temperature (often room temperature)whichminimizes atom interdiffusionbetween
the layers; (ii) the film thickness can be controlled by monitoring the deposition
charge; (iii) the composition and defect chemistry can be controlled through
the applied potential; (iv) complex shaped film depositions can be made; and
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(v) non-equilibriumphases can be deposited. Possible disadvantages of this procedure
are the requirement that the substrate and film have electrical conductivity, and that
there is the possibility of contamination of the film from the solution foreign species.
The electrodeposition of compositionally modulated nanostructures such as

superlattices andmultilayers has been reviewed elsewhere [254,255]. Useful reviews
on the general electrochemical synthesis and modification of materials, including
metal oxide ceramics, are also available [256,257]. There are two general techniques
for the electrochemical deposition of superlattices andmultilayers, namely dual bath
and single bath deposition:

. Dual bath deposition is the simpler of the two methods to design, but it is more
difficult to implement when large number of layers are necessary, or even with
small modulation wavelengths. The electrode is alternated between two deposi-
tion solutions containing the chemical precursors of the different layers.

. In single bath deposition, the precursors for both layers are in the same deposition
solution. Single bath deposition requires a much more accurate control of the
system chemistry, but it is ideal for producing nanostructures with an almost
unlimited number of layers. In addition, the electrode is not exposed to the
atmosphere between deposition cycles, and the electrical potential control can
be maintained throughout the process.

Multilayered metallic structures were first produced by Blum in 1921 by deposit-
ing alternating Cu and Ni layers using the dual bath method [258]. The layers were
fairly thick (�24 mm), and the films were examined for their higher tensile strengths
than the corresponding pure metals or alloys. Brenner first used single bath depo-
sition in 1963 to produce multilayers of Cu and Bi [259]. Several years later, in 1987,
Cohen et al. produced multilayers with layers as thin as 50 nm of Ag and Pd by
pulsing either the current or the potential in a single plating bath [260]. During the
same time period, several groups used single bath deposition to prepare multilayers
of Cu and Ni [261,262,251]. The Cu/Ni system has been extensively investigated
due to its low lattice mismatch (2.6%), and the electrochemical deposition of
the metals are almost irreversible – that is, the Ni layer becomes passive and does
not re-dissolve during the lower-potential deposition of Cu [263,264].
With regards to the Cu–Co multilayers nanostructures, Kelly et al. [265,266] have

clearly shown that sodium dodecyl sulfate promotes the displacement reaction of Co
by Cu2þ during pulse off-times. Gundel et al. [267] assumed that the displacement
reaction could be negligible under galvanostatic conditions. Fricoteaux et al. [268]
studied the electrodeposition of Cu–Co multilayers without brightener and leveler,
the aim being to quantify the displacement reaction between cobalt and copper.
Tench andWhite [269] have used the electroless displacement reaction to establish

a new process of Cu–Agmultilayered alloy production. These authors suggested that
the electroless process might go on beyond few nanometers because of the Cu2þ

transport via the pores of the growing Ag deposit.
The superimposition of an external magnetic field offers new possibilities to

influence the deposition process, mainly by magnetohydrodynamic (MHD) effects,
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and thus to change the microstructure of the grown layers in correlation to the
electrical and magnetic properties [270–273]. Furthermore, magnetic fields applied
during electrodeposition induce an orientation of grains in the direction of easiest
magnetization axis. An uniaxial anisotropy was found for Permalloy layers [272]
investigating the deposition of Cu/Co–Cumultilayers. Uhlemann et al. [274] studied
the superimposition of magnetic fields during deposition and correlated this to
microstructure and giant magnetoresistance (GMR) properties. ATEM image show-
ing columnar growth (layer-by-layer) with angularly aligned grains is shown in
Figure 2.41a, where each single layer consists of only 10–14 atomic monolayers.
The kinks at the grain boundary may lead to a short circuit and reduce the coupling
effect, and therefore the GMR effect, as discussed by Shima et al. [275]. The detailed
TEM investigation (Fig. 2.41b) indicates a more wave-like and near-parallel arrange-
ment of the single layers with a low degree of roughness. As a result, the measured
GMR effect increases from 2.8 to 3.9% (at 150mT). The alignment of the grains in
the 100% (1 1 1) direction seems to be caused by the preferred orientation of Co
during the deposition in an external magnetic field. The applied magnetic field
oriented parallel to the electrode surface generates the classical, aforementioned
MHD effect, caused by Lorentz force. The convection in the diffusion layer is
enhanced, which causes a reduction in the diffusion layer thickness that in turn
results in an increase of the limiting current density under the conditions in which
the process is transport-controlled.
The discovery of perpendicular magnetic anisotropy, the magneto-optical Kerr

effect [276–278], and GMR [279–281] in metallic multilayers has greatly stimulated
interest in magnetic multilayered nanostructures. Jyoko�s group presented the first
evidence for compositionmodulation across successive layers in a Co/Pt nanometer-
multilayered structure grown by electrodeposition [282]. Jyoko demonstrated the
presence of perpendicular magnetic anisotropy in an electrodeposited Co/Pt or

Figure 2.41 Analytical TEM images of [1.9-nm Cu/2.5-nm Co-
Cu]*30 multilayers deposited on Si with a Py/Cu seedlayer
without a magnetic field (a) and in a non-uniform field generated
by an SmCo permanent magnet (b). (Reprinted from Ref. [274].)
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CoNi/Pt multilayered nanostructure, as well as GMR in Co/Cu nanostructures.
Multilayered Co/Pt, CoNi/Pt, and Co/Cu thin films were grown on a Cu (1 1 1)
substrate, respectively, from two separate electrolytes for the deposition of the con-
stituents of the multilayer by transferring the substrate repeatedly from one to the
other under potential control, and from a single electrolyte by repeatedly controlling
the electrode (substrate) potentials for the alternate deposition of both constituents.
For a heterogeneous Co–Cu alloy, which consists of ultrathin FCC Co-rich clusters
in a non-magnetic Cu matrix, a large saturation magnetoresistance of more than
20% at room temperature was obtained, together with amuch higher saturation field
and a smaller remanent magnetization, which suggested the presence of large
antiferromagnetic coupling.
In granular magnetic alloys the largest GMR has been reported in CoxAg1�x

(x �0.2) [283,284]. These authors suggested that such effect is related to the cobalt
and silver immiscibility [285], which favors a good granular structure with abrupt
interfaces. Moreover, the Co–Ag system is known to have a percolation threshold
concentration [286] which is larger than in other systems. This favors a larger
concentration of magnetic scattering centers contributing to magnetoresistance.
Usually, granular magnetic films are deposited by sputtering techniques
[287,288]. Granular Co–Ag films have already been produced by electrochemical
deposition and show 5% GMR at room temperature [289,290].
The structure of metal atoms deposited on a metal surface is also matter of

investigation [291], due to the enhanced properties of the deposited metal layers,
alloys andmultilayers [292–294]. Consequently, they have received great attention as
a new class of magnetic and catalysts [295,296]. Multi-component catalyst systems
consisting of two or more active metal components or both metal and oxide con-
stituents [297,298] are often used to carry out electrocatalytic reactions.
Vukovic [299] studied the electrochemical behavior of rhodium in HClO4, and

showed that the surface roughness depended on the current density and electrode-
position time. From a theoretical point of view, Norskov et al. [300–304] investigated
the effect on the associated electrocatalytic properties of the monolayer deposition
over a metal to afford a new material. Oliveira et al. was the first to study the use of
nanometric multilayers as electrocatalysts investigating the Rh/Pt [305,306] and Ru/
Pt [307] multilayers deposited on a Pt substrate and their electrocatalytic activity for
small organic molecule oxidation. The voltammetric profiles for methanol, ethanol,
formaldehyde and formic acid oxidation on Pt and the Pt/Rh/Pt bilayers are shown
in Figure 2.42. Methanol oxidation at the Pt substrate (dotted line) and the Pt/Rh/Pt
bilayer (solid line) is shown in Figure 2.42a. Over the Pt/Rh/Pt bilayers, an increase
of 295% in the current density peak density formethanol oxidation was observed. An
important increase in the current density was observed during the oxidation of all
molecules investigated. The increase in the current observed cannot be explained by
an increase of the surface when the roughness factor is the same as shown in Figure
2.43 [307] for Pt/Ru multilayers where the same type of results were obtained. The
mechanisms of these effects are currently under investigation in the present
authors� group.
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2.3.3
Other Materials

Electrochemical metal deposition is one of the oldest subjects within the framework
of electrochemistry. Metal electrodeposition takes place at electrode/electrolyte
interfaces, under an electric field, and includes the phase nucleation and growth
phenomena.
Deposition from a solution ofMzþ on the substrate of the correspondingmetal, M

(e.g., Ag+ on Ag), begins at the thermodynamically reversible potential. However, if
an attempt is made to deposit Mzþ on S, a substrate differing from M (e.g., Agþ on
Au), some kind of layer formation on the S surface begins to occur when it is held at a
potential many hundreds of millivolts positive to the reversible potential for Mzþ

onto M. When deposition occurs at a potential more positive than the thermody-
namically reversible potential, the process is called underpotential deposition (UPD)
[308]. A characteristic of UPD process is the deposition of only one monolayer or

Figure 2.42 Cyclic voltammogram for an oxidation of small or-
ganic molecules in 0.1 M HClO4 at a polycrystalline Pt electrode
(dotted line) and Pt–Rh(2.3 monolayers)/Pt(1.7 monolayers)
(solid line). (a) 0.5mol dm�3 H2COH; (b) 0.5mol dm�3

H2CCH2OH; (c) 0.1mol dm�3 HCOH; (d) 0.1mol dm�3

HCOOH. Sweep rates¼ 0.1 V s�1. (Reprinted from Ref. [305].)
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even a submonolayer. Figure 2.44 shows the UPD of 2D nucleation process of Ni on
Au (1 1 1) studied by Freyland et al. [309].
In the case of Ni deposition, a completemonolayer is formed after severalminutes

of the potential. In that case, a regular hexagonal superstructure (Moiré pattern) with
a lattice constant of 23� 1Å and with modulation amplitude of 0.6 Å is observed in
Figure 2.44. This interpretation is supported by simultaneously measured current
transients, which yield an integrated value of the charge of 530� 50mCcm�2,
corresponding to a 0.9 monolayer of Ni [310,311].

Figure 2.43 Atomic force microscopy images for: (a) Pt substrate
and (b) Ru/Pt bilayer electrodeposited over Pt. (Reprinted from
Ref. [307].)

Figure 2.44 Scanning tunneling microscopy images of 2D nu-
cleation of Ni on Au(1 1 1). (a) Moiré pattern of a Ni monolayer
electrodeposited at E¼ 0.11 V versus Ni/Ni(II), Etip¼ 0.2 V,
Itun¼ 3 nA. (Reprinted from Ref. [309].)
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During the 1960s, Schmidt et al. [312–314] were first to recognize the importance
of the UPD process in the overall electrocrystallization, and started a systematic
study on this subject by introducing a number of thin-layer techniques. In 1973,
Lorenz et al. [315–317] performed UPD experiments on single-crystal substrates and
proposed an explanation for the experimental results by considering the formation
of well-ordered 2D metal overlayer with a different �superlattice structure�. Subse-
quently, extensive studies were performed on the thermodynamics and kinetics of
UPD of metals in various systems by Yeager et al. [318,319], Bewick et al. [320],
Schultze et al. [321,322], Lorenz, Schmidt and coworkers [323–326], and Kolb et al.
[327,328]. Staikov, Lorenz and Budevski [329–333] introduced the use of �quasi-
perfect� silver single crystal faces as substrates in the UPD investigation, and
established the first important correlation between the processes of UPD and OPD
(normal bulk overpotential deposition) of metals under a strong theoretical base.
During the past two decades, new important information on the atomic structure
and morphology of substrates and metal electrodeposits was obtained by the in-situ
application of different modern surface analytical techniques such as extended X-ray
absorption fine structure (EXAFS), grazing incident X-ray scattering (GIXS), and
scanning probe microscopy (SPM) [334,335].
Solid/liquid interfaces play an important role in nanotechnology, as they provide

advantages for the preparation of well-defined nanostructures, without irreversible
modifications due to the preparation process [336]. Both, the current flow and
supersaturation of species at this interface can be accurately adjusted during elec-
trochemical nucleation and growth, although the supersaturation is usually a fluc-
tuating parameter in ultra-high vacuum deposition processes. This feature results in
well-defined nucleation processes at solid/liquid interfaces [337] which are impor-
tant for the growth control of nanostructures. In addition, electrochemical nucle-
ation and growth can be performed near thermodynamic equilibrium, whereas laser
ablation or sputtering processes involve high energies of the involved particles.
Nucleation processes at electrochemical interfaces can be deposited directly onto
nanoelectrodes using scanning tunneling microscopy (STM) as a building tech-
nique instead of an imaging one. Thus, electrochemistry allows the bottom-up
growth of nanostructures, thereby avoiding irreversible modifications during the
preparation process. This is of particular importance in nanotechnology as the
properties of the material are determined by their surface and interface atoms, and
the surface modification by defects or passivation may result in a material with
completely different physical or chemical properties.
There are many reports where nanostructures have been deposited at electro-

chemical interfaces, using STM tips as preparation tools [338–340]. The advantage of
STM is its accurate control, which allows the species to be placed at the exact point in
a nanoscale range below 10 nm.Use of the tip of a scanning tunnelingmicroscope as
a �nanoelectrode� provides a higher resolution than with the scanning electrochemi-
cal microscope (SECM), which uses a capillary to provide a locally high Mezþ ion
concentration [341]. This consists of a two-step procedure which generates, in the
first step, a nanoelectrode by the deposition of Mezþ onto the STM tip, and in a
second step the required a local supersaturation condition is reached by an abrupt
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dissolution of Mezþ from the STM tip (Figure 2.45), as described by Hulgemann
et al. [342–345].

2.3.3.1 Semiconductors
Several reviews and books have been produced on the electrodeposition of semicon-
ductors (e.g., Refs. [346–348]). One specific book,written byPandey et al. in 1996 [346],
provided the first complete view of the field, including references dating back to the
late 19th century. The electrodeposited materials range from elemental semiconduc-
tors (Si, Ge) to binaries (Groups III–V, II–VI) and ternary compounds. Hodes focused
on the preparation ofGroup II–VI semiconductors,with a specific survey of theperiod
between 1987 and 1992 [347]. In his article, Hodes cited about 100 references, mainly
devoted to CdTe, CdSe, CdS, ZnS, ZnSe, ZnTe and their ternary alloys. The case of
chalcopyrite semiconductors, based on CuInSe2, for photovoltaics was reviewed by
Vedel in 1998 [349], and by Daniel Lincot in 2004 and 2005 [350,351]. Information
relating to oxides is available in two reviews [352,353]. Figure 2.46 shows, schemati-
cally, the onset of an impetuous development until 2002 of the oxide cathodic
electrodeposition, mainly ZnO, which was introduced in 1996 [354,355].
Despite many methods having been developed for the synthesis of ZnO nano/

microtubes, no reports were made on the synthesis of ZnO nanotube arrays directly
onto the substrate using an electrodeposition method. The electrodeposition

Figure 2.45 Schematic of the two-step process
of localized electrodeposition utilizing a STM
tip as a nanoelectrode. The distance between
the tip apex and substrate surface during the
deposition process is of the order of 20 nm (i.e.,
much larger than a tunneling gap). Step 1:
Electrodeposition of Mezþ from the electrolyte

onto the STM tip and generation of the na-
noelectrode. Step 2: Dissolution of Mezþ from
the STM tip, generation of local supersatura-
tion conditions, and nucleation of Mezþ on the
substrate surface underneath. (Reprinted from
Ref. [342].)
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method takes advantages of the possibility of preparing large-area thin films, and the
accurate control of film thickness. The electrodeposition of ZnO films has been
reported by several groups [356,358], and used in the fabrication of oriented arrays,
such as nanowires and nanorods [359–364]. Single-crystalline ZnO nanotube arrays
have been fabricated directly onto F-doped SnO2 (TCO) glass substrates via electro-
chemical deposition from an aqueous solution by Y. Tang et al. [365], although these
authors did not use any seed during the preparation. Some images of the morpho-
logical evolution of ZnO nanotube arrays obtained at different deposition times are
shown in Figure 2.47.
As seen in Figure 2.47, the surface was rather rough because the F–SnO2 film had

a coarse grain structure. After 1min of electrochemical reaction, nano-scale grains
of 10–15 nm could be observed over the whole substrate (see Figure 2.47b). The
formation of totally isolated ZnO grains resulted from a total incompatibility be-
tween ZnO and the substrate, in contrast to Au [366]. As the reaction time increased,
it can be seen from Figure 2.47f that the length of nanotubes increased, and the
�broken� parts of nanotubular structure became filled, resulting in the formation of
high-quality nanotubes. The thickness of the ZnO nanotube array film was about
300 nm. The key step in this process is the formation of oriented nanowires and their
self-assembly to hexagonal circle shapes, as reported by Zhang and colleagues [367].
The nanowires grew subsequently in nanotubular structure, although not all of the

Figure 2.46 Road map of electrodeposition of
main inorganic semiconductors established
from the analysis of Refs. [347–352] and Current
Contents database (between 2000 and April
2002). The gray areas correspond to research
intensity. MS: Molten salts; AQ: aqueous sol-

vent; NAQ: non-aqueous solvent; ECALE:
electrochemical atomic layers electrodeposi-
tion. Numbers in bold letters are years; num-
bers in italic letters are temperatures in �C.
(Reprinted from Ref. [351].)
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nanowire circle planes were parallel to the horizontal plane, due to the roughness of
F–SnO2 surface. ZnO film with remarkable structural quality can be prepared using
this method, with different morphologies ranging from arrays of single crystalline
microcolumns to continuous films depending on the substrate activation, solution
composition and deposition time (at different stages before or after coalescence)
[368]. As an illustration, Figure 2.48a and b show the microcolumns of ZnO elec-
trodeposited epitaxially on GaN, both from the surface, with a tilted angle of 45�, and
from the cross-section [351].

Figure 2.47 SEM images of products prepared on the TCO
substrate after different deposition times: (a) 0; (b) 1; (c) 10;
(d) 15; (e) 30; and (f) 60min. (Reprinted from Ref. [365].)
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Structural studies using high-resolution (HR) TEM show that the grains are free
of extended defects as stacking faults, as illustrated in Figure 2.48c. This behavior is
different from that for CdTe and ZnSe, and indicates that very favorable conditions
are present during the growth process. Controlling the shape of electrodeposited
zinc oxide is also possible. In addition, by changing the deposition conditions we
can modify the aspect ratio of the individual columns. An explanation for this fact
comes from the different interactions between the individual surfaces (crystallo-
graphic orientation and polarity) and species from the solution. Nucleation effects
can also play a role in determining the subsequent growth mode, as illustrated in
Figure 2.48d, which shows the formation of ZnO flowers on a GaN substrate.

2.3.3.2 Oxides
Recently, electrochemical capacitors (ECs) have received much attention due to their
higher power density and longer cycle life compared to secondary batteries. Also,
they have higher energy densities than conventional electrical double-layer capaci-
tors [369–371]. In particular, electrochemical capacitors based on hydrous rutheni-
um oxides exhibit higher specific capacitance than conventional carbon materials,
and better electrochemical stability than electronically conducting polymer materi-
als. Capacitance values up to 760 Fg�1 (from a single electrode) have been reported
[372,373]. However, the high cost of this noble metal limits its commercialization.

Figure 2.48 Views of ZnO electrodeposited on GAN single
crystalline substrates. (a) Epitaxial columns (45� angle). (b)
Corresponding cross-section. (c) Internal structure showing high-
quality material without extended defects and stacking faults.
(d) ZnO �flowers� obtained in non-control conditions. (Reprinted
from Ref. [351].)
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Hence, much effort has been aimed at searching for alternative inexpensive elec-
trodematerials with good capacitive characteristics, such as NiO [374–376], Ni(OH)2
[377], CoOx [378], Co(OH)2 [379], and MnO2 [380].
Zhao et al. [381], in 2007, proposed a simple method to directly electrodeposit a

hexagonal nanoporous Ni(OH)2 film from nickel nitrate dissolved in the aqueous
domains of a Brij 56 liquid crystal template (designated HI-e Ni(OH)2). A specific
capacitance as high as 578 Fg�1 was obtained using these materials. TEM and AFM
images of the HI-e Ni(OH)2 films are shown in Figure 2.49. The TEM image
confirms the presence of the expected HI nanostructure (Figure 2.49a), where the
bright regions correspond to the cylindrical pores left after removal of the surfactant,
and the dark regions correspond to the electrodeposited nickel hydroxide film.

Figure 2.49 TEM and AFM images for the HI-e
Ni(OH)2 films electrodeposited from the
hexagonal liquid crystal template consisting of
50 wt.% Brij 56 and 50 wt.% aqueous solutions
of 1.8mol dm�3 Ni(NO3)2 and 0.075mol
dm�3 NaNO3. (a) TEM image of an HI-e Ni

(OH)2 film, from end-on view of pores. (b) 3D
AFM image of an HI-e Ni(OH)2 film electro-
deposited on evaporated gold on mica (inset,
cross-section profile along the line); scan
range, 1 · 1 mm2. (Reprinted from Ref. [381].)
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Inspection of these pores shows that they are continuously hexagonally arranged and
approximately straight over their whole length. From the TEM image it is estimated
that the pore center-to-pore center distance is about 7.0 nm, the pore diameter is
about 2.5 nm, and the nickel hydroxide wall thickness about 4.5 nm. These values are
comparable with those observed for other mesoporous materials electrodeposited
from the HI phase of the same surfactant Brij 56 [382–385].
The 3D AFM image of the surface topography of HI-e Ni(OH)2 films is shown in

Figure 2.49b. The film anisotropic nanostructure is clearly visible, and the long-
ranged ordered channels from the side view of the pore array are estimated to have
an uniform distance of about 7.0 nm. This is consistent with results from the low-
angle X-ray diffraction and TEM studies.
The g-MnO2 is used predominantly in the aqueous Zn/MnO2 cells which domi-

nate the primary battery market [386,387]. On the other hand, MnO2 appears to be a
promising material to prepare pseudocapacitors due to its superior electrochemical
performance, environmental friendliness, and low cost [388–392]. Electrode active
materials with small crystalline particle size usually show high electrochemical
activities and adequate discharge performance due to their high specific surface
areas. Furthermore, as the development of chemical and physical technologies,
extensive interests have been focused on developing MnO2 nanostructures
[393,394]. The synthesis of g-MnO2 films with carambola-like nanoflakes by apply-
ing the combination of pulse galvanostatic or potentiostatic (PS) and cyclic voltam-
metry (CV) was obtained by S. Chou et al. [395]. The as-obtained nanostructured
films were used directly in primary alkaline Zn/MnO2 batteries and electrochemical
supercapacitors. The results showed that the g-MnO2 nanoflake films exhibited
high potential plateau in primary Zn/MnO2 batteries at the discharge current den-
sity of 500mAg�1, and a high specific capacitance of 240 Fg�1 at the current density
of 1mA�cm�2. In Figure 2.50a, it can be seen that MnO2 nanoflakes of 20 nm
thickness and at least 200 nmwidth were electrodeposited by the combination of CV
and PS techniques. The as-preparedMnO2 nanoflakes have similar structures to that
of carambolas, an ornamental evergreen tree that is native to Southeast Asia and has a
star-shaped, ridged character (Figure 2.50b).
In-situ TEM images (Figure 2.50c and d) were performed by directly electrode-

positing MnO2 onto a carbon-coated copper grid using a combination of CV and PS
techniques. FromFigure 2.50c, it can be seen that agglomerated nanoflakes of 10 nm
thickness are formed. Figure 2.50e shows the SEM image of MnO2 thin film
electrodeposited by the PS technique, indicating the formation of crossed nee-
dle-like nanostructures with diameters of 5–10 nm and lengths of 50–100 nm. Fig-
ure 2.50f shows the top view of the oriented MnO2 nanorod arrays with diameters of
50–70 nm. The present nanorods are analogous to that reported by Wu et al. [396].

2.3.3.3 Metals
Conductive surface templates have also been employed to control the local electro-
chemical deposition of metals on nanoscale dimensions, for example via preferred
nucleation at defects and step edges [397]. Electrochemical surface templates
can also be fabricated by patterning of self-assembled monolayers (SAMs). By
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modification of the molecular structure, SAMs provide a flexible route to control the
electron transfer [398,399], and thus the electrochemical properties of the coated
surface [400,401]. Patterning of SAMs can be achieved by using conventional litho-
graphic tools (light, electrons, and ions), as well as by soft lithography [402,403].
Nanoscale SAM structures with lateral dimensions of �10 nm have been fabricated
by scanning probe [404–406], as well as by electron beam lithography [407,408]. For
the patterning of large arrays with nanoscale elements, proximity printing with low-
energy electrons has been demonstrated as a rapid parallel method [409,410]. SAMs

Figure 2.50 Representative SEM (a) and TEM (c, d) images of g-
MnO2 prepared by combined potentiostatic and cyclic voltam-
metric electrodeposition techniques. (b) The carambola fruit,
which is native to South-east Asia. (e, f) SEM images of g-MnO2

prepared by potentiostatic (e) and cyclic voltammetric (f) tech-
niques. (Reprinted from Ref. [395].)
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of aliphatic and aromatic thiols are most commonly used to modify gold surfaces.
When irradiated with electrons, 1-octadecanethiol (ODT) acts as a positive resist and
1-10-biphenyl-4-thiol (BPT) films as a negative resist [411,412]. The non-irradiated
ODT films and the irradiated BPT films, respectively, resist an aqueous cyanide
etching solution and thereby generate contrast on the locally irradiated surfaces.
Recently, the electrodeposition of copper was investigated in patterned thiol SAMs

on gold electrodes. Aliphatic and aromatic SAMs showed distinct differences. For
example, patterned alkanethiols acted as a �positive� template (i.e., Cu was deposited
only in the irradiated areas [413,414]), whereas SAMs ofo-(40-methylbiphenyl- 4-yl)-
dodecyl thiol and of 1-10-biphenyl- 4-thiol acted as �negative� templates where Cu
was deposited only on the non-irradiated areas [415]. The electrodeposition of copper
has attracted enormous interest for microelectronics as a reliable tool to deposit
high-conductive material for on-chip interconnections [416]. Völker et al. [417] stud-
ied the fabrication of copper nanostructures, and demonstrated a material prepara-
tion procedure combining e-beam lithography on self-assembled monolayers with
selective electrochemical deposition. In order to investigate the defect density,
Völker�s group used proximity printing with a stencil mask to expose a large area
(diameter 3mm) of a BPT-SAM with reasonable exposure time. Figure 2.51 shows
an SEM-micrograph of a copper structure that was produced using such amask. The
image shows no visible defects within the shown area of 36 mm2.
The roundness and edge accuracy of the circles are limited only by themask. Since

the masks have an active diameter of 3mm, it is possible to check the homogeneity
of the Cu pattern over the whole surface.
For a detailed investigation of the resolution that can be achieved with BPT-SAM

templates, Völker�s group designed a test pattern for e-beam lithography. This

Figure 2.51 SEM image of Cu structure deposited on a BPT SAM
template patterned by proximity printing (300 eV, 64 000mC
cm�2). Deposition parameters: 10mmol dm�3 CuSO4, 0.05 V
(versus NHE), 120 s. (Reprinted from Ref. [417].)
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pattern contains line gratings, single lines, and isolated dots. Figure 2.52 shows an
SEM-micrograph of a copper-electrodeposited grating with 50 nm width line and
100 nm periodicity. Within the non-irradiated areas, the Cu film is continuous and
has a thickness of approximately 120 nm.

2.4
Final Remarks

As outlined above, electrochemical tools are today being increasingly used in the
preparation of diverse nanostructured materials, such as metals, alloys, semicon-
ductors and oxides. This derives from the fact that both, anodic and cathodic polari-
zation, can be applied to the synthesis of these structures. In addition, they provide
the ability to control the shape of deposited materials, as has been presented for the
case of metallic nanowires, dot and films with thicknesses as low as submonolayers.
The formation of accurately shaped nanostructures may be performed with or
without the use of a template. In the former case, the template (e.g., of porous
anodic alumina) can also be prepared electrochemically, whereas in the latter case
the preparation of ZnO nanotubes has been extensively investigated, in recent years,
by using scanning probe microscopy as a fabrication procedure, thereby rendering
the field of nanostructured, formed electrochemical materials even more versatile.
Of note, oxidation procedures are used mainly to prepare oxides or salts, and TiO2

presents important optical and photocatalytic properties, as well as biocompatibility.
Whilst the main use of porous anodic alumina is as a template for several electro-
deposition or non-electrochemical deposition techniques, this system has also been
applied to photonic materials, to drug delivery devices, and to microreactors. By

Figure 2.52 SEM image of a Cu line grating deposited on a BPT
SAM template patterned by direct electron-beam writing.
Deposition parameters: 10mmol dm�3 CuSO4, 0.05 V (versus
NHE), 120 s. (Reprinted from Ref. [417].)
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contrast, a reduction reaction approach may be used for the electrodeposition of
metals, alloys, multilayers, polymers, semiconductors and oxides and, again, the
shape of the nanostructured materials can be controlled accurately.
Finally, it is important to stress that although several groups have used electro-

chemical procedures to prepare different types of material, themost important point
is to develop a clear understanding of themechanism of their formation. In this way,
these procedures will surely become the synthetic tools of the 21st century.
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3
Top-Down Approaches to the Fabrication
of Nanopatterned Electrodes
Yvonne H. Lanyon and Damien W.M. Arrigan

3.1
Introduction

The transition from macro- to micro-sized electrodes for use in electroanalytical
chemistry first began around three decades ago [1,2], although their application in
neurophysiological science had already been established by then [3]. Amajor driving
force behind this transition was based on the need for portable and in-vivo sensing
devices with increased sensitivity, capable of measuring trace concentrations of
analytes in ultra-small sample volumes. Electrodes based on nanometer dimensions
further facilitate the miniaturization of sensors for such applications, allowing real-
time measurement of a number of physiological analytes such as dopamine release
from single living vesicles [4]. A variety of microtechnologies have emerged that are
based upon the adaptation of electronic device manufacturing methods, and have
facilitated the development of miniaturized devices and sensors [5]. The fabrication
of microelectrodes has largely been based onmethods developed by the semiconduc-
tor industry using thin-filmmicrofabrication technologies [6], which have beenwidely
used for the production of microelectronic chips and Micro Electro Mechanical
Systems (MEMS).
A vast number of publications on the fabrication of microelectrodes and their

applications canbe found in the literature.Most report a number of advantages arising
from the use of these reduced-sized microelectrodes, giving rise to a number of
benefits for electrochemical sensing applications. The advantages of microelectrodes
over macroelectrodes are largely attributed to the rapid formation of radial (three-
dimensional) diffusion fields and reduced ohmic resistance effects, resulting in
increased mass transport rates, increased current densities and enhanced signal-
to-noise ratios [7]. These effects are proposed to be even greater with the transition
from micro- to nano-sized electrodes [8].
In recent years, with the research and development of highly specialized instru-

mentation, there has been an increased transition from themicro- to nano-dimension
electrode scale. Aside from the benefits aforementioned for microelectrodes,
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electrodes with nanometer dimensions offer great opportunities for fundamental
studies of diffusion characteristics, electron-transfer kinetics, and double-layer struc-
ture at electrode surfaces [9]. The combination of these factors can greatly enhance the
overall sensitivity of a sensing device, offering the possibility of single molecule
detection, as well as opening up the wide arena of portableminiaturized electrochem-
ical sensing using ultra-low sample volumes. Nanoelectrodes have found applications
in a number of areas such as biomolecular sensors formedical diagnostics [10], single
molecule detection [11–13], and real-time monitoring of cell exocytosis [4].
The wide arena of nanofabrication makes use of a range of techniques to deposit,

etch, grow or manipulate materials at the nanoscale. Nanofabrication refers to the
processes and methods employed in the preparation of nanoscale objects and na-
nopatterned substrates. The two main methods for nanoelectrode fabrication can be
divided into top-down and bottom-up approaches.
The bottom-up approach is generally based on the spontaneous formation of

objects induced by a rational design of the chemical and physical interactions of
various materials, and is thus in the hands of the chemist. It makes use of the
interactions between molecules or colloidal particles in order to assemble discrete
nanoscale structures in two and three dimensions [14]. It includes monolayer self-
assembly, supramolecular assembly, and nanoparticle formation, and has been
reported largely for the fabrication of random nanoelectrode ensembles such as
those produced by Wang and coworkers [15].
Top-down approaches are extensions of conventional lithography used in micro-

electronics fabrication, and refer to the size reduction of a material down to nano-
scale by use of various patterning, etching, and deposition steps. This can largely be
defined as extensions of micro-fabrication techniques, including lithography, soft-
lithography, and evaporation techniques [16]. In essence, top-down fabrication in-
volves the progressive thinning or alteration of a bulkmaterial to obtain even smaller
features, where bulk refers to a startingmaterial that is continuous in all directions at
a scale much larger than the structures of interest, typically in a thin film [17].
Top-down and bottom-up approaches each have advantages and disadvantages.

For example, top-down approaches are often easier to integrate into existing fabri-
cation processes, whereas bottom-up methods have fewer restrictions regarding the
need for expensive facilities. Nevertheless, a combination of the two approaches into
the realization of functional devices is an active research endeavor (e.g., Ref. [18]).
Other common approaches to nanoelectrode fabrication have included:

. the creation of band nanoelectrodes by the deposition of insulator–metal–insulator
layers, followed by etching or polishing to expose one of the edges [19]

. the deposition of metal into nanoporous filtration membranes [20]

. the insulation of a conductive wires or fibers with electrophoretic paint, followed
by exposure of the very tip by heat-shrinking or etching [21,22].

The first method led to the production of the first types of nanoelectrode, but
offers little scope for mass production or in-vivomeasurements. The secondmethod
creates nanoelectrode ensembles where there is no control over the electrode
dimensions or spacing, while the nanoelectrodes produced by the third method
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have more appropriate applications as tips for scanning electrochemical microscopy
(SECM).
The aim of this chapter is to review recent developments in nanoelectrode fabri-

cation using top-down approaches, including electron-beam (e-beam) lithography,
focused ion beam (FIB) milling, and other methods such as nano-imprint lithogra-
phy. These have been the most widely studied methods for the preparation of
nanoelectrode arrays. Each of the techniques will be assessed on the types of
nanoelectrode that can be produced, the electrochemical performance of the
electrodes, and their suitability for use as analytical sensors. The fabrication of
nanoelectrodes by bottom-up and the other aforementioned approaches is beyond
the scope of this review, which will focus largely on the fabrication of nanoelectrode
array sensors for analytical applications. Although research on nanoelectrodes is
growing annually, top-down approaches remain the most widely investigated, and
have been the subject of a number of applications studies. However, it must be
emphasized that to date, focus has been primarily on the fabrication rather than on
the demonstration of applications.

3.2
Considerations for Choosing a Nanoelectrode Fabrication Strategy

Nanoelectrodes can be defined as electrodes with at least one dimension in the
nanometer scale, which is referred to as the critical dimension, and that which controls
the type of electrochemical response [8]. The classification of nanoelectrodes has been
the subject of much debate, but most commonly their definition has been based on
the critical dimension within the sub-100 nm range [8]. Despitemany of the proposed
advantages of nanoelectrodes, one of the shortcomings of a single nanoelectrode is
the very small current that is generated from it. Single nanoelectrodes have more
appropriate applications as scanning tips for SECMmicroscopy, although for sensing
applications, arrays of nanoelectrodes can be used to enhance the sensor signal. In
this case, all of the electrodes in the array act in parallel, with each electrode having its
own independent diffusion profile (provided that there is sufficient spacing between
the electrodes), thus greatly enhancing the current density. A relatively small area of a
sensor chip can be patterned with vast numbers of nanoelectrodes, thereby facilitat-
ing the development of ultra-sensitive miniaturized sensors.
In an array format, the ratio between the critical dimension and the inter-electrode

spacing is of great importance. Where the spacing is insufficient, this creates over-
lapping diffusion zones between the electrodes, generating a response typical of a
macro-sized electrode. Characterization by cyclic voltammetry can be a means of
identifying the type of diffusion that occurs in a given array layout, where peak-shaped
voltammograms are indicative of overlapping diffusion zones, and hence insufficient
spacing between neighboring electrodes. As the spacing between the electrodes
increases sufficiently to allow each electrode to have its own radial diffusion profile,
sigmoid-shaped voltammograms are prevalent. This is a result of the overall faster
mass transport of the electroactive species to the electrode surface [7].

3.2 Considerations for Choosing a Nanoelectrode Fabrication Strategy j189



The choice of a particular (top-down) fabrication technique largely depends on the
end application of the nanoelectrodes. Where high sensitivity for sensing applica-
tions is required, the design of the nanoelectrodes can be customized in order to
maximize their benefits. In this case, electrode fabrication with controlled dimen-
sions and separation is of great importance, as is the reproducible fabrication of
large arrays to greatly enhance the sensor signal. In such cases, top-down methods
such as e-beam and ion beam lithography have been most commonly employed.
Where the end application of the nanoelectrodes is trace analysis, then interdigitated
array (IDA) nanoelectrodes are a popular choice where redox cycling between
adjacent electrodes allows amplification of the low signals arising from trace
concentrations of analytes (see Sections 3.3.1 and 3.3.3). Such electrodes can be
produced by e-beam lithographic methods, but alsomore cost-effectively by nanoim-
print lithography. Single molecule detection requires the fabrication of nanoelec-
trodes with dimensions of comparable size to the molecule of interest. Nanopores
have become a popular approach to single molecule detection, where nanopores
have been prepared using high-resolution e-beam and ion beam lithography. How-
ever, when the overall dimensions of the electrode approach the size of the molecule
of interest, the fabrication process becomes more difficult. Hence, there is now
increasing interest in a combination of top-down methods with bottom-up ap-
proaches and alternative electrode formats such as nanoelectrodes with nanogaps
as a means of analyzing single molecules (see Section 3.3.4).
The following sections review some of the recent top-down approaches to nanoe-

lectrode fabrication of various types, including their characterization and end
applications.

3.3
Nanoelectrode Fabrication Using Top-Down Approaches

Over the past decade, although an increasing number of reports has been published
on the fabrication of nanoelectrodes, only a limited number of these have related to
fabrication using top-down methods. This largely reflects the difficulty in their
fabrication, particularly within the sub-100 nm scale. For sensor applications – and
especially where the mass production of arrays of nanoelectrodes is required – the
reproducibility of the fabrication technique becomes important. Depending on the
end application of the sensor, the capacity of a fabrication technique for the desired
geometry, dimensions of the electrodes and design of the array layout must be
assessed. Techniques that are used to make nanoelectrodes with controlled dimen-
sions, spacings and designs are typically created using �top-down� methods, which
are the focus of this chapter. While photolithographic techniques have been widely
used in microelectrode fabrication, the smallest feature that can be made must be
larger than half the wavelength of the light that is used [23]. The miniaturization of
electrodes from the micro- to nano-scale (particularly in the tens of nanometers
range) requires the use of advanced instrumentation with high resolution, using
smaller wavelengths for mask exposure [17]. The use of advanced optical and e-beam
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lithographic methods are common approaches which, in turn, have increased enor-
mously the cost of nanoelectrode fabrication.
Scanning beam lithography is one of the most common approaches to nanoelec-

trode array fabrication. It is a serial technique which can generate high-resolution
features with a variety of patterns. There are three main classes of scanning beam
lithography [14]:

. scanned laser beams with �250 nm resolutions

. focused electron beams with sub-50 nm resolution (depending on tool settings,
choice of resist and aspect ratios)

. focused ion beams, some with sub-50 nm resolution (depending on similar para-
meters to the e-beam).

The latter technique is most commonly used for research purposes, whereas the
electron beammethods can be used for the larger-scale production of nanoelectrodes.

3.3.1
E-Beam Lithography

The first electron-beam lithography (EBL) systems, based on the scanning electron
microscope, were developed during the late 1960s. Because of its very high resolu-
tion and flexibility, EBL it is now widely used in many universities and research
institutes for nanoscale patterning [24]. The use of this technology has become
popular in recent years for the fabrication of nanoelectrodes. The technique is based
on the high-resolution etching of substrate materials using a finely focused beam of
electrons. Because of its short electron wavelength, e-beamwriting is not diffraction-
limited, allowing resolution down to the nanometer range [24]. EBL can be applied to
nanoelectrode preparation by using either direct or indirect pattern techniques, and
can also be used in combination with other techniques such as nanoimprint lithog-
raphy. Most of the prepatterning of substrates, such as contact pad formation, can be
achieved using standard microfabrication techniques such as photolithography,
followed by a final EBL step to create nanoscale electrodes.
In the drive towards a better understanding of the functions of transport mechan-

isms across the biological cell membrane, the fabrication of nanopores approaching
the dimensions of single biomolecules has gained increasing interest in recent years.
Many reports can be found on the creation of nanopores on membranes through
which single molecules such as DNA can be passed and analyzed [11–13,25],
although fewer exist on the creation of nanopores incorporating an electrode of
similar dimensions. Some techniques have been applied to circumvent this problem
by the creation of nanogap electrodes (see Section 3.3.4).
The fabricationof nanopore electrodes usingEBLhas been achieved in recent years,

typically where the nanoelectrode is recessed at the bottom of a pore within an
insulatingmaterial. Lemay and coworkers [26] detailed the use of silicon-on-insulator
wafers on which a number of standard microfabrication processing steps were
conducted, before e-beam patterning of a 40nm-thick silicon membrane within a
400 nm single square. This pattern was transferred to a silicon oxide layer of thewafer
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by CHF3 plasma etching, following by further etching and deposition steps to create a
recess with angled walls containing a pore at the bottom, with sizes ranging from
completely closed to 200nm diameter. Finally, the electrodes were formed by deposi-
tion and evaporation of gold into the pores, forming a recessed indented nanoelec-
trode. The advantage of this technique lies in the metal electrode layer being the last
fabrication step, so that it is never exposed to contaminants during the fabrication
process. Electrochemical characterization allowed validation of the electrodes and
determination of the geometry using the limiting current obtained from cyclic vol-
tammetrywithmathematicalmodels developed for that electrodegeometry type.More
recently, the group havemodified the technique to create nanoelectrodes with geome-
try opposite to thosemade previously, in which the resultant electrode is pyramidal in
shape with radii ranging from 0.4nm to 100 nm (Figure 3.1) [27]. The nanoelectrodes
gave characteristic steady-state cyclic voltammograms (Figure 3.2),where the effects of
non-faradaic current were more evident with decreasing electrode size, particularly

Figure 3.1 Preparation of nanoelectrode by
electron-beam lithography. (a) Chemical vapor
deposition three-layer deposition on silicon,
backside lithography and KOH etch. (b) Front-
side lithography and etch of the silicon nitride
and silicondioxide layers forming a 20nmsilicon

nitride free-standing membrane. (c) Nanopore
drilling in the silicon nitride membrane with a
focused electron beam. (d) Sacrificial silicon
dioxide layer sputtering and gold evaporation.
The sacrificial layer is then removed in buffered
hydrofluoric acid. (Reprinted from Ref. [27].)
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where the currentwas in the sub-pA range. Thiswas reported to bedue to thedielectric
relaxation of themembranematerial, rather than to themetal–electrolyte double-layer
capacitance [27].
A less complex technique employed bySandison andCooper [28] involved the direct

EBL patterning of nanopores in a layer of insulating photoresist covering a silicon
wafer containing exposed 1mm2 metal electrode areas. In this case, the patterned
resist layer was not removed from the wafer, but acted as the insulation material
separating individual nanopores. The resultant electrodes were recessed gold nano-
discs with pore radii in the range 50 to 500nm, where greater peak current densities
were obtained with decreasing electrode radii, in accordance with theoretical calcula-
tions. However, preliminary electrochemical characterization of the nanoelectrodes
revealed initially low electrochemical signals which the authors reported to be due to
resist contamination of the electrodes. This was resolved by treatment with oxygen
plasma, although this etching process also removed some of the insulating material
around the pores, hence increasing thepore radii. Despite the increase in peak current
density with decreasing electrode size, the close proximity of the pores resulted in
diffusion overlap and peak-shaped voltammograms [28].
The development of nanopore electrodes for sensing applications was undertaken

by Jung and coworkers [29], in which nanopore electrodes fabricated by EBL were
functionalized by antibodies for the creation of an immunosensor. The nanopores
were created by e-beam patterning of a standard polymer resist (ZEP520) layer on
top of an underlying layer of gold. A total resist area of 100 · 100 mm2was exposed by
the e-beam onto which biotinylated functional lipid vesicles (FLVs) were immobi-
lized on the insulating material around the pores (Figure 3.3). The FLVs were
used to bind specific antibody receptors onto the surface. The immunosensor was

Figure 3.2 Cyclic voltammograms recorded at nanopore elec-
trodes, using (a) ferrocenedimethanol and (b) ferrocenyl-
methyltrimethylammonium at scan rates of (a) 10mV s�1 and
(b) 0.5mV s�1 (top) and 0.1mV s�1 (bottom). (Reprinted from
Ref. [27].)

3.3 Nanoelectrode Fabrication Using Top-Down Approaches j193



characterized by model protein analytes including human serum albumin (HSA)
and carbonic anhydrase of bovine source (CAB). A decrease in current was found
upon binding of the capture antibody with the analyte [29].
An increasingly popular format of nanoelectrodes created by EBL are interdigi-

tated arrays (IDAs) of nanoelectrodes. These are typically bands of micrometer
length and nanometer width, separated by nanometer gaps. The electrochemical
detection mechanism with these electrodes differs from the conventional format
using the aforementioned nanopore electrodes, where the working electrode is an
array of nanoelectrodes working in parallel, and is used to detect an electroactive
species by application of potential by amperometry or voltammetry. The most com-
mon application of nanoelectrode IDAs is redox cycling, and which is commonly used
for trace analyses to greatly enhance the sensor signal.With this technique, one band
of the IDA electrodes is set to a particular potential to drive the reduction of a
redoxactive species, while the other band is set to another potential to drive the
oxidation. Hence, the species diffuses back and forth between the two bands (known
as redox cycling) [30] (Figure 3.4). This process is made possible by decreasing the
distance between adjacent electrodes towards the diffusion layer thickness. Redox

Figure 3.3 Nanowell electrode approach to functional lipid
vesicles (FLV) immunosensing. (1) N-(10,12-pentacoasdiynoic)
acetylferrocene (Fc-PDA); (2) 1,2-dioleoylphosphatidylethanola-
mine-N-caproly-amine (Cap-PE); (3) streptavidin; (4) biotinylated
capture antibody; (5) target protein. (Reprinted from Ref. [29].)
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cycling greatly enhances the limiting current, and moreover, can be improved by
reducing the band width and spacing [30].
Ueno and coworkers [31] reported the fabrication of IDAs on glass substrates

using a combination of photolithography and EBL. Band electrodes with widths of
500 nm and 100 nm, and gaps of 500 nm or 30 nm, were fabricated by EBL, while the
large defining patterns and bond pads were fabricated by ultraviolet (UV) lithogra-
phy and Ti/Au lift-off. Gap dimensions of 10 nm were also achieved, though these
were not as sharply defined as the wider gap electrodes. The electrochemical char-
acterization of the IDAs using a ferrocene derivative solution, revealed steady-state
sigmoidal-shaped cyclic voltammograms (CVs) indicating rapid diffusion of reduced
and oxidized forms of the redox couple across the nanoscale gap between the
electrodes. This trend was evident even at the smallest gap spacings between the
bands. Moreover, a significant increase in the current density was observed with
the 100 nm-wide bands with respect to the 1mm bands (with similar spacing ratios).
This increase was confirmed by numerical simulations and was related to the
significant decrease in the size of the nanoband lateral dimension, with respect to
the scale of the diffusion layer. The authors also noted an increase in sensitivity
using electrodes with a Au layer thickness of 140 nmwith respect to a thinner 70 nm
layer [31].
A similar approach was adopted by Zhu and Ahn [30], where fabrication of their

IDAs was also achieved by a combination of e-beam nanolithography and photoli-
thography. In this case, a layer of polymethyl methacrylate (PMMA) with a thickness
of 300 nm was spin-coated onto the oxidized silicon wafer surface, onto which the
e-beam patterns were written. This was followed by the deposition of a Ti–Au layer
using an e-beam evaporator, after which the sample was dipped in acetone for lift-off
[30]. On-chip reference and counter electrodes were also formed by standard pho-
tolithographic techniques. The electrochemical characterization of the IDA nano-
electrode sensors with p-aminophenol revealed a detection capability in the range of
1 to 10 nM.
This approach was also adopted by Finot et al. [32] for the detection of DNA with

IDA nanoelectrodes. First, a bulk silicon wafer was covered with a 200 nm layer of
SiO2, deposited by cathodic pulverization to reduce the surface roughness. Next, a
gold layer (5 nm thickness, required for the EBL) was thermally deposited before a

Figure 3.4 Redox cycling between closely-spaced electrodes.
(Reproduced from Analyst, 2007, 132, 365–370, by permission of
the Royal Society of Chemistry.)
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layer of PMMA was spun on top of the plate and patterned by the e-beam.
The electrode material was then deposited (4 nm Cr/60 nm Au) by thermal evapo-
ration, before the PMMA film was removed. This process was used to create 64
interdigitated electrodes of 100 nm width and spacing of 200 nm, covering an area
of 100 mm · 50 mm. The authors reported the application of these IDAs for the
detection of DNA based on the use of hexaammineruthenium(III) chloride as a
redox mediator. The reaction between the ruthenium complex and DNA is an
intercalation process in which both the oxidized and reduced forms of ruthenium
are bound to the single strand of the DNA. Hybridization events between comple-
mentary DNA strands were detected by a 10–40% increase in the electrochemical
signal. Moreover, the nanoelectrodes were found to be more sensitive than macro-
electrodes, and with faster response times [32].
Another reported application of IDA nanoelectrodes involves the manipulation

and immobilization of biomolecules between or around the nanoelectrode edges
[33]. In this case, a PMMA resist was spun onto a dehydrated silicon wafer with a
thin layer of silicon dioxide (ca. 500 nm). The nanoelectrode patterns were exposed
using a scanning electron microscope equipped with a pattern generator. After
development of the PMMA resist, the wafer was coated with a 3 nm thin layer of
chromium by e-beam evaporation, and gold by thermal evaporation. The devices
were completed by lift-off processes in acetone, resulting in IDAs of nanoelectrodes
of 60 nm bands with inter-band spacings of 380 nm. Dielectrophoresis was used to
trap biomolecules such as bovine serum albumin (BSA) and antibodies on the edges
of the nanoelectrodes, which may find useful applications in biosensor studies [33].
Despite the high resolution of the EBL technique and application for the mass

production of nanoelectrodes of several types, the main drawbacks of the technique
are associated with its high cost and number of processing steps. Methods of
reducing the number of processing steps by direct patterning of a photoresist layer
acting as an electrode insulator, proved unsuccessful due to electrode contamination
by degradation of the resist [28]. The more aggressive etching by focused ion beams
can also be used for the direct patterning of more robust electrode insulating layers,
and this is discussed in the following section.

3.3.2
Focused Ion Beam Lithography

A somewhat lesser used technique for the fabrication of nanoelectrodes is that of
focused ion beam (FIB) lithography. This technique is based on themaskless etching
of substrate materials by a finely focused beam of ions (most commonly Gaþ). It can
mill substrates by selectively removingmaterial through ion bombardment or create
patterns in an additive process by ion deposition or a localized chemical vapor
deposition [14]. During etching applications, the focused beam touches a sample
surface and dislodges the material, which is redeposited locally in or around the
patterned structure. This is a technique in which nanometer patterns can be directly
written onto the substrate, thus involving fewer processing steps than EBL. More-
over, the fabrication step can be monitored in situ by secondary electron images
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induced by the FIB [33]. One of the principal applications of FIB is the physical
sputtering of material by ion impact for micro- and nano-patterning [35].
The FIB milling technique has been used to create recessed nanopore and nano-

band electrodes on oxidized silicon wafer substrates [35,36]. Platinum electrodes
(100 nm thick, and typically microbands of 2mm · 0.6mm) were initially fabricated
using UV lithography, metal deposition and lift-off processes. A silicon nitride film
(500 nm thick) was then deposited to form an insulating layer over the buried Pt
microelectrodes. The FIB (30 keV Ga ions, 10 nm nominal spot diameter, 10 pA
beam current) was then employed for direct-write nanoscale milling of the silicon
nitride passivation layer (Figure 3.5). The FIB technique was used to produce pores
and bands with controlled dimensions, spacing, and array layouts (Figure 3.6).
Moreover, the technique was also found to produce a cone-shaped recess in which
the bottom of the pore or band was smaller than the mouth. Figure 3.7 shows the
steady-state CVs produced by arrays of nanopores (with radii of 225 nm) with in-
creasing electrode number. These authors concluded from the characterization of
the nanoelectrodes, that the electrochemical response was controlled by diffusion to
the recess mouth rather than to the electrode at the bottom. With the cone-shaped
nature of the recess, and since the aspect ratio of the nano-recess did not allow direct
imaging by scanning electron microscopy (SEM), the steady-state data from the CVs
was used with mathematical models to enable calculation of the electrode dimen-
sions at the bottom of the pore [36,37].
The FIB lithography approach has also been used to create interdigitated titanium

nanoelectrodes by Santschi and coworkers [35]. In this case, photolithography and
plasma etching of a silicon-based wafer to create bond pads for the nanoelectrodes
were initially conducted. This was followed by titanium deposition by sputtering at

Figure 3.5 General schematic of nanoelectrode fabrication
strategy by focused ion beammilling. A silicon nitride layer on top
of a buried Pt electrode is milled by a focused ion beam to open
up nanopores through to the underlying Pt. (Reprinted from Ref.
[36].)
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200 �C, providing a 40 nm coating thickness. The focused ion beam (Gaþ) was then
used to etch the interdigitated nanoelectrodes in combination with gas enhance-
ment using XeF2 in order to reduce material redeposition during the etching pro-
cess, which can affect adjacent structures milled previously. The nanoelectrodes
were 1 mm bands in length with 50 nm band widths and 50 nm band gaps. Although
complete electrochemical characterization of the interdigitated nanoelectrodes was
not conducted, the resistance between adjacent electrodes was higher than 1GO,
and thus was reported to be suitable for a wide range of applications [35].

Figure 3.6 Nanopores and nanobands prepared by focused ion
beam (FIB)milling through silicon nitride. SEM images of: (a) 5· 5
array; (b) 3· 3; (c) and (d) are single nanopore electrodes. Pores
are truncated cone-shaped. (e) and (f) are images of nanoband
arrays fabricated by FIB milling, of width 117 nm and 101nm,
respectively. [(a)–(d) reprinted fromRef. [36];�AmericanChemical
Society; (e) and (f) reprinted from Ref. [37].)
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Nagase and coworkers [38] have also used FIB lithography to create nanoelectrode
structures with nanogaps, which are becoming an increasingly popular means of
creating electrode structures of comparable size to single molecules (see Section
3.3.4). The technique was applied to a metal film of Au (10–30nm thick) on Ti (1–
2nm thick) deposited on 200nm-thick, thermally grown oxides on silicon wafers. The
nanogap electrodes were formed by two etching steps; the first step to produce
nanowire structures in the metal film, followed by a second milling pattern by single
line scanning to create nanogaps between the electrodes. The minimum sizes of
the structures that could be formed using this technique were nanowire electrodes
of 30nmwidth andnanogaps of 3 nm. The resistance ofmost of the gapswas reported
to be higher than a few GO, with the highest around 80GO. Some leak current was
found at the gap structures, most likely related to the re-deposition of Au during the
FIB etching process. These authors concluded that some optimization of the wafer
layer thicknesses and etching procedures would be required to correct this problem
[38].
Despite the high resolution of e-beam and ion-beam lithography, one of the main

drawbacks of these techniques is the high cost. Research into lower-cost, top-down
methods of nanoelectrode fabrication is of great interest, and is outlined in the
following section.

3.3.3
Nano-Imprint Lithography

The high operating costs of the e-beam and ion-beam etching techniques have driven
the search for lower-cost, high-resolution alternatives. Among those techniques

Figure 3.7 Voltammetric characterization of selected nanopore
electrode arrays using 1mM FcCOOH in phosphate-buffered
saline. The influence of increasing nanoelectrode numbers on the
cyclic voltammogram response at 5mV s�1 based on arrays with
pore radii of 225 nm. (Reprinted from Ref. [36].)
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that can be classified as top-down approaches are nano-imprint or soft lithography.
Techniques that prepare a soft mold or stamp by casting a liquid polymer precursor
against a topographically patterned master are commonly referred to as soft lithogra-
phy [14]. Nano-imprint lithography (NIL) is a high-resolution, high-throughput, and
low-cost parallel lithographic technique [39,40]. It refers to the pressure-induced
transfer of a topographic pattern from a rigid mold (typically silicon) into a thermo-
plastic polymerfilmheated above its glass-transition temperature [14].As illustrated in
Figure 3.8, NIL consists primarily of two steps: an imprinting step, followedby pattern
transfer to the substrate using an etching process. Most NIL processes require a high-
resolution fabrication of themold or stamp employed, and this is usually reliant on e-
beam lithography in order to achieve a stamp with the desired high-resolution fea-
tures. The most common electrode type fabricated by this method is interdigitated
array (IDA) nanoelectrodes, although other nano-array structures have also been
reported using this technique.
Montelius and coworkers [41] reported the use of a single imprint step on 2-

inch (7 cm) silicon wafers to create nanometer-structured IDA electrodes. Stamp
production was undertaken on another 7-cm silicon wafer using a double-layer
resist system which was transferred to a projection mask aligner before deposi-
tion and lift-off of chromium (30 nm) and gold (20 nm). The double metal layer
was necessary to achieve a good contrast between the metal and insulating parts
of the pattern for successful alignment during the e-beam lithography and as-
sociated processing of the stamp. For imprinting of the nanopatterned stamp,
another 7-cm silicon wafer was used with a double layer resist system. After
imprinting, 50 Å of titanium and 150 Å of gold were deposited by lift-off, followed
by further processing steps for mounting and bonding. The nanoelectrode

Figure 3.8 Summary of the nanoimprint lithography (NIL) pro-
cess. A mold with desired nanoscale features is pressed into a
polymer (resist) layer (step 1), the mold is removed (step 2), and
the pattern imprinted is then transferred to the substrate using a
suitable etching process (step 3), such as reactive ion etching
(RIE). (Adapted from Ref. [39].)
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widths and spacings achievable using this method ranged from 100 nm to
800 nm.
Electrochemical characterization of the IDA electrodes was undertaken by redox

cycling of ferrocene dicarboxylic acid using chronoamperometry. The results
showed that steady-state current conditions were achieved after 10 s, based on the
largest nanoelectrodes and spacings (both 800 nm). Characterization of the smaller
widths and spacings was not reported. The authors reported a slight asymmetry
between the generator and collector current which resulted in a collection efficiency
of 80% [41].
An approach adopted by Jiao and coworkers [40] reported the use of negative

nanoimprint lithography (N-NIL) to form IDA nanoelectrodes. In this case, a metallic
filmwas deposited onto a silicon substrate, followed by spin-coating of a PMMA resist
layer. This layer was imprinted by a stamp followed by further reactive ion etching and
wet etching of the metal film. The technique resulted in metallic bands that were
negative replications of the stamp protrusion structures, creating band widths and
spacings of 170nm and 370nm, respectively. The stamps were created on SiO2/Si
substrates by e-beam lithography, CHF3reactive ion etching (RIE) and lift-off (see
Figure 3.9). The authors reported advantages of this technique over conventional NIL,
including: (i) variation of the band dimensions and spacing with chemical etching
time; (ii) the creation of bimetallic structures; and (iii) the fabrication of complex
nanopatterns by a single imprint. Electrochemical characterization of the IDA nanoe-
lectrodes was not reported [40].
Carcenac and coworkers [42] reported the use of e-beam lithography to create

patterns of nanoelectrodes (200–400 nm band widths), which are situated in a
circular layout where the tapered ends of the bands point inwards forming a central
circular gap of 30 to 100 nm. Silicon substrates with 100 nm of thermally grown
oxide were used, followed by spin-coating of a 50 nm-thick layer of PMMA. This
PMMA layer was patterned by the e-beam and the pattern then transferred to the
silicon substrate by etching. Once fabricated, there followed the creation of negative
molds for future replication of the nanoelectrodes by NIL. In this case, polydimethyl-
siloxane (PDMS) was used as a thermocurable resist, but some problems associated
with unresolved inter-electrode gaps were reported. The electrochemical characteri-
zation of the nanoelectrodes was not reported [42].
Tallal and coworkers [43] reported the reproducible replication of sub-40 nm elec-

trodes on an 8-in. (20 cm) silicon wafer using a combination of top-down methods.
First, a hybrid mold was created by a combination of optical and e-beam lithography,
featuring different nanoelectrode geometries and gap sizes. Photolithography was
used to define the connection pads. A layer of resist was then developed and the
patterns transferred to a depth of 150nm in silicon by reactive ion etching. Each
pattern was contained in a 2· 2 cm2 area, consisting of 150 band electrodes with gap
variations from 100 nm to less than 30nm. Second, the silicon mold replication
was achieved by spin-coating the substrate with a 240nm layer of polymer. The
combination of pressure applied between the mold and substrate, as well as using
a printing temperature above the polymer glass transition temperature, caused the
polymer to flow into the mold cavities and to reproduce themold patterns. The entire
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system was then cooled before demolding. Finally, metal layers (5 nm Ti and 35nm
Au)were evaporatedbyplasma-enhancedchemical vapordeposition (PECVD)and lift-
off processes. These authors reported the reproducible production of metallic nanoe-
lectrodes and nanogaps based on an optimal choice of NEB22A2 polymer. No elec-
trochemical studies were reported, however [43].
Subsequent to their studies on nanopore electrodes using EBL, Sandison and

Cooper [28] reported the fabrication of similar nanopore electrodes using NIL. These
studies were based on the EBL approach described Section 3.3.1, using silicon wafers
with a top metal electrode layer covered by a layer of resist. Rather than using EBL to
open up nanopores in the resist, in this case a silicon-based nanostructured stamping
tool consisting of anarrayof appropriately sizedpillars (250nmradius, 500 nmheight)
was pressed into a polymer film covering the underlying metal electrode layer. The
stamp (prepared by a combination of EBL and reactive ion etching) was pressed into a

Figure 3.9 Use of negative nanoimprint lithog-
raphy (N-NIL) for preparationofnanoelectrodes.
(a) Silicon substrate precoated with a metal film
and a thinpolymethylmethacrylate (PMMA) film
is spin-coated on themetal. (b) After imprinting,
the stamp pattern is replicated in the PMMA
film. (c) Residual PMMA in the trenches is re-

moved by reactive ion etching. (d) The exposed
metal film is dissolved with wet etchant.
(e) Metallic nanostructures after lift-off of re-
sidual PMMA. (f) A second metal is deposited
using a PMMA pattern as a mask. (g) The bi-
metallic nanostructures which result, after re-
moving PMMA. (Reproduced from Ref. [40].)
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polymer film that was heated above its glass transition temperature, where the pres-
sure wasmaintained until the polymer cooled. After removal of the stamp, the sample
was treated with oxygen plasma to remove any residual polymer at the base of the
patterned features. The authors reported some deformation of the nanopore struc-
tures by the imprinting process, resulting in an increase in the electrode radii, from
250 nm to 340nm. However, comparable electrochemical results were obtained to
similar nanopore electrodes formed by EBL, with the added advantage of lower pro-
duction costs. The close proximity of the pores both in the EBL and NIL production
(with an electrode spacing/radius ratio of 10) resulted in peak-shaped voltammo-
grams, indicative of overlapping diffusion fields [28].
Today, NIL has become an attractive alternative for the low-cost mass production

of nanoelectrode arrays, and finds most application in the production of IDA elec-
trodes. The fabrication of alternative nanopatterns can be limited by the deforma-
tions caused by the printing process, resulting in irreproducible or larger electrode
structures.

3.3.4
Nanogap Electrodes

An increasing number of reports on the fabrication of nanogap electrodes are now
becoming apparent. In this case, the electrodes are not interdigitated (as discussed
above), but rather are simply two closely spaced electrodes, where the gap is of
nanoscale dimensions. These electrodes are of great importance for the develop-
ment of sensors for molecular electrochemical analysis. The use of nanoelectrodes
to study events at the molecular level requires electrodes of comparable size to the
molecules under investigation [41]. The direct fabrication of the recessed nanopore
electrodes described in Section 3.3.1 is somewhat limited by the aspect ratios of the
pores, and thus dimensions approaching the single molecule scale are difficult to
produce using this approach. Moreover, for single molecule detection, the distance
between the electrodes should be as small as possible to enable trapping or manip-
ulation of the molecules. The role of the nanoelectrodes in this case is to convert
biological information contained in the affinity between molecular species into a
measurable electrical signal. This type of nanosystem does not rely on target am-
plification systems requiring complex procedures, and hence the main challenge
that it faces is the sensitivity required to generate information from a few biomo-
lecules [44]. Nevertheless, an essential requirement for the use of very narrow gaps
for molecular and nanoelectronics applications is that they do not allow any leakage
currents to flow between them [45]. Therefore, the first characterization step for
most fabricated nanogap electrodes is the measurement of resistance. This subsec-
tion focuses on the preparation of nanogap electrodes, and some of the applications
associated with them.
Nanogap electrodes were briefly described in each of the preceding subsections,

where methods such as e-beam [42] and focused ion-beam lithography [38] as well as
NIL [43] have been used for their fabrication. Reports of nanoelectrodes of this type
are highlighted in the following paragraphs.
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Fischbein and Drndi�c [46] reported the fabrication of nanogaps by EBL. Silicon
wafers were processed with photolithographic techniques to define larger patterning
windows (in this case a free-standing Si3N4 membrane) for subsequent e-beam
patterning. A layer of PMMA resist was spun onto the membrane, which was
patterned by the e-beam and then used as a template to create nanogap structures.
The metallization of the structures to create the electrodes was created by the
deposition of gold on nickel or chromium adhesion layers, followed by lift-off of
the undesired metal areas by dissolving the resist beneath it. The resulting device
was composed of metal features defined by the EBL patterns, with electrode gaps
ranging from 0.7 nm to 6 nm. The gaps were characterized using PbSe nanocrystals
capped with oleic acid localized within the electrode gap using standard voltage–
current curves; capacitance measurements were also undertaken [46].
Waser and coworkers [47] reported the use of two EBL steps to create nanoelec-

trodes with nanogaps on silicon wafers. On each chip, 30 nanoelectrodes represent-
ing 15 pairs of nanogaps were fabricated. Using silicon-based wafers, the surface
was covered with a two-layer e-beam resist system consisting of PMMA and PMMA/
MAA, the latter as a positive resist. The first e-beam step was needed to define the
overlap between the optical and e-beam part, and to create pairs of nanoelectrodes
with nanogaps. The electrodes were fabricated by the deposition of Ti/Pt/Au layers,
followed by lift-off. A protective resist layer was then spin-coated onto the wafer and
patterned by EBL, followed by reactive ion-beam etching. The nanoelectrodes were
characterized by capacitance measurements in sulfuric acid, which was used to
study the capacitance. Additionally, the electrodeposition of copper ions on the
nanogap electrodes was demonstrated as a promising strategy to narrow the gap
down to a few Angstroms for contacting small clusters and tailored molecules in
metal–molecule–metal hybrid assemblies [47].
Sun and coworkers [45] demonstrated a further application of their nanogap

electrodes for the study of functionalized cobalt particles. Starting with a silicon-
based substrate, these authors fabricated electrode structures defined by EBL, fol-
lowed by gold deposition and lift off. The gap sizes were controlled by adjusting the
e-beam dose and pattern development time, producing gaps which ranged from
7nm to 25 nm, where the fabrication yield was almost 100% for 8- to 9-nm gaps, but
much less (�15%) for 3- to 4-nm gaps. The authors reported the formation of a
cobalt particle junction structure between the nanogap electrodes, where its trans-
port properties could be measured by using voltammetry.
Despite the successful creation of the nanogap electrodes thus far reviewed, one

notable limitation of the high-resolution techniques is the reproducibility of the
nanogaps produced, the size of which is comparable to a single molecule (0.5–2nm)
[48]. A number of methods have been reported for the fabrication of nanogaps, many
using EBL as a primary step for the definition of nanoscale dimensions, followed by a
further technique for the reductionof the gapdimensions down to themolecular scale.
Ah et al. (2006) used an initial EBL step to create interdigitated nanoelectrodes on a
silicon-based wafer with gaps of 50nm. The gaps were then narrowed to several
nanometers by the deposition of Au onto the surface of the initial Au band electrodes
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via the surface-catalyzed chemical reduction of Au ions with hydroxylamines. The
tunneling current between twogap electrodeswasmeasured by voltammetry andused
with numerical calculations to estimate the gap distance where this was difficult to
resolve by field emission scanning electron microscopy (FESEM). The authors re-
ported the fabrication of arrays comprising 20 000 nanogaps within a 1· 1mm2 area,
where over 90% of the gap distances were less than 5 nm [48].
A more specific application of nanogap electrodes for DNA detection was

achieved by Chang and coworkers [49]. The gold nanogap electrodes in these studies
were fabricated by EBL, where a gap distance of 300 nm and electrode height of
65 nm was created. Functionalization of the electrodes was achieved by the self-
assembly of gold nanoparticles and bio-bar-code-based amplification (BCA) DNA
onto the gold electrodes. More specifically, the surface between the electrodes and
multilayer of gold nanoparticles was established by the hybridization of complemen-
tary DNA. Measurable current between the nanogap electrodes was achieved
through themultilayer of gold nanoparticles, followed by current amplification using
magnetic nanoparticles and bio-bar-codeDNA. The authors reported the detection of
DNA down to 1 fM by voltammetric detection using this method [49].

3.3.5
Non-High-Resolution Techniques

The fabrication of nanoelectrodes without the use of high-resolution instrumenta-
tion is very rarely reported. However, an approach adopted by Kleps et al. [50] took
advantage of the shape of microstructures formed by standard microfabrication
techniques to fabricate nanoelectrodeswith radii of 50 to 250 nm,without using any
high-resolution instrumentation. In this case, pyramidal structures were formed
on a silicon wafer by Si etching through a silicon dioxide mask. An additional
oxidation process was applied to sharpen the structure before deposition of either a
gold or platinum film by metal organic chemical vapor deposition (MOCVD).
A final layer of insulating SiO2 or SiO2/Si3N4 sandwich was deposited, before a
short period of maskless UV exposure to remove the very tops of the insulating
material covering the pyramid,thus creating nanocone electrodes [50,51]. The
electrochemical characterization of these types of nanoelectrodes was recently
reported [52].
The fabrication of nanogap electrodes has also been achieved without using high-

resolution instrumentation by Chen and coworkers [53]. Initially, gold electrode
pairs were fabricated on thermally oxidized silicon wafers using conventional pho-
tolithography with a spacing of 5mm. Copper was then electrodeposited onto the
gold electrodes by the application of a 10mA DC current. This technique was used to
reduce the gap separation between the electrodes to 9 nm, and the authors reported
that the technique could also be applied to other metals. The gap separation was
controlled by changing parameters such as the frequency and the series resistances
of the control circuit on a home-made electrochemical set-up during the plating
process. The gap separation was reported to be impedance-dependent, originating
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from the changing ratio between the capacitive and resistive parts of the materials.
Chen et al. suggested that this method was an effective way of controlling gap
separations even down to the atomic scale, was low-cost, and had a high throughput.
Possible applications include the investigation of the transport properties of various
nanomaterials and organic molecules [53].

3.4
Applications

The types of nanoelectrode fabricated by top-down methods, and reviewed in this
chapter, have generally been fabricated with various applications inmind, and which
determine the electrode dimensions, spacing, and array layout. For those para-
meters, three main types of top-down fabrication approaches have been applied:
EBL, FIB milling, and NIL. Such applications have not yet generally been investi-
gated exhaustively, however, and remain the subject of further investigations still to
be reported. Thus, the applications summarized here are illustrations of future
possible uses of the devices described.
Currently, there is much interest in the detection of single molecules, such as

DNA, using electrochemical detection methods, due to its suitability to device
miniaturization and in-vivo measurements. However, one of the main challenges
facing this application is the reproducible fabrication of electrodes, the dimen-
sions of which are comparable to the size of the molecule of interest. Much
research has been conducted on the fabrication of nanogap electrodes for this
purpose, though few have reported the study of applications such as the detection
of DNA [49] and cobalt particles [45]. The former case reports detection levels
down to 1 fM of DNA. Some reports have also been made on the electrodeposition
of metals in order to narrow the gaps between the electrodes even down to atomic
scale dimensions, where possible applications include the contacting of small
clusters and tailored molecules in metal–molecule–metal hybrid assemblies [47],
and investigation of the electrical transport properties of various nanomaterials
and organic molecules [53].
Some of the nanoelectrodes reviewed in Sections 3.3.1 and 3.3.2 (EBL and FIB

milling) are examples of nanoelectrodes where all of the dimensions of the electro-
de�s active surface area are in the nanometer scale (rather than only one lateral
dimension of a nanoband electrode). In such cases, the fabrication of these electro-
des has been more challenging, and hence fewer reports exist of sensor applications
using these electrodes. The most promising of this type has been developed by Jung
and coworkers [29] by the functionalization of the insulating material around their
recessed disc nanopore electrodes with antibodies for the creation of an immuno-
sensor (e.g., Figure 3.3). One particular advantage of this type of surface modifica-
tion is the utilization of a larger surface area for the capture elements (i.e., anti-
body–vesicle complex) and an uninhibited electrode surface; both will result in
increased sensitivity, as well as the fundamental benefits of nanoelectrodes (as
described in Sections 3.1 and 3.2). As shown by Jung et al. [29], electrochemical
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detection of the antigen to the antibody [in this example, human serum albumin
(HSA) as the antigen and anti-HSA as the antibody] was achieved using square-
wave voltammetry. However, further experimentation was planned as part of a
multiple protein sensing strategy. Similar devices have also been used by this group
for DNA sensing [54]. In this case, single-stranded DNA was immobilized on the
metal electrodes at the base of the nanowells formed by EBL in the polymeric resist
layer. Hybridization detection was achieved by inhibition of the electrochemistry of
a diffusing redox probe species in solution [54].
A further illustration of a possible immunosensor application of nanoelectrodes is

a report by Zhu and Ahn [30] that the detection of 4-aminophenol in the 10�8 to
10�9M range was possible with IDA nanoelectrodes. (4-Aminophenol is the product
of an enzyme reaction often used in enzyme-labeled electrochemical immunoassays
[55].)
One type nanoelectrode which been reported predominantly is the interdigitated

array (IDA) nanoelectrode. These electrodes function on the basis of the cycling of
redox species between adjacent electrodes, and are used to create a significant
amplification of the currents obtained from low analyte concentrations. The main
application for IDA nanoelectrodes is in the trace analysis of very low analyte
concentrations. An interesting application of IDA nanoelectrodes was reported by
Finot et al. [32], in which DNA was detected via a hexaammineruthenium(III)
chloride redox mediator. In this case, single-stranded DNA immobilized on
e-beam patterned gold IDA nanoelectrodes was detected by the interaction of the
DNA with Ru(NH3)6

3þ. Hybridization of sample DNA to single-stranded DNA on
the electrode surface was also detected by reaction with Ru(NH3)6

3þ, where the Ru
(NH3)6

3þ intercalates into theDNAdouble strand. These authors reported a greater
sensitivity than was achieved with macro-sized electrodes, and faster response
times. A further sensor application was reported by Luo et al. [33], where dielec-
trophoresis was used with IDA nanoelectrodes to trap biomolecules such as BSA
and antibodies on the edges of the nanobands. This has promising applications for
several sensor types for trace analyte detection. Currently, IDA microelectrodes
have foundwide use for biosensor applications, and are particularly suitable for use
with microfluidic systems [54]. Future requirements for nanoscale IDAs lie in the
optimization of a reproducible fabrication technique for the large-scale production
of these electrodes, particularly for the lower-cost alternative approaches such as
NIL.

3.5
Conclusions

This chapter has reviewed the recent advances in nanoelectrode fabrication using
top-down approaches. A range of applications of these electrodes exist, from single
molecule detection to signal amplification for trace analysis. A particular fabrica-
tion technique is selected depending on the dimensions, spacing, and number of
electrodes required. Many of the techniques based on the three lithography types
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reviewed (EBL, FIB, and NIL) have been adapted and modified to achieve the
desired nanoelectrode geometries and dimensions. The reproducible fabrication
of nanoelectrodes below the 10 nm scale is becoming increasingly difficult, and
hence the fabrication of nanogap electrodes has become a promising alternative in
approaching the dimensions of the single molecules they are designed to detect.
Although, currently e-beam and ion beam high-resolution fabrication techniques
are widely used, the cost implications of these methods has driven forward the
search for lower-cost alternatives, such as NIL. Indeed, NIL is today more widely
applied to IDA nanoelectrodes, where deformations to adjacent band structures
caused by the imprinting process are less prominent using this type of electrode
arrangement. Some of the advantages and disadvantages of these three top-down
fabrication methods, as applied to nanoelectrodes and nanoelectrode arrays, are
summarized in Table 3.1. Today, EBL, and especially FIB, are the research tools of
choice for the fabrication of novel structures such as experimental prototypes,
whereas NIL represents a low-cost approach for the fabrication of arrays of proven
device designs. Thus, the different fabrication methods surveyed here offer ben-
efits in alternative regions of the biosensor/bioanalytical system development
pathway.
Among the nanoelectrodes fabricated by top-downmethods and reviewed in this

chapter, one of the main shortcomings is their reproducibility, particularly in the
tens of nanometers or sub-10 nm ranges, and where mass production is required.
Moreover, many of the high-resolution techniques are costly and require complex
procedures, thus further complicating the fabrication process. Future research into
the fabrication of nanoelectrodes should focus on methods to improve the repro-
ducibility of the electrodes, particularly where high-resolution techniques are used.
For the range of applications studied with nanoelectrodes thus far, greater sensi-
tivity and faster response times have been reported, thereby indicating their po-
tential for future sensors based on miniaturized, ultra-sensitive devices. However,
systematic investigations of possible applications of nanoscale electrodes remain
substantially to be demonstrated. In order to achieve this, these nanoelectrodes
must be sufficiently robust to be placed in the hands of experimental chemists and
biochemists, who can apply the necessary protocols to test the electrodes�
capabilities.

Table 3.1 A comparison of the nanoelectrode fabrication methods.

Technique Advantages Disadvantages

Electron-beam lithography Design flexibility
High resolution

Low throughput Cost

Focused ion beam
lithography

Flexibility Direct
writing of pattern

Low throughput Cost

Nano-imprint
lithography

High throughput
Reproducible Low cost

Inflexible Patterning
method
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4
Template Synthesis of Magnetic Nanowire Arrays
Sima Valizadeh, Mattias Strömberg, and Maria Strømme

4.1
Introduction

During the late 20th century, the growing interest in creating advanced materials
using nanoscaled building blocks was employed to develop synthetic techniques for
re-engineering existing materials to novel functional materials such as quantum
dots, nanodots, nanorods, nanotubes, nanofibrils and quantum wires. These nano-
wires can act as one-dimensional conductors with interesting electronic and optical
properties. Moreover, nanowires may find applications in ultrasensitive chemical
and biological sensors.
To date, a physical vapor deposition (PVD) technique followed by lithography is

usually considered to represent the ultimate method for producing nanoscaled
materials. Although a number of successful efforts have been reported on the
fabrication of freestanding nanopillars or nanowells using lithographic techniques,
there is a whole range of potential obstacles for these approaches. These arise mainly
from the fact that, when the technologies are pushed to smaller sizes, the cost rapidly
escalate and the tolerances aremore difficult tomaintain. The lithographic processes
used to pattern nanoelectronic structures also currently limit the dimensions of the
electronic components such as nanowires. Optical lithography is limited by the
wavelength of the light used to produce the wires. Consequently, the wavelength
of light used is moving into the deeper regions of the ultraviolet (UV) spectrum, and
the cost of fabricating optical components to achieve this is expected to rise at an
astronomic rate. These challenges have forced many to seek new nanofabrication
techniques, especially those which grow nanostructures directly in the openings of a
template. One of the most successful approaches to these nanofabrication methods
is known as the membrane-based synthesis of nanomaterials [1–4], where the mem-
brane acts as a template for the electrodeposition of multilayered nanowires, as well
as for single metallic nanowires [5,6]. The advantage of using template synthesis of
nanowires is that it can be considered as an alternative solution to overcome the
difficulty in fabricating fibrils with very small diameters by lithographic methods [7].
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This improvement may offer a new and drastic change for future computer mem-
ories and magnetic sensors [8]. Moreover, by using template synthesis, mass
production of nanostructures is possible. Examples of such templates for the
electrodeposition of multilayered nanowires, as well as single metallic nanowires,
are track-etched polycarbonate membranes [9,10], nanoporous alumina [11–13],
and nanoporous mica [14].
Historically, Possin et al. [15] were the first to develop a potentiostatic synthesis

method for producing different single metal nanowires in a 15 mm-thick mica
sample with a pore density in the order of 104 pores per cm2. During the late
1980s, Baibich et al. and Binasch et al. [16,17] were the first to observe the giant
magnetoresistance (GMR) phenomenon in Fe/Cr magnetic structures. Since that
time, artificially fabricated magnetic materials associated with transition metals,
produced either by molecular beam epitaxy (MBE) or sputtering deposition tech-
niques [18–23], have become an important research field. These GMR structures
have magnetic layers separated by a non-magnetic spacer metal. A magnetized
multilayer system with either antiferromagnetic or ferromagnetic moment align-
ment exhibits GMR when the electrical resistivity is reduced by an applied magnetic
field that induces parallel magnetization alignment. In the past, most experiments
on the GMR effect in magnetic multilayer structures have been focused on the
measurement of the current in the plane of the magnetic multilayer system, the
so-called �current in the plane� (CIP) geometry. The alternative is the �current
perpendicular to the plane� (CPP) geometry. Valet and Fert [20] found that the
magnetoresistance of magnetic multilayers in CPP geometry is larger than that in
a corresponding CIP geometry. However, with CPPmeasurement, equipment using
the Superconducting QUantum Interference Device (SQUID) is needed. The reason
for using such an extremely sensitive technique is that, when the current flows
perpendicular to the plane of themagneticmultilayer, the length of the sample is just
the film thickness, which is usually in the nanometer scale. As a consequence, these
low CPP resistance changes can only be measured using SQUID, which acts as a
picovoltmeter and detects a resistance of pico-ohms. Although this method was
initially developed by Pratt Jr. et al. [24], the CPP-type resistance measurement has
subsequently opened up an entirely new avenue in the field of GMR research during
recent years.
Nevertheless, electrodeposition has become the potential candidate in many

manufacturing technologies. One of the key applications for the electrodeposition
of magnetic multilayers is based on the cylindrical narrow pores in track-etched
polycarbonate membranes or porous alumina templates. This has become an impor-
tant route forGMRmeasurements in theCPPgeometry.More recently, several groups
have improved this method to investigate the magnetic properties of template-
synthesized structures, which may offer a significant change for future computer
memories and magnetic sensors [1,25–29].
In this chapter, attention is focused mainly on electrochemical synthesis techni-

ques for preparing magnetic single and multilayered nanowire arrays using
ion-track-etched polycarbonate films as templates. Finally, recent advances in the
preparation of electrical contacts of electrochemically deposited Au nanowires in a
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four-point probe configuration using the dual beam focused ion beam (FIB/SEM)
technique, are reported.

4.2
Electrochemical Synthesis of Nanowires

This section includes three parts. In the first part, attention is focused on the fabri-
cation of nanoelectrodes. The growth and nucleation of Co nanowires is discussed in
the second part. Finally, electrodeposition of magnetic multilayered nanowire arrays
is described in the third part.

4.2.1
Fabrication of Nanoelectrodes

Nanowires and arrays of nanowires are usually obtained by filling a porous template
that contains a large number of parallel-sided cylindrical pores that are aligned with a
narrow size distribution. Today, polycarbonate membranes or electrochemically
etched aluminum metal with nanochannels are used as templates for either the
chemical or electrochemical deposition of metals, conductive polymers and other
materials for the generation of nanofibers or nanotubes. As the nanochannels in
these membranes are very uniform in size, the diameter and aspect ratio of the
nanofibers (or nanotubes) synthesized by themembrane–template technique can be
precisely controlled. Choosing nanoporous materials as templates provides the
opportunity of creating very thin cylinders that have uniform dimensions, with a
controlled diameter as small as a few tenths of a nanometer. Arrays of metallic
nanowires exhibit interesting properties such as one-dimensional (1D) quantum
phenomena, and can therefore be used to construct new nanowire-based electronic
devices and circuits [5,30–37].
Track-etched membranes are made when heavy charged particles from a nuclear

radiation source pass through a 5- to 20-mm-thick polymer film. The tracks can be
selectively etched in a suitable media, so as to introduce pores with a diameter
depending on the etching time [28,5,31]. It has been reported that the electrode-
posited nanowires using the commercially available porous polycarbonate mem-
branes usually exhibit �toothpick� or �cigar-like� shapes, with a non-homogeneous
surface rather than the expected cylindrical shape [30,32]. The explanation for this
defect may be related to the acceleration of high-energy particles onto the mem-
branes, which gives rise to regions with point defects in polymer crystals and
breakage of polymeric bonds in the membranes [5,31].
Recently, a reproducible technology has been improved to supply accurate mem-

branes with cylindrical arrangements of pores having well-defined shapes. Various
groups [33,34] have investigated the electrochemical template synthesis conditions
where the membranes were usually sputter-deposited with a 500nm-thick Ag, Au, or
Cu film onto one side, to serve as the working electrode. In order to find analytical
expressions for thediffusion and concentration variation of electroactive species in the
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vicinity andwithin the pores of a porousmembrane as a function of time, the theory of
microelectrodes is turned to nanodes, and the authors preferably use the term
�nanode� instead of nanoelectrode [35]. One important property of microelectrodes
functioning asminiaturizedworking electrodes is the high signal-to-noise ratio due to
the non-linear diffusion of electroactive species towards the electrode surface. The
hemispherical diffusion fluxes opposed to linear diffusion for a planar substrate are
expressed for amicroelectrode in Refs. [36–41]. In this hemispherical diffusionmode,
more electroactive species reach the electrode surface per unit time and area than in
the linear diffusionmode, due to the small diffusion layer thickness.A steady-state can
be reached within a few milliseconds [42].

4.2.2
Reactions, Diffusion and Nucleation in the Electrochemical Deposition of Co Nanowires

Generally, metal deposition from aqueous electrolytes is not only a reaction of
great technological importance, but is also a classic example of a nucleation and
growth process for which nucleation sites play a decisive role. On the other hand,
the fundamental aspects of electrocrystallization of metals are directly related to
the problems of nucleation and crystal growth. However, a full control over – and
a satisfactory understanding of – the physical phenomena requires a detailed
knowledge of the synthesis process involving pore filling during electrolytic
growth.
By decreasing the dimensions of fabricated components and devices, the influ-

ence of individual interfaces and defects will evidently dominate the physical be-
havior of the nanowires. Therefore, a both experimental and theoretical study of
electrochemical synthesis of nanodes as recessed electrodes is crucial.
Nanocrystals made of metals such as Ni, Fe, and Co display a wealth of size–

dependent structural, magnetic, electronic, and catalytic properties [43]. In particular,
the exponential dependence of the magnetization relaxation time on volume
has spurred intensive studies of Co nanocrystal synthesis for magnetic storage pur-
poses. Therefore, an experimental set-up for template synthesis of Co nanowires
was chosen to study the electrode kinetics of the nanode functioning as a working
electrode [35].

4.2.2.1 Theoretical Considerations of Spherical Diffusion at a Nanode Array
The expression for the diffusion-controlled limiting current, which can be described
as the sum of the Cottrell equation and a correction term for the steady-state
(non-linear diffusion), is given in Ref. [44]

iðtÞ ¼ idnFDAc
b

ffiffiffiffiffi
D
pt

r
þ nFDAcb

r
ð1Þ

where n is number of electrons involved in the reaction, F is Faraday�s constant, r is
the pore radius, D is the diffusion coefficient, and cb is the bulk concentration of
electroactive species.
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It is important to note that the diffusion-controlled limiting current at the nanode
array is essentially time-independent. By assuming the nanodes as recessed micro-
electrodes, we can consequently state that, as time elapses, the recessed electrode
obeys the Cottrell equation for a short time – that is, the current is proportional to
1/(rþ L) where L is the membrane thickness or length of the nanodes. Under these
conditions, the expression for the diffusion-controlled current at the recessed
nanodes reads

iðtÞpores ¼ id pores ¼ 4p nFDcb r2

4Lþ pr
ð2Þ

The important consideration is on the transition of diffusion variations, starting
from each individual nanode, with time. Eventually, a situation is approached where
the diffusion zones overlapping from a series of nanodes become insulated from
each other in the array. At this state, the diffusion zones from all nanodes are
effectively covering the total electrode surface area.
The concentration variation with time during the pore-filling process is illustrated

in Figure 4.1(a–d). By applying the potential when the initial nucleation process
begins, two types of diffusion layer are formed, with one zone in the pores and
another zone outside the pores. The diffusion zones are indicated as D2 and D1 in
Figure 4.1a. The diffusion within the pores is linear, whereas outside the diffusion is
linear for a short time of only millisecond duration (i.e., Cottrellian), whilst for
longer time the diffusion is spherical and time-independent. During pore filling, the
inner diffusion zone (D2) becomes thinner (see Figure 4.1b). At the moment of
complete pore filling, only the outer diffusion zone will remain (Figure 4.1c). During
further deposition, the whole surface outside the pores is covered and the diffusion
then becomes linear (Figure 4.1d).
Increasing the radii of the spherical diffusion zones increases the volume of the

depleted region. This is revealed from an extended region into solution for a high
population of electroactive species to diffuse �down� to the electrode surface by
linear diffusion [44].
The rate of the electrochemical processes, apart from the effect of mass transport

by the diffusion-controlled limiting current, is also dependent on the effective
electrode surface area. Thus, the analytical expression for diffusion to the effective
surface area of a random distribution of recessed nanodes, which are established
during ion track etching processing of the membrane, is complicated. However,
solutions are available by assuming the fact that the same amount of material is
entering through the boundary of the diffusion zones by linear diffusion as that
from the radial spherical diffusion to the nanodes [44–46].
In order to evaluate the fractional surface area of the nanode array, we can

formulate the changes in concentration with time by using a special case of Fick�s
second law in one dimension

qcðx; tÞ
qt

¼ D
q2cðx; tÞ
qx2

ð3Þ

4.2 Electrochemical Synthesis of Nanowires j215



under the following boundary conditions: Before the experiment starts at t¼ 0, we
have for all x that c(x, 0)¼ cb. As x!1, for all twe have that lim c(x, t)¼ cb. Finally, c
(0, t)¼ cm holds. In these boundary conditions, cb is the bulk concentration and cm is
the concentration at the pore mouth which is provided to be constant for a short
period of time. If cm is assumed to be unchanged for a short period, the diffusion

Figure 4.1 (a–d) Concentration variation with time during the
pore-filling process. (a) Initial pore filling; (b) half-filled pores;
(c) complete pore filling; (d) pores completely filled and deposited
material is emerging on the upper membrane surface.
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current, Ieq, for a short time period of milliseconds, can be obtained from the
modified Cottrell equation

ieqðtÞ ¼ nF p r2dðcb�cmÞ
p1=2t1=2

ð4Þ

Figure 4.1 (Continued)
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However, from Faraday�s law, the amount of deposited material is directly pro-
portional to the current or current density [13]. Thus, we can write Ieq¼ Ipore or

pr2d jeq ¼ pr2 jpore: ð5Þ

The equivalent surface area of the nanode, Seq ¼ pr2d, where rd is the radius of the
equivalent surface, can then be written using Eqs. (3)–(5) as:

Seq ¼ 4r2pðDtpÞ1=2 cb
ð4Lþ prÞðcb�cmÞ ð6Þ

As the pores are randomly distributed, due to the nuclear etching process of the
membrane, the total equivalent area with respect to the pore density,N (pores cm�2),
is NSeq [8].
By using the Avrami theorem [48], the fractional area is

S ¼ 1�expð�NSeqÞ ð7Þ

so that

S ¼ 1�exp
4Npp2ðDtpÞ1=2

ð4Lþ prÞ
cb

ðcb�cmÞ

" #
ð8Þ

The numerical value of the growth current for the total electrode surface area can
be evaluated as the fractional surface area multiplied by the current density based on
Eqs. (4) and (8); that is:

I ¼ nF
D
pr

� �1=2

ðcb�cmÞ 1�exp
4Npp2ðDtpÞ1=2

ð4Lþ prÞ
cb

ðcb�cmÞ

" #( )
ð9Þ

As stated above, if the diffusion equation for hemispherical growth is solved for
this particular situation, and if this result is used to determine the variation of the
plating current with time, one can predict and extract parameters to determine the
concentration of ions at the vicinity and at the mouth of the pores.
Figure 4.2 illustrates both experimental and theoretical current transient curves.

There is a clear agreement between the theoretical and experimental curves [35]. The
slight differences in shape between the experimental and theoretical transients most
likely originate from experimental conditions such as progressive growing diffusion
zones and diffusive flux of Co species through the randomly distributed pores.
Figure 4.2 also provides an illustration of the growth mechanism for Co nanowires
on four different stages:

1. For the initial deposition, the current decreases due to mass transport limitation.
2. The metal is growing in the pores and an almost stagnated regime is reached.
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3. The pores are filled up to the top of the membrane surface, which gives rise to the
cap formation associated with three-dimensional (3D) deposition.

4. The deposition current increases rapidly due to the simultaneous growth of some
wires that emerge from themembrane surface and change the effective electrode
area.

After dissolving the membrane in dichloromethane (DCM) and collecting the
wires on holey carbon grids, the morphology and evidence of well-defined Co
nanowires from completely filled pores was established by a scanning electron
microscopy (SEM) investigation, as illustrated in Figure 4.3. Figure 4.4 shows a

Figure 4.2 Experimental and theoretical [using Eq. (9)] curves
showing the current transient response. The schematic insets
illustrate the growth mechanism for Co nanowires on four dif-
ferent stages, as explained in the text.

Figure 4.3 SEM image of Co nanowires from completely filled
pores after dissolving the membrane in dichloromethane and
collecting the wires on holey carbon grids.
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Figure 4.4 Schematic view of the evolving growing diffusion
zones as time elapses. The extended vertical lines show the
direction of fluxes towards the diffusion zones.

schematic view of the evolving diffusion zones [35]. At the initial stage, the steady-state
rate of mass transport is reached within a fewmilliseconds. In addition, after a longer
time, a spherical diffusion zone develops from each individual nanode and increases
with time. Consequently, an extended 3D diffusion volume, arising from the over-
lapping of neighboring diffusion volumes from each individual nanode, is stabilized
in the vicinity of the solution. Thus,more electroactive species diffuse in the direction
normal to the region where the electrode surface, including both the insulating and
active surface area, covers symmetrically with a spherical diffusion volume.
It is important to note that the diffusion-controlled limiting current at the nanode

array essentially facilitates the non-linear steady state – that is, time-independence at
longer times. As reduced electroactive species instantaneously establish a continu-
ous depleted region at the electrode surface and in the vicinity of the electrode, a
concentration gradient is formed in the electrolyte between the nanode mouths
and the bulk concentration region. Thus, a continuous linear diffusion normal to
the spherical diffusion zones at the electrode surface prevails. As a result, the
concentration of the electroactive species in the mouth of the nanodes will differ
from that in the vicinity of the electrode. Consequently, for any constructed nanode –
whether it is planar, spherical, disc, or an array of each geometry – the diffusion-
controlled limiting current is concentration-dependent. Following this further, by
assuming a linear concentration profile inside the pore and knowing cm from Eq. (4)
for an unstirred solution, the concentration in the vicinity of the electrode, ce, can be
solved using the following relationships:

iðtÞ ¼ 4nFDðcb�cmÞr ð10Þ
ipore
npr2F

¼ D
qcðx; tÞ
qx

¼ D
cm

L
ð11Þ

By solving Eqs. (13) and (14) for the same current diffusion, we obtain

cm ¼ 4Lcb

4Lþ rp
ð12Þ
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The expressions for the concentration at the vicinity of the electrode can be
calculated from the following equations:

ipore
npr2F

¼ D
qcðx; tÞ
qx

¼ D
cm�ce

L
ð13Þ

ce ¼ cm� iporeL

Dpr2 nF
ð14Þ

The microscopic variations of cm and ce for the conducted experiments evaluated
from Eqs. (13) and (14), with the diffusion coefficient, D¼ 2.5· 10�5 cm2 s�1 are
summarized in Table 4.1.
Figure 4.5 illustrates the relationship between the concentration of electroactive

Co species at themouthand in the vicinity of the electrodewhen thedepositedCo layer

Table 4.1 Calculated cm and ce values based on four different thicknesses.

Current
[mA]

Membrane thickness
after Co deposition [mm] Time [s]

Co layer
thickness [mm] cm [M] ce [M]

160 4 1300 16 1.1826 0.9644
270 6 800 14 1.1656 0.3403
395 14 480 6 1.1351 0.1646
630 16 350 4 1.0681 0.0781

Figure 4.5 Relationship between concentration of Co species at
the mouth (cm), and in the vicinity of the electrode surface (ce),
when the deposited layer increased through the nanodes.
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thickness is varied in the nanode array. Hence, an increase in the Co deposited layer
thickness through the nanodes leads to a decreasing thickness of the porous mem-
brane as a recessed electrode [35]. Thus, an increasing diffusion-limited current due to
entrance of a larger ion flux towards the electrode surface can be observed. Addition-
ally, cm and ce show increasing trends when the deposited layer thickness is increased.
In other words, by growing the deposit into the nanodes, the amount of electroactive
species entering to the diffusion zones increases. Consequently, an increasing current
which passes through the maximum and then approaches the diffusion-limited cur-
rent, can be observed during the growth process of the Co nanowires.
After deposition, transmission electron microscopy (TEM) samples were pre-

pared by dissolving the polycarbonate membrane in DCM, and collecting the wires
on holey carbon grids. Figure 4.6 shows a bright-field TEM image and the corre-
sponding selected area electron diffraction pattern of a Co nanowire with a diameter
of 250 nm after removal of the polycarbonate membrane. The wire has even edges
with grains elongated in the growth direction of the wire [35].
As a general conclusion, the electrodeposition of dense and continuous nanowires

requires a full control of the time-dependent transient current and concentration
gradient variation during the pore-filling process.

4.2.3
Electrodeposition of Magnetic Multilayered Nanowire Arrays

Electrochemical synthesis is not only suitable for the fabrication of single-layered
nanowire arrays, but it is also an efficient technique for depositing multilayered
nanowires in nanometer-wide cylindrical pores of a porous material, where conven-
tional deposition processes would have severe limitations in the pore-filling
efficiency.
One essential application for the electrodeposition of magnetic multilayered

nanowires is based on a new technique, that of nanomaterial membrane-based

Figure 4.6 Bright-field TEM image and selected area electron
diffraction pattern of a Co nanowire with a diameter of 250 nm.
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synthesis [25,26,29,39]. Template-synthesized magnetic nanowire arrays exhibit ex-
tremely anisotropic magnetic properties, characterized by a square hysteresis loop
when the appliedfield is perpendicular to thedepositedfilm; that is, parallel to thewire
axis (the easy axis). The advantage of such an arrangement lies in its ability to detect
tinymagnetic fields. This effect can be exploited in a range of applications inmagnetic
data storage and magnetic sensors [20,24,47]. In this connection, a variety of multi-
layered nanowires including Co/Cu, Fe/Cu, NiFe/Cu have been fabricated by elec-
trodeposition techniques. In these methods, magnetic multilayered nanowire arrays
are fabricated by filling the pores of ion track-etched membranes with layers of a
magneticmaterial in a single domain state separated by a non-ferromagneticmaterial
as spacer layer. This ability to deposit on complex surfaces also allows electrochemical
deposition to be used in conjunction with state-of-the-art nanofabrication methods.
Pulse plating can be used to growmultilayer structures of metals and alloys from a

single electrolyte containing two or more elements. In this way, different metals are
deposited in an alternating sequence by varying the applied potential to match the
deposition potentials of the different constituents. The deposition of a nobler metal
is arrested during the deposition of a more active constituent layer by lowering the
concentration of the nobler metal ions in the bath. By repetition of this process,
composition-modulated alloys are formed. The more noble metal is kept in diluted
concentration compared to that of the less noble metal, so that the rate of reduction
of the nobler metal is slow and limited by diffusion. However, the disadvantage of
the pulsed electrodeposition technique is that, when depositing a less noble metal
from a bath containing also amore noblemetal (e.g., Co in the presence of Au or Ag),
the noble metal is co-deposited. This effect may be reduced by having large con-
centration differences between the two metals, although a further reduction is
desirable at least in some systems. One comment should be made at this point:
After the deposition of a less noble metal, the slow growth rate of the more noble
metal usually cause the simultaneous dissolution of the less noble metal layer. This
in turn clearly increases the interface roughness and the non-homogenous layer
thickness along the whole wire.
In addition, during deposition, many other unexpected reactions such as the co-

deposition of impurities and hydrogen evolution occur at the electrode, and this may
lead to a decreased amount of deposited metal compared to the calculated value.
Indeed, the quantity of deposited metal, bilayer thickness uniformity all along the
filament and current efficiency, which is a fraction of the deposition current density,
can be improved by using a coulometer to integrate the charge that passes during
each layer deposition.
For ideal electrochemical reactions with 100% efficiency, proportionality exists

between the amounts of deposited or dissolved metal and the electrical charge
passed through the cell. For this purpose, an adequate calculation based on Faraday�s
law can be performed for such a periodic electrodeposition of multicomponent
metal A and B using a single electrolyte, as follows:

mB ¼ MBQB

nBF
cB mA ¼ MAQA

nAF
cA ð15Þ
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Here,mB andmA are the weights of the depositedmetals A and B, respectively,MB

andMA are themolecular weights of A and B, n is the charge number of bothmetals,
F is Faraday�s constant, QB and QA are the transition charges corresponding to the
desired layer thickness and wB and wA are the current efficiencies during deposition.
Additionally, the weights of deposited films (mB and mA) can be expressed in terms
of current densities; that is:

rB�S�dB ¼ mB rA�S�dA ¼ mA ð16Þ

where S is the cathode surface area, which depends on the pore density and the
diameter of the membrane and d is the thickness of the deposited layer. By insertion
of Eq. (15) into Eq. (16), the layer thickness of each deposited layer can be deter-
mined according to

dB ¼ MB

2�F�rB�S|fflfflfflfflfflffl{zfflfflfflfflfflffl}
a

�QB�cB ð17Þ

dA ¼ MA

F�rA�S|fflfflfflffl{zfflfflfflffl}
b

�QA�cA ð18Þ

As the periodic multilayers of both corresponding layers are formed by sequential
growth of these two layers, themodulation wavelength (dbilayers) can be defined as the
sum of the layers thickness, dA and dB; that is:

dbilayers ¼ aðQB�cBÞ þ bðQA�cAÞ ð19Þ

where a and b are the constants indicated in Eqs. (17) and (18).
In conclusion, a linear relationship between dbilayer and QA can be expressed as

dbilayers ¼ dB þ gðQAÞ ð20Þ

where g is a constant.

4.2.3.1 Electrodeposition of 8 nm Ag/15 nm Co Multilayered Nanowire Arrays
(Wire Diameter 120 nm)
Until now, few investigations have been conducted on sputter-deposited multi-
layered Ag/Co that exhibits the GMR effect [49–51]. For the electrodeposition
technique, there have been two prior attempts to fabricate Ag/Co. For example,
Zaman et al. [52] reported evidence of magnetoresistance in an electrodeposited
(Co70Ag30)/(Co8Ag92) multilayered film on a planar substrate, while Fedosyuk et
al. [53] reported on granular deposited Ag/Co, using porous anodic alumina as
template, with magnetoresistance at room temperature.
For the latter situation, the challenge was to synthesize, electrochemically, Ag/Co

multilayered nanowire arrays using a track-etched polycarbonate membrane as
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template by utilizing the above-mentioned theoretical calculations to enhance the
sharp interface between the sublayers. The electrodeposition began with applying a
pulsed potential, using the new single bath, which produced Ag/Co97Ag3 multi-
layers on a planar substrate [54]. Ag nanowires were deposited at �600mV versus
Ag/AgCl, whileCo-rich (97wt.%Co)metallic nanowireswere deposited at�1100mV.
Due to the low concentration of Agþ ions, the reduction rate was limited by mass
transport. By measuring the charge passed during the Co and Ag layer deposition,
respectively, and also the number of repeated layers, the average layer thickness for
both Co andAg could be derived.We therefore expected a linear relationship between
dCo,Ag and the charge passed during the time interval for eachmetal layers, and bilayer
thickness. It was observed that 31% of the nominal Co layer thickness was dissolved
when switching the potential as discussed above. As a conclusion, the Co dissolution
presents a severe problem during the deposition process. In order to avoid the inter-
face roughness and pinholes in the deposited multilayers, the Co layer thickness
should always be dimensioned a few nanometers more than the desired value. How-
ever, it should be noted that, probably, the condition wCo <100% may not only be
related to Co dissolution, but also that hydrogen evolution during the Co deposition
may contribute to the low Co current efficiency. Further details of these studies can be
found elsewhere [55].
X-ray powder diffraction (XRD) diffraction patterns (Figure 4.7) of 20mm-long Ag,

Co, and Ag/Co multilayered nanowires showed that the Ag deposits exhibited a fcc
<1 1 1> texturing, while the Co deposits exhibited basal plane diffraction from hcp
(0 0 2) and fcc (1 1 1) planes. The Ag deposits exhibited polycrystalline diffraction
from fcc (1 1 1), (2 0 0), and (2 2 0) planes, with preferential <1 1 1> crystallite ori-
entation. As can be seen in the diffraction pattern (Figure 4.7), the pure Co deposits
exhibited a rather weak peak from (0 0 2) lattice planes of hcp Co and/or (1 1 1) lattice
planes of fcc Co stacked parallel to the film. The strong peak broadening observed is
interpreted as small grain sizes in combination with different tilts around the
surface normal for the nanowire array. As a reference, the interatomic distance in
Ag(2 0 0) planes is 2.044Å, which is very close to the spacing of Co fcc (1 1 1) planes
and Co hcp (0 0 2) planes (i.e., 2.023Å).
Evidently, well-defined 8 nm Ag/15 nm Co multilayered nanowires have been

obtained using Faraday�s law to convert the deposition charge into individual layer
thicknesses. The pulse sequence, defined by UCo¼�1100mV, tCo¼ 450ms, and
UAg¼�600mV, tAg¼ 100 s, were repeated for 870 cycles to deposit Co and Ag,
respectively. A TEM image of these nanowires is shown in Figure 4.8 [55].

4.2.3.2 Template Synthesis of 2 nm Au/4 nm Co Multilayered Nanowire Arrays
(Wire Diameter 110 nm)
Currently, tremendous effort is being expended to develop new methods for pre-
paring magnetic multilayered nanowires with unique material properties that origi-
nate at the nanoscale. During the past decade, it was not only sputter-deposited
Au/Co multilayered films with large perpendicular magnetic anisotropy properties
that attracted great attention [56–60], but also Au–Co alloys, the so-called �hard gold�
material with low cobalt content, which are recognized as important alloys because

4.2 Electrochemical Synthesis of Nanowires j225



of their high resistance. These structures have a wide applicability in plating elec-
trical contacts in printed circuit board technology [61–63].
To date, the electrodeposition of Au/Co magnetic multilayered nanowire arrays

has not been reported, although electrodeposited Au/AuCo multilayers on planar

Figure 4.7 y-2y X-ray diffraction diffractograms of electrochem-
ically deposited Ag/Co multilayered nanowires, as well as Ag and
Co nanowires within a porous polycarbonate membrane. The
peak positions for Ag(1 1 1), (2 0 0) and the mixture of fcc Co
(1 1 1) and hcp Co(0 0 2) are indicated in the figure.

Figure 4.8 TEM image of Ag/Co multilayered nanowires with a
diameter of 120 nm deposited with a pulse sequence defined by
UCo¼ –1100mV, tCo¼ 450ms, and UAg¼ –600mV, tAg¼ 100 s.
The pulse sequence was repeated for 870 cycles to deposit Co and
Ag, respectively. The bilayer thickness was 23� 1 nm.
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substrates have been produced from a commercial hard gold plating bath with high
Au concentration [64].
For the latter reasons, attempts were made to electrodeposit Au/Co multilayered

nanowires from a newly developed single bath with low gold concentration – which
is a crucial factor from an economical point of view. The electrochemical deposition
of Au/Co multilayers was studied in single bath containing 0.285M Co
(CoSO4�7H2O), 0.8M C6H8O6 and 0.3· 10�3M Au (KAu(CN)2) at pH 3.5–4 [65].
Cyclic voltammetry, chronoamperometry and pulse-potential experiments were
used to determine the deposition conditions for pure Au and 98wt.% Co layers
[66]. The Co-rich metallic nanowires were deposited at UCo¼ –1100mV, and the Au
nanowires at UAu¼ –490mV versus Ag/AgCl [66].
Similar strategies as described above were used to deposit Au/Co multilayered

nanowires by using a pulse-potential sequence defined byUCo¼�1100mV, tCo¼ 400
ms andUAu¼�490mV, tAu¼ 15 s. The pulse sequence was repeated for 1250 cycles,
giving an approximate total membrane film thickness of 20mm [66].
Figure 4.9 shows a dark-field TEM image of 2 nm Au/4 nm Co multilayered

nanowires, where the apparent layer definition is similar to that observed in
Au/Co multilayers on a planar substrate [66]. As can be seen in the image, the
interface between the Au spacer layer and the first Co layer appears to be flat, but as
the number of repeated layers increases, the interfaces between the layers become
ambiguous and irregular. This can be attributed to the fact that Co and Au are not
entirely deposited layer by layer.
In order to improve the surface roughness of the deposited nanowires and the

thickness uniformity of the layer interfaces, it is necessary to refine the operating
parameters in the pulse-potential deposition. In this connection, a new pulse se-
quence was designed based on the so-called �periodic displacement reaction�, to
deposit Au/Co multilayered nanowires with sharp layer interfaces between the Co
and Au layers. Under the so-called �open-circuit condition�, the deposition of the
less noble metal (Co) is periodically interrupted to permit the displacement reaction
of part of the deposition metal by the more noble metal (Au). The open-circuit

Figure 4.9 Dark-field TEM image of 2 nm Au/4 nm Co
multilayered nanowires. The Co layers appear with a dark
contrast.
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potential is the reset potential where no external current is applied. As Co is a less
noble metal than Au, a displacement reaction takes place (i.e., Coþ 2Auþ!Co2þ

þ 2Au).As soonas thedepositedCo layer is completely coveredwithAu, thedeposition
process stops. Therefore, the process under open-circuit conditions is defined as a
diffusion-controlled reaction that yields no faradic reactions [8,67]. In order to
estimate the Au-layer thickness under the open circuit condition, first, a series of
Co nanowire samples with a length of 4 mm was deposited during chronoampero-
metry experiments. Second, the sample was kept in the electrolyte under the open-
circuit condition for time intervals of between 1 and 20 s. Finally, the thickness of
the deposited nanowires was investigated using atomic force microscopy (AFM).
The thickness of the Au layer deposited under open-circuit conditions was calcu-
lated from the average chemical composition (wt.% Au) obtained from energy-
dispersive X-ray (EDX) analysis in combination with TEM studies. Figure 4.10
shows the wt.% Au values and the calculated thicknesses based on these data
[66]. It should be noted that the 2 wt.%Au content in the Co deposition is subtracted
from the total wt.% Au deposits during the displacement reactions. Consequently,
during the 20-s delay for open-circuit, the Co layer is dissolved and Co2þ ions pass
into solution, while Au deposits on the electrode surface. Hence, the Co dissolution
and Au deposition occur simultaneously, with the average thickness of the deposit-
ed Au layer at an open circuit time of 20 s being estimated to 1.5 nm. The open-
circuit condition was applied in combination with a steep ramp between the Co and
Au potential pulses in order to avoid the otherwise severe Co dissolution when the
potential was switched to the less-negative potential for Au deposition.
Briefly, this deposition scheme is based on pulse-potential and periodic displace-

ment deposition in combination with ramp pulsating potentials. Apparently, other

Figure 4.10 Thickness of deposited Au layer, during displace-
ment deposition of Au on Co, as a function of open circuit time.
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groups have not reported the details of this deposition process. The deposition
sequence was as follows: deposit Co at �1100mV for 400ms; sweep the potential
to �800mV (at 80mVs�1); wait for 3 s; apply open-circuit conditions and wait for
20 s; deposit Au at �490mV for 15 s; ramp down the potential to �1100mV (at
80mVs�1); repeat. Ramping up the potential from�1100mV to�800mVwas used
to tone down the effect of hydrogen evolution which occurs simultaneously with Co
deposition. As hydrogen evolution is accompanied by a local increase in pH at the
cathode surface, a precipitation of Co hydroxide may occur, which then incorporates
into the deposits; this phenomenon is known as �burning�. Another important point
is that at�800mV, an Au–Co alloy is deposited, containing 98� 1wt.% Co and 2wt.
% Au. In this case, with a 20 s delay, the deposition of an Au–Co alloy precedes the
displacement reaction, such that the sharpness of the transition zone between the
bilayers is improved [66]. In conclusion, during this step, a 1.5 nm-thick Au layer can
be obtained (Figure 4.10). However, a displacement reaction – that is, a simulta-
neous dissolution of Co and deposition of Au – may present severe problems, such
as pinhole formation during the Au deposition. Therefore, electrodeposition of Au
layers at�490mV is used to enhance the quality of the Au deposits and also to obtain
the desired Au layer thickness. This process limits the Au-ion concentration in the
vicinity of the electrode. Finally, ramping the potential to the Co potential avoids
replenishment of the depleted diffusion layer of Au ions. Figure 4.11 shows the
current reprocesses corresponding to four pulse cycles, recorded during the depo-
sition process, using the new pulse sequence [66]. As can be seen, at different stages
of the pore-filling process, increasing the deposited layer thickness increases the
current level.
Conclusively, two series of Au/Co multilayered nanowires with bilayer thick-

nesses of 16 nm and 42 nm were successfully deposited into a 20 mm-thick track-
etched polycarbonate membrane. The layer interfaces are well defined, as shown in
Figure 4.12, which shows TEM images of: (a) 4 nm Au/12 nm Co; and (b) 10 nm

Figure 4.11 Current response curves recorded during a four-pulse sequence.
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Au/32 nmCo. Figure 4.13 shows a characteristic feature of the initial growth process
for Au/Co multilayered nanowires. After the nucleation of Au during the initial
electrochemical deposition of Co [66], subsequent layers of each period form semi-
concentric shells. For steady-state layer growth, however, the layers appear more or
less perpendicular to the pore walls; clearly, the nucleation sites need not be at the
bottom of the pores. Wang et al. [68] speculated that, during the evaporation of a seed
layer of Au on the backside of the membrane, Au may enter into the pores and stick
preferentially to the edges of the pore walls, prior to complete covering of the pores.
When starting the electrodeposition process with Co, this metal grows on Au par-
ticles at the edge of the pore wall, which gives rise to a concave growth formation.

Figure 4.12 (a, b) TEM images of (a) 4 nm Au/12 nm Co and
(b) 10 nm Au/32 nm Co multilayered nanowires. The bright
contrast represents the Co layers (lower atomic number than Au).

Figure 4.13 Characteristic features of the initial growth process
for Au/Comultilayered nanowires. After the nucleation of Co onto
surface irregularities of the inner pore wall during the initial
electrochemical deposition, the Co and subsequent layers of each
period form semi-concentric shells.
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4.3
Physical Properties of Electrodeposited Nanowires

4.3.1
Magnetic Properties of Nanowire Arrays

Template-synthesized magnetic nanowire arrays exhibit extremely anisotropic mag-
netic properties, characterized by square hysteresis loops when the applied field is
perpendicular to the deposited film – that is, parallel to the wire axis (the easy axis).
The advantage of such an arrangement lies in its ability to detect tiny magnetic
fields – an effect which can be exploited in a range of applications involvingmagnetic
data storage and magnetic sensors [13–15].
The magnetic nanowire arrays can be fabricated either as a single ferromagnetic

material or as a binarymagneticmaterials system (multilayers). The binary system is
usually based on ferromagnetic and antiferromagnetic materials such as Ni–R and
Co–R alloys (where R represents Au, Ag, Cu or othermetals from the Periodic Table).
The importance of fabricating 1D magnetic nanowires lies in their preferred

magnetization direction perpendicular to the film and parallel to the wire axis.
One-dimensional magnetic materials with perpendicular anisotropy having large
coercivity and high remanence magnetization, may allow for a smaller bit size and
thus an increase in the recording density. Therefore, membranes filled with a
ferromagnetic material that have a strong perpendicular magnetic anisotropy, are
suitable for perpendicular recording media.
For electrodeposited Co nanowires, the structure is influenced by different factors

such as composition and pH. In general, the c-axis of hcp Co is the direction of easy
magnetization at room temperature. Co nanowires exhibits an hcp crystal structure
with <1 0 0> orientation. The magnetic saturation field for both perpendicular and
parallel applied fields was in good agreement with the demagnetization field for bulk
Co (i.e., 2pMs¼ 8796Oe) (Figure 4.14).
The magnetization of Ag/Co multilayered nanowires was measured with the

applied field parallel and perpendicular to the wires. Electrodeposition was stopped
before complete membrane filling and magnetization measurements were per-
formed at room temperature, with the wires inside the membrane, using a com-
mercial Princeton Measurements Corporation AGM. By varying the Co layer thick-
ness from 50m to 15m, and having an Ag layer thickness of 8 nm, hysteresis loops
showed the change of the easy direction from parallel to perpendicular to the wire.
This change was due to the competition between shape anisotropy and dipolar
interaction where, in the case of small cylinders (dCo¼ 15 nm), it can be expected
in the ideal case that the magnetization of each cylinder is aligned in the direction
perpendicular to the axis of the wire. Furthermore, the wire magnetizations form an
anti-parallel arrangement from one cylinder to another one due to the dipolar
interaction. This can explain the low remanence observed in both directions [55].
In the case of longer cylinders (dCo¼ 50 nm), the axis along the wire starts to become
the easy axis (lower saturation field) as expected in the limit where dAg¼ 0 (single Co
nanowires), due to the shape anisotropy. Again, in both directions, a low remanence
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was measured leading to an intricate magnetic domain configuration at zero fields
[67–71] which requires more characterizations for its elucidation (Figure 4.15).
The magnetization of Au/Co multilayered nanowires, made from a single elec-

trolyte, was also measured with the applied field parallel and perpendicular to the
wires [66]. The difference in the saturation field between the two directions (parallel
and perpendicular) is smaller than the expected value of 2pMs (8796Oe for Co) due
to shape anisotropy (Figure 4.16a). This result can certainly be related to the obser-
vation made on the Co system made from a Co/Cu solution, where the competition
between shape anisotropy and magnetocrystalline anisotropy leads to a multido-
main configuration at zero fields for this range of diameters [66,72,73]. The mag-
netocrystalline anisotropy term perpendicular to the axis of the wire, in combination
with the difference in the saturation field between the parallel and perpendicular
directions (ca. 5000Oe), allows a rough estimation of the first magnetocrystalline
anisotropy constant (K1¼ 2.7· 106 erg cm�3), which can be compared to the theo-
retical bulk value for Co (5 · 106 erg cm�3). Magnetic measurements on 12 nm

Figure 4.14 Hysteresis loop at room temperature for an array of
Co nanowires (diameter 250 nm) with the magnetic field applied
(a) along the axis of the wires and (b) perpendicular to the axis of
the wires.
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Co/4 nmAumultilayered nanowires provide evidence of a low value of the magnetic
moment. Measurements were carried out at zero fields, both parallel and perpen-
dicular to the direction of easy magnetization along the axis (Figure 4.16b).
Magnetoresistance measurements were also made on Co 12 nm/Au 4nm multi-

layered nanowires in a two-point contact mode using a standard Linear Research AC

Figure 4.15 Hysteresis loops of Co/Ag nanowires. (a) Co 15 nm/
Ag 8 nm with the magnetic field applied perpendicular and
parallel to the axis of the wires. (b) Co 50 nm/Ag 8 nm with the
magnetic field applied perpendicular and parallel to the axis of the
wires.

Figure 4.16 (a, b) Hysteresis loops of Co and Co/Aumultilayered
nanowires at room temperature. The magnetic field is applied
perpendicular to the wires or parallel to the wires for: (a) Co
nanowires and (b) Co 12 nm/Au 4 nm multilayered nanowires.
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bridge. To prepare the samples for this measurement, the electrodeposition was
stopped after the emergence of the wires on themembrane surface. One contact was
thenmade on the bottom electrode, and a second contact on top of the polycarbonate
film. No GMR effect was observed on this system. Nevertheless, anisotropic mag-
netoresistance (AMR) was observed (Figure 4.17). The origin of AMR comes from
the spin orbit coupling, while the resistivity depends on the relative orientation of the
magnetization and the current [72]. The classical behavior of amagnetic systemwith
a random magnetic state at zero fields was observed. The high value estimation of
the resistivity (which has a minimum value of 50mOcm if it is supposed that just one
wire was connected for the high resistance value measured) indicates a consequent
number of intrinsic defects which can perhaps average the two spin directions and
explain the absence of GMR. Electrodeposited 1D Au/Co multilayered nanowires
may have prospective applications in microelectronics and, particularly, in magnetic
recording media.

4.3.2
Electrical Transport Measurements on Single Nanowires Using Focused Ion Beam
Deposition

The electrical properties of 1D nanostructures, such as individual nanowires or
nanotubes, have recently received considerable attention due to their electronic and
optical properties, which are of interest for both fundamental research and techno-
logical applications. Electron transport in typical metallic nanowires (e.g., Au
nanowires) obeys a classical behavior at room temperature; this is because the wires
are much longer than the electron mean free path. In addition, electron transport
through these nanowires is strongly affected by collisions with phonons, defects,
and impurities. Therefore, a thorough understanding of structure–property

Figure 4.17 Magnetoresistance curves of Co 8 nm/Au 4 nm
multilayered nanowires with the applied field perpendicular and
parallel to the axis of the wires.
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relationships and electron transport along nanowires is technologically relevant,
notably because exploitation of this fundamental knowledge is essential when con-
structing new nanowire-based electronic devices.
Recently, different techniques based on scanning probe microscopy (SPM) and

AFM have been developed for both the fabrication and electrical transport measure-
ments of Au nanowires [74–77]. Measurement of the electrical characteristics of a
single nanowire having a nanoscopic diameter andmacroscopic length, necessitates
not only specialized tools but also a wealth of technical knowledge.
To date, several groups have used focused ion beam (FIB) deposition for direct Pt

deposition to form electrical contacts on Ag and Au nanowires [78,79] and carbon
nanotubes [80]. This is often achieved by dispersing the nanowire solution on a
surface and locating the positions of the nanowires for the lithographic [81,82]
deposition of electrodes.
FIB techniques have been used for many applications, including the creation of

electrical contacts to metallic nanowires with localized Pt deposition [83,84]. FIB
technology provides reliable means of fabricating nanostructures, of patterning, and
of the deposition of materials for rapid prototyping, with resolution in the range of
tenths of a nanometer. Ion beam-assisted deposition (IBAD) is performed as follows.
When the surface of a sample is exposed to organometallic gasmolecules with a FIB,
the gas molecules adsorbed onto the substrate decompose, the organic constituents
or fragments with a high vapor pressure vaporize, and the metal atoms remain on
the surface such that a metal film is deposited. Today, computer-aided beam scan-
ning control has made 3D fabrications possible [85–88]. A major advantage of the
FIB system is associated with its unique ability to perform, in situ, direct-write
electron- and ion-beam nanopatterning, without breaking the vacuum condition.
The possibility of fabricating metallic stripes using IBAD and electron-beam

assisted deposition (EBAD) techniques can be used to make electrical contacts
between nanowires and conventional microelectrodes, thus enabling measurement
of their electrical characteristics.
In these studies, four-point microprobes – fabricated using conventional Si mi-

crofabrication –were used to characterize the conducting properties of electrochem-
ically synthesized Au nanowires. Figure 4.18 shows a bright-field TEM image of
electrodeposited Au nanowires with a diameter of 100 nm. An array of planar Cr/Au
microelectrodes with a total layer thickness of 100 nm were patterned on a Si/SiO2

(thermally oxidized) chip substrate using photolithography, metal evaporation, and
lift-off techniques. The four contact pads of 50· 50 mm2, with electrodes having 5mm
widths and 15 mm lengths, were separated by a gap of 45 · 45mm2, as shown in
Figure 4.19a. The Au electrodeposited membrane was dissolved and small drop of
the solution then dispersed on the prepatterned substrate. Electrical measurements
of the contacted Au nanowires were conducted at room temperature using a four-
point probe set-up. All measured resistances were subsequently converted into
resistivities by using the simple expression R¼ rL/A, where A and L are the area
and length of the wire, respectively. The characterization of a metallized Au nano-
wire was first attempted by connecting only two electrodes to the edges of the
nanowire using Pt-IBAD. In two experimental attempts performed, the results
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Figure 4.18 Typical bright-field TEM image of electrodeposited
Au nanowires with a diameter of 100 nm.

Figure 4.19 FIB/SEM images of soldering
bridges to contact a Au nanowire to the
micropads on a four-point configuration pre-
pared for four-point probe resistivity mea-
surements. (a) The pads and the bridges
issuing from them. (b) A nanowire in between
the electrodes before making the contact.

(c) Fabrication of the microelectrode by IBAD
and EBAD, where the contacts closer to the
nanowire have been prepared using the elec-
tron beam; the wider contacts between the
above-mentioned contacts, and the bridges
emerging from the pads have been prepared
using the ion beam.
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showed resistivity values from 1.5 to 5.2O�cm for stripes with cross-sections larger
than 25 mm2 to 0.25mm2, respectively. The resistivity values obtained were higher
than that of bulk Pt (0.01O�cm), which was in good agreement with results reported
elsewhere [81]. This high resistance value is related to an extremely noisy voltage
signal, which makes the measurement unfeasible.
The chemical composition analysis of deposited IBAD stripes using auger elec-

tron spectroscopy (AES) also showed a high concentration of impurity elements,
such as C and Ga (65% C, 27% Pt, 8% Ga). These impurities originated from the
organometallic decomposition of the precursor during the Pt deposition. However,
the resistivity of the Pt-EBAD deposits present 100- to 1000-fold higher than that of
the Pt-IBAD stripes [89]. In the present case, the preference was to use the four-point
probemeasurement technique to avoid both contact resistance between the Pt-IBAD
stripes and the gold microelectrodes, and between the Pt nanocontacts and the
nanowire during measurements.
Figure 4.19 shows FIB/SEM images of the process employed for the fabrication of

contacts, where Figure 4.19a shows the pads and the bridges issuing from them;
Figure4.19b showsa specificnanowire that is inbetween theelectrodesbeforemaking
the contacts; and the fabricationof themicroelectrodes by electron and IBAD is shown
in Figure 4.19c, where the contacts closer to the nanowire have been prepared using
the electron beam. The wider contacts between the above-mentioned ones and the
bridges emerging from the pads have been prepared using the ion beam. Further-
more, Figure 4.19 also shows a halo contrast around the Pt-deposited contacts, espe-
cially around the ion-beam deposited contacts, which is a lateral spread of the beam
due to secondary electrons emerging from the sample. For the four-point probe

Figure 4.20 Current–voltage (I–V) curve for determining the
resistivity of Au nanowires (diameter 100 nm), recorded using a
four-point set-up at room temperature.
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measurements, contacts A and B in Figure 4.19c have been used to drive the current
into the nanowire, while the voltage dropwasmeasured between contacts C andD. As
can be seen in Figure 4.20, the measured resistivity of the Au nanowire based on the
four-point probe method is 2.8· 10–4O�cm. This value was found to be higher than
that of bulk Au (2.8· 10–6O�cm) at room temperature. The relatively high value can be
related to the nanowire wall roughness (see Figure 4.13), which in turn results in an
increased electron scattering at the grain boundaries of the nanowire [90–93].

4.4
Summary

Template-synthesized Co nanowires, including well-defined multilayered Co/Ag
and Au/Co nanowires, have been fabricated. The method consists of a pulse-plating
method in which two metals are deposited from a single solution bath using either
potentiostatic or galvanostatic control and a pulsed deposition technique. The elec-
trodeposition process is controlled by a computer which continuously integrates the
charge during each layer deposition. The potential is switched when the deposition
charges for the nonmagnetic and the magnetic layers reach the set value.
In conclusion, these research investigations have clearly demonstrated that elec-

trodeposition from aqueous solutions in a nanoporous media is an efficient and
relatively simple technique to fabricate arrays of magnetic nanowires and magnetic
multilayered nanowires with extremely large aspect ratios. In spite of the relative
simplicity of growth by electrolysis, these multilayers are indeed superlattices with
single-crystal grains including several tens of layers. It has been shown that the
electrodeposition process in a confined media is capable of producing magnetic
multilayers with predesignable, variable and controllable composition and structure
on an atomic scale.
Finally, in-situ FIB ion and IBAD techniques to contact Au nanowires on a micro-

scaled four-point probe set-up were successfully demonstrated. In addition, the
current–voltage characteristics of a single Au nanowire were investigated by using
a four-point microprobe set-up, and showed that the resistivity of a single Au
nanowire with a diameter of 100 nm was an order of magnitude higher than the
bulk value. An electrical characterization of the four-point probe set-up demonstrat-
ed the feasibility of the approach.
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5
Electrochemical Sensors Based on Unidimensional
Nanostructures
Arnaldo C. Pereira, Alexandre Kisner, Nelson Dura�n, and Lauro T. Kubota

5.1
Introduction

Today, sensors based on low-dimensionalmaterials are no longer a novelty. In fact, the
miniaturization of chemical and biochemical sensors has a long history which dates
back to the studies of Wise et al. [1] in the late 1960s and of Bergveld [2,3] in the early
1970s, both of whommight be termed �pioneers�. Over the past few years, however, a
new wave of highly sensitive materials has caused a reactivation in both scientific and
industrial interest. These nanostructured materials, as they are now widely recog-
nized, are of special interest on the basis of their promising new applications, in
addition to thenovel dimension-dependent properties that they exhibit. Consequently,
one-dimensional (1D) structures such as nanowires and nanotubes are expected to
serve as excellent primary transducers in systemssuchas biosensors.Moreover, due to
the relative ease withwhich these 1Dmaterials can be integratedwithmicroelectronic
techniques, such wires and/or tubes on a nanoscale can serve as active devices to
provide a complete set of new nanobiotechnology devices, such as biochips. Thus,
although other nanostructured systems have shown much potential for field applica-
tions, the focal points of this chapterwill be theelectrochemical synthesis of nanowires
and nanotubes, and their application as sensors to detect biological and chemical
species. Initially, some basic concepts and simple electrochemical techniques for
preparing metallic and non-metallic wires and tubes will be described, after which
some applications and limitations will be discussed.

5.2
Preparation of Nanowires and Nanotubes by Template-Based Synthesis

One general question that arises in the preparationof nanostructuredmaterials is how
to assemble atoms or other building blocks into nanometer-scale objects with dia-
meters much smaller than the available lengths (1D structures). Although many
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approaches are available for the preparation of 1D nanostructures [4–7], in general the
�top-down� and �bottom-up� methods represent the strategies that have used inten-
sively. In particular, electrochemical methods based on top-down or bottom-up strate-
gies represent a suitable alternative to obtain well- arranged and well-defined 1D
nanostructures.
In this context, template-based synthesis represents one of the most successful bot-

tom-up methods for preparing nanowires and nanotubes [6–8]. The method is based
on substrate-like materials pursuing a set of poles and boards onto which nanometer-
sized structures are generated in situ and shaped into the predeterminedmorphology
of the template. Over the past few years, a wide range of templatingmethods has been
exploited to grow and patternmany types of metal and polymeric material [9,10]. One
commonly used template approach was inspired for patterned surfaces, where either
nano- ormicrostructural defects aregeneratedpositively ornegatively on the surface of
a solid substrate using lithography and etching techniques.
In the case of positive-templates, the wire-like nanostructures, such as DNA and

carbonnanotubes (CNTs) [11–13], act as templates toguide the electrodepositionof the
intendedmaterial onto the template surface In thisway, there is no physical restriction
due to template size, and the diameter of the nanostructures can be controlled simply
by adjusting the quantity of material deposited on the template. An elegant approach
based on the positive-templatemethod is also used to create 1D p-conjugated polymer
nanostructures [14–17]. Another approach, termed �electrochemical epitaxial poly-
merization�, was based on the double role played by iodine in a solution containing a
thiophene monomer [18]. The iodine, which is an oxidizing agent, can lead to the
formation of thiophene radical cations, which sequentially may couple to form oli-
gothiophenes. As the reaction takes place at the surface of an Au (111) electrode, an
iodine adlayer covers the electrode surface. By applying voltage pulses, however, an
electrochemical polymerization occurs which results in the propagation of single poly
(thiophene) wires. In this case, the presence of iodine is pivotal because the adlayer on
the electrode surface is able to act as a nucleus for nanowire orientation and growth.
In the negative-template method, V-like grooved structures are used to deposit, by

solution-phase electrochemical plating,metal or semiconductors at the bottomof each
V-shaped groove. By using this simple procedure, continuous thin nanowires with
lengths up to hundreds of micrometers may be prepared on the surface of solid sub-
strates, which may in turn be released sequentially into free-standing forms or trans-
ferredontoanothersupport [19]. Infact, this isoneofthebestadvantagesofthetemplate
technique, as the template is only used to limit physically the geometric features of 1D
nanostructures.Subsequently, it canbeselectively removedbyetchingorcalcinationon
completion of the synthesis, allowing the resultant nanostructures to be collected.

5.2.1
Template-Based Mesoporous Materials

Other successful negative-templates are those based on nanoporous membranes. In
that case, the nanometer-scale pores of membranes such as polycarbonate and
anodic alumina (or even zeolites) are used to confine and act as a template for the
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growth of nanostructures [8,20–26]. The pores of these nanoporous membranes can
be used as templates for forming the desired material. For example, polycarbonate
template membranes were loaded with enzymes, such as glucose oxidase, catalase,
subtilisin, trypsin, and alcohol dehydrogenase, to create a new type of enzymatic
bioreactor or to allow drug delivery [74]. Specifically, anodic alumina membranes
(AAM) are of particular interest because their geometric features (e.g., thickness,
pore and cell diameter) and composition can be controlled experimentally. Another
interesting characteristic is the growth of arrays of self-organized hexagonal com-
pacted cells with central pores parallel to each other and perpendicularly oriented to
the substrate surface [27–29]. By using this approach, aluminum foils may normally
be anodized under a constant voltage (Figure 5.1A), using an acid electrolyte such as
sulfuric, phosphoric oxalic acid. It is important to note that the pore-size diameter
can be controlled by the chosen electrolyte [30]. For example, anodizing performed
with sulfuric acid may yield pores with diameters smaller than 25 nm, whereas
phosphoric acid may provide larger pores (>200 nm), even before pore widening
[69]. By comparison, oxalic acid solutions provide pores with intermediate diameters
ranging typically from approximately 30 nm to about 100 nm [29,30,69,70]. After
anodizing, the aluminum substrate is removed and the AAM is soaked in an acid
solution to remove any barrier layer formed at the pore bottom during anodization.
Finally, a conductive layer to serve as a cathode posterior in the electrochemical cell is
deposited on one side of AAM. In doing so, wires or tubes with the pore-size
diameters and lengths of several micrometers can be grown not only by electro-
chemical deposition but also from electroless plating solutions.
One of the pioneering groups to experiment with both types of deposition was that

ofMartin [4,5,31]. Perhaps unsurprisingly, the results of these studies suggested that
electroless plating allowed for a more uniform deposition, in this case of Au, than
did the electrochemical plating method. The differences in field distribution along
the porous membrane were proposed as the main factor for such variation.
The same group also showed that the deposition time plays a pivotal role in the

formation of tubes and wires [31]. In this case, it is noteworthy that in the early stage
of the electrodeposition/deposition, the material might be trapped preferentially as
uniform layers on the walls of those pores to form tubular nanostructures [6]. In
addition, nanotubes can be prepared based on the preferential electrodeposition of
the desired material along the pore walls. The key requirement in this case is a
sensitization or preactivation step of the pore wall before the electrodeposition
process. One of the most common sensitizing procedures is to silanize the pore
wall with aminopropyltriethoxysilane (APTES), which yields free amino groups on
the wall surface that are able to act as anchors for complex metallic nanoparticles
[32]. In a subsequent step, the porous modified membrane is immersed in an
electrochemical plating solution (Figure 5.1B) and the electrodeposition takes place
initially at the pore bottom where a metallic layer was previously deposited. As the
pore wall presents immobilized nanoparticles, the electrodeposition continues pref-
erentially along the nanochannel surface, thus, resulting in 1D tubular structures.
As the electrodeposition process continues, the diameter of the nanochannel
decreases gradually and nanowires may also be obtained. A similar technique has
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Figure 5.1 (A) Representative view of the
anodizing process of an aluminum sheet
showing oxide growth. (B) Schematic of metal
electrodeposition into a nanoporous mem-
brane and chronoamperometric profile of
nanowire growth. (C) Illustration of nanowire
surface modification with thiosuccinimidylun-

decanoate followed by covalent immobilization
of anti-E. coli antibody onto the nanowire sur-
face. (D) Detection of E. coli cells and record
showing the capacitance change of nanowire
nanoelectrodes with different concentrations of
cells. (Adapted from Ref. [24].)
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also been applied to the formation of tubular polymeric nanostructures, although in
this approach wettingmethods aremost often used [10]. Carbon nanotubesmay also
be grown by chemical vapor deposition (CVD) into the nanoporous membranes. In
this case, the deposition of catalyst clusters on the pore bottom is not necessary as the
nanochannel of membrane will limit and direct the growth of CNTs in a 1Dmanner
[33]. An excellent overview of the use of anodic porous alumina in the template-
assisted fabrication of nanomaterials is also available (see Chapter 1, this volume).

5.2.1.1 The Memorable Marks of Electrochemical Nanowires
One experimental advantage of the electrodeposition method within nanoporous
materials is the growth of nanowires that can be monitored by the reduction current
(Figure 5.1B). For example, in the early stages the reduction current is too low as the
electroactive species need to diffuse along the pores. When the reduction takes place,
however, the current begins to increase and the growth of nanowires or nanotubes
proceeds until the pores are totally filled to the top surface of the membrane. Beyond
this, thegrowth can extend in threedimensions, resulting inhemispherical cap shapes
on the top of the wires, which grow in size until coalescence of themembrane surface
occurs. During this stage, growth proceeds over the entiremembrane surface and the
reduction current reaches an asymptotic value. The composition of nanowires may
also be controlled by adjusting the current intensity and electrolyte composition; thus,
multiple segments of different materials can be fabricated simultaneously in a solu-
tion containing different metal ions [96]. These multisegment nanowires open the
possibility of exploring their application as barcodes in biological assays. For instance,
Nicewarner-Pena and coworkers showed that controlled multisegment nanowires
could be used like barcodes in DNA and proteins bioassays [97]. The central point
in this case is based in the inherent properties of each metal stripe within a single
nanowire, which can selectively adsorb different molecules, such as DNA oligomers.
In this way, the optical scattering efficiency of the multisegment nanowires can be
significantly enhanced by altering the dimensions of the segment, such that different
excitations of the surface plasmon occur for each stripe, and this can be used to detect
concomitantly different biological molecules.
In conclusion, template-based methods represent a simple, highly-oriented, cost-

effective and mass producible means for the formation of nanowires and nanotubes
from various materials. An interesting point here is that, if we consider a nanopor-
ous membrane with a constant lattice of 500 nm and a pore diameter of 400 nm,
there will be 460 000 000 pores per cm2 which, in theory, might yield after a deposi-
tion procedure the same amount of 1D structures.

5.2.2
Nanowires as Nanoelectrodes

One special advantage of electrochemical nanowires is that they can be charged by
applying an external potential. In particular, one of the great advantages of electro-
deposited metallic nanowires is that they are highly conductive, as the electrodeposi-
tion is based on electron transfer, which is fastest along the highest conductive path
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[96]. A most important point here is that their work functions are increased by about
1 eV, which entails a shift of the potential of zero charge by about the same amount.
Consequently, at ordinary electrode potentials accessible in aqueous solutions, these
wires are always negatively charged. Hence, a very promising application of these 1D
nanostructures includes the possibility to use them as nanoelectrodes in highly resis-
tive electrochemical systems. Moreover, because of their small dimensions, these
nanowires not only provide opportunities to investigate the kinetics of redox process
that occur too rapidly to be studied by conventional macroelectrodes, but also they fall
underanewclass of electrodes that forma linkbetweennanotechnology andbiological
systems, allowing the latter to be evaluated in a non-invasive manner. In this context,
another remarkable feature of these nanowires is their dimensionality, which is
comparable to those of biological macromolecules such as proteins and nucleic acids.
Therefore, based on these special characteristics, nanowires represent an attractive
new tool for a diverse set of applications in the field of sensor technology.
The first example tomention is the use of template-based nanoporousmaterials to

fabricate metallic nanowires that can act as active nanoelectrodes directly over the
nanoporous substrate [4,5,34]. In doing so, a protein film voltammetric (PFV) tech-
nique can be performed using these nanowires as nanoelectrodes to study fast
electron-transfer in redox proteins. Furthermore, electron catalyst enzymes such
as cytochromes, which may have their core center too hindered and thus, are
difficult to investigate using conventional macroelectrodes, may now be expected
to be sensed as the nanoelectrodes are of comparable size to these biological mo-
lecules. Indeed, early studies have shown that the peak current in cyclic voltammetry
(CV), which is considered a rather poor electroanalytical technique, when performed
with gold nanoelectrodes can reach a range of picoamperes, such that CV would
become a powerful tool for measuring the kinetics of electron transfer [5]. One
particular problem encountered with nanoelectrodes supported in a matrix, such as
polycarbonate, is the large double-layer charging current. This is derived from the
solution that creeps between the pore wall and the nanoelectrode. However, in case
of polycarbonate, a simple heat-shrink causes the polymer chains to relax to their
stretched conformations, in turn shrinking the membrane pore. This shrinking
procedure causes the junction between the nanowire and the pore wall to be sealed
and, as a consequence, the charging currents become negligible. In the case of AAM,
the pores are often filled up by the nanowire and this problem does not occur.

5.2.2.1 Electrochemical Aspects of Nanoelectrodes
A detailed analytical study of the performance of nanowires as nanoelectrodes was
made by Menon and Martin [5]. By using Ru(NH3)6Cl3 and [(trimethylamine)
methyl] ferrocene (TMAFcþ) perchlorate as electroactive species in an aqueous
media, these authors showed that the diffusion layers at these nanoelectrodes follow
a total-overlap mechanism, namely that the diffusion layer is linear to the overall
geometric area of the nanoelectrodes. In consequence, peaked-shaped voltammo-
grams were obtained. The effect of the supporting electrolyte concentration was also
interesting. Better-defined voltammetric waves for the chosen electroactive species
were reached when low concentrations of supporting electrolytes were used.
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Another good relationship was the comparison of detection limits between the
electrodes containing 10-nm diameter gold discs and a large-diameter (ca. 3.2mm)
gold disc electrode. Results taken from cyclic voltammograms showed that the
detectivity for the nanoelectrode ensembles could be as much as three orders of
magnitude better than those at macroelectrodes.
The analysis produced results that were often in agreement with quantitative and

qualitative theoretical data, and served in most other cases as a good reference point
for the prediction of the external effects in nanoelectrode performance.
Taking into account these results, Martin and coworkers exploited the possibility

of using these nanoelectrodes as biosensors [35]. Three electron-transfer mediators,
two phenothiazines (azure A and B) and methylviologen, which are commonly used
for biosensors based on reductase enzymes, were investigated. The findings sug-
gested that the detection limit of the nanoelectrode ensemble depended on the E1/2
value of the mediator used. It was also the first time that a nanoelectrode array was
used to determine standard heterogeneous rate constants (k0). Nevertheless, at these
electrodes the true value of k0 could not be determined directly because the gold
nanodiscs represented only a small fraction of the overall area of the electrode
surface. For this reason, an apparent standard heterogeneous rate constant [26]
(k0app) was determined from

Y ¼ k0app½D0pðnFn=RTÞ��1=2 ð1Þ

where D0 is the diffusion coefficient for the oxidized species (assuming D0¼DR),
a is the charge transfer coefficient, n is the scan rate, T is the temperature, F is
Faraday�s constant, and R is the gas constant. The real k0 value is then obtained by
following relationship:

k0app ¼ k0ð1�qÞ ¼ k0f ð2Þ

where y is the fraction of blocked electrode surface and f is the fraction of the
electrode surface that are the Au nanoelectrodes. The value of f may be determined
from background cyclic voltammograms [5]. Textor et al. [98] also showed that Au
nanowire arrays may be applied as electrolytic sensors with large internal surface
and with low sensitivity to undesired faradaic processes. Since vertically aligned
nanowires exhibit a high surface area in contact with the electrolyte, the faradaic
process is restricted to the relatively small surface frontal area of each nanowire,
which significantly reduces both capacitive and faradaic currents in comparison with
macroscopic flat gold electrodes.

5.2.2.2 Nanoelectrodes Based on Chemically Modified Surface
Because their surface properties are easily modified, nanowires and nanotubes can
be modified by potential chemical or biological molecular recognition units, entail-
ing the wires or tubes themselves as selective elements (Figure 5.1C and D).
For example, Subhash Basu and coworkers [24] developed, by electrochemical
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deposition into AAM, an array of Au nanowires that were in a subsequent step
chemically modified with an anti Escherichia coli antibody. In that way, by using
electrochemical impedance spectroscopy (EIS) the authors were able to show that,
under the addition of different E. coli cell concentrations, a detection limit of 10 cells
over a 0.173 cm2 area can be achieved. The underlying detection in this case ultimate
depends upon the antigen–antibody complex formation, which changes the capaci-
tance surface properties of the sensor. In this case, E. coli served as an antigen and
the detection limit for the capacitance change was between 10�9 F and 10�12 F. Self-
assembled monolayers (SAMs) of mercaptoethylamine or mercaptopropionic acid
were also used to immobilize glucose oxidase on the surface of sensor-based Au
nanotubular electrode ensembles [71,72]. The sensor showed excellent stability and
sensitivity for the amperometric detection of glucose. Indeed, the glucose responses
were as large as 400 nAmM�1 cm�2, which was considered one of the highest values
reported in the literature for comparable systems. A remarkable reproducibility was
also achieved after 38 measurements, and no interference from species such as
ascorbic and uric acids were observed in potentials up to þ0.9 V.
Also of interest was the suggestion that tubular 1D nanostructures might serve to

separate molecules on the basis of molecular size and transport properties of the
nanotubes. In addition, changing the inner surface of tubular walls by chemisorbing
specific analytes, the chemical and/or physical environment within the tubules
might be altered. As a result, this changed the transport properties of the nanotubes
[6,27,38]. Gold nanotubules deposited in pores of polymeric membranes, with an
inside diameter of molecular dimension (<1 nm), were used to separate small
molecules on the basis of molecular size. Such a �filter� was applied to separate
pyridine (molecular weight 79 gmol�1) and quinine (molecular weight 324 gmol�1)
and, as a result of dimensionality, only the smaller pyridine molecule was trans-
ported through the nanotubules [73]. These so-called �solid-state nanopores� may
also act as sensitive thermometers with single nanometer dimensions because they
measure the temperature-dependent conductance of the ionic liquids. A laser heats
up at its focal point, and its three-dimensional intensity profile would bemapped out
by scanning the nanopore. Thus, the temperature distribution can be measured in
aqueous environments with nanometer resolution [75,76].
Today, although we live in an era seeking personalized medicine, the greatest

interest in these nanoporous structures is by no means devoted to genomic applica-
tions. Currently, DNA size determination and elucidation of the constitution of an
individual chromosome are the major applications. Sensors can be built by incor-
porating a biomolecular recognition complex into the pore [75]. Then, by measuring
the transverse electrical current of single-stranded DNA while it translocates
through a nanopore, theory-based calculations have estimated that an entire human
genome could bemonitored with very high accuracy in amatter of hours [77]. On the
other hand, first-principles calculations of the transverse conductance across DNA
fragments placed between gold nanoelectrodes have revealed that direct current
measurements across DNA with gold contacts do not represent a convenient
approach to DNA sequencing, as the DNA fragments (the nucleotide bases A, C,
G, and T) are limited by geometric factors [78]. By and large, solid-state nanoporous
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materials may find applications that are very different from biomolecular detection.
Indeed, their use as nanoelectrodes has been reported in the literature [99], while
high flux analyses of charged species on nanometer-sized porous suggest that the
ionic transport would follow a non-linear conventional description [100].
Today, a series of attempts is underway reporting the use of tubular nanostruc-

tures as protein biosensors [38–40,99]. In particular, noble metal nanotubes are of
special interest due to the well-known spontaneous chemisorption of thiols on their
surface. Hence, a broad range of cross-links can be obtained from a thiol-modified
surface, and this would allow chemical interactions between drugs and proteins and
other systems to be studied on a molecular basis.

5.3
An Electrochemical Step Edge Approach

Following the footsteps of his ex-tutor, CharlesMartin, Penner and colleagues at the
University of California at Irvine developed a new electrochemical method to
synthesize 1D structures [41,42]. This approach, which was called Electrochemical
Step Edge Decoration (ESED), consists of the electrodeposition of either noble
metals or oxides accomplished by three successive voltage pulses on a highly
oriented pyrolytic graphite (HOPG) surface (Figure 5.2A). Central to nanowire
growth are the sequence of voltage pulses (Figure 5.2B) – that is, a first oxidizing
pulse is used to activate the step edges of HOPG. Sequentially, a second negative
potential pulse is applied for a few milliseconds for nucleation and metal deposi-
tion. A small-amplitude reducing pulse is then applied and particles or wires with
different diameters can be grown, depending on the chosen potentials and time of
electrolysis. On the other hand, the growth of nanowires by direct metal electrode-
position is not possible. One reasons for this is the low surface free energy of the
graphite basal plane, which leads to a low density of metal nuclei along the step
edge. In fact, defects on HOPG such as the step edges are able to catalyze electron
transfer to metal ions in solution. Thus, nucleation occurs in a preferentially
energeticmanner at step edges on the graphite surface. Therefore, if the deposition
process is prolonged sufficiently for individual particles nucleated along a step edge
to coalesce, then nanowires with diameters as small as 13 nm and lengths up to
500 mm may be obtained [41].

5.3.1
The Predeterminant Mechanism

This electrochemical technique shows some advantages over physical methods such
as vapor deposition, as the wires can really extend into the third dimension. In
contrast, in CVD the dominant process is the adsorption on the terraces, followed by
diffusion. This difference may be highlighted mainly by the mechanism of deposi-
tion. To date, the growth of structures on a surface is usually preceded by the
formation of a stable nucleus [43]. Single adatoms that arrive at the surface and
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diffuse over the terraces incidentally meet each other and stick together, due to
attractive interactions. This concept on a two-dimensional (2D) surface is identical to
the nucleation of 3D water droplets from supersaturated water vapor in a cloud [44].
By a careful adjustment of the supersaturation of the 2D gas phase – namely the
concentration – the diffusing adatoms on the terraces can be kept very low, and
therefore nucleation on the terraces can be effectively suppressed. However, defects
such as step edges, where the adatoms are more strongly bound than on the bare
terraces, may act as nucleation sites. Hence, at a sufficiently low supersaturation,

Figure 5.2 (A) Schematic of electrochemical
step edge deposition to fabricate 1D nanos-
tructures. (B) Illustrative view of triple pulse
voltage used to produce metal nanowires.
(I) and (II) are the step edge and the oxidizing
stage. (III) Nucleation and growth of nanopar-
ticles followed by (IV) coalescence and nanowire
formation. (V) At the final stage, thick nanowires

are often produced, but these can be shrunk
(VI) by controlled electro-oxidizing. (C) Transfer
procedure of nanowires to a non-conductor
substrate and lateral electrical contact to make
nanowires act as sensors. (D) Illustration of
granular Pd nanowires showing the nanogaps
and the reversible behavior under H2 exposure.
(Adapted from Refs. [47,52].)
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the growth of islands of the deposited material may start exclusively at the step
edges of the surface. In vacuum deposition, the supersaturation is controlled
either by the deposition rate or the substrate temperature. Similarly, upon elec-
trochemical deposition the supersaturation is controlled by the electrochemical
deposition but, in contrast to vacuum deposition – in which the incoming atoms
extend along the surface – electrochemical deposition is balanced by an equilib-
rium process, as the electrochemical potential steers the balance between the
absolute rate of atom deposition and their dissolution [45,46]. One drawback of
this procedure (which is also a form of template technique) and of the conven-
tional template-based methods, is that procedures often produce polycrystalline
materials with diameters greater than required to observe the effects of quantum
phenomena confinement.
The diameter of these nanowires may still be shrunk via a kinetically controlled

electrochemicalprocess.By integrationof theESEDapproachwithanelectro-oxidation
processafter thenanowirehasbeengenerated,Pennerandcolleagues [47] showed that,
by carrying out the electro-oxidation at low current densities, the oxidation current
decreases in proportion to the area of nanowire and also directly proportional to the
oxidation time, as would be expected for a kinetically controlled process. The basic
requirement for this attempt is the solubility of the oxidation products.
By taking advantage of this strategy, Penner and coworkers [41,42,47,48] were able

to fabricate a series of noblemetal and other nanowires (e.g., Au, Ag, Cu, Pd, Cd,Mo,
Ni, etc). Moreover, semiconductor nanowires such as CdS can also be prepared
using this method, but in this case a chemical step after the electrodeposition is
necessary to form the semiconductor wires.

5.3.2
Nanowire-Based Gas Sensors

In order to make these nanowires as chemical sensors, the prepared nanostructures
can be transferred onto a solid, non-conductive substrate and then contacted laterally
using a conductive ink such as silver epoxy (Figure 5.2C). This simple approach has
in fact been performed by Penner and colleagues, who fabricated the first hydrogen
sensor based on palladium nanowires [42].
In contrast to direct electrodeposition into nanoporous materials, which produces

continuous 1D nanostructures, nanowires produced by step edge decoration are
narrowly dispersed in diameter and present a granular form. This granular form,
however, is principally responsible for resistance changeswhennanowires are applied
as gas sensors. The investigations pioneered by Penner and coworkers [42] showed
that,whenanarray of palladiumnanowires is biasedunder a constant voltage and then
exposed to a 5% H2 concentration, the response time of the sensor is about 75ms.
Furthermore, thesenanowire-basednanosensorswere insensitive to gases such asO2,
CO, or CH4, all of which are considered contaminants in conventional H2-based
palladium sensors. Hence, these authors showed that two of the main problems in
palladium-based hydrogen sensors could be overcome by using these nanowires.
Interestingly, the response mechanism of the sensor is in contrast to that of
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conventional hydrogen sensors, namely, that the resistance of palladium nanowires
decreases temporarily in the presence ofH2. The reason for this is related to the above-
mentioned granular form of the nanowires. Microscopy images reveal that the
nanowires contain nanogaps in the absence of H2; after a first exposure of these
nanowires to H2, palladium metal forms a thermodynamically stable b-phase, that
is, PdH0.7. Consequently, an expansion occurs of the face-centered-cubic (fcc) Pd
lattice by 3.5% (at 25 �Cwith 1 atm. H2). This expansion is accommodated by a 3.5%
compression of each wire along its axis, which in turn decreases the intergranular
resistance. Re-exposing the nanowires to air opens these gaps, which makes
the palladium nanowires act as an active switcher (Figure 5.2D). The sensitivity
of the sensor is approximately 0.5%, which is eightfold lower than the H2 lower
explosion limit in air, and a good level for the promising energy sources of
future [48,49].
An interesting point is themonitoring of the natural sources ofH2 production, that

is, hydrogenase enzymes are a class of metalloenzymes produced by archaebacteria
that are able to produce, under optimumconditions, up to 10mmolH2min�1 (permg
protein) [50,51]; thus, with the miniaturization of this sensor it would be possible to
achieve a direct control of hydrogen production in the microorganisms. Other gases
than hydrogenwere also sensed usingnoblemetal nanowires fabricated by ESED [52].
Finally, due to their granular form, noble metal nanowires electrodeposited in step
edges may also have their surface changed by thiol compounds. Biological macro-
molecules may then be able to bind to the surface and be used as receptors to study
their interaction with small drug molecules. As the latter are similar in size to the
nanowire, they may sensitize the inelastic scattering of electron conduction by the
charge effect at the surface of the sensor. A list of different nanowires and their
possible applications as sensors is presented in Table 5.1.
An equally promising application of nanowires as nanoelectrodes was demon-

strated by research groups at New York University and MIT, in the development of
a nanowire that could be inserted into an artery and threaded up to the brain, and
was capable of sending and receiving signals. Although such clinical use is at
present premature, the future suggestion is that these nanoelectrodes might be
used to deliver high-frequency electrical pulses to specific areas of the brain in
patients suffering from neurological disorders, such as Parkinson�s disease. The
biocompatibility of the nanowire must be proven, however, before actual medical
application can be considered. The fact that these nanosensors may transduce and

Table 5.1 Nanowires and their possible use as highly sensitive sensors.

Nanowire Application

Au, Ag Biosensors, ion contaminants
Pd H2 gas sensor
Bi, Fe, Ni, Co Magnetic sensors
Al2O3, ZnO, SnO2, In2O3 Air quality (detect CO, NH3, NO, CH4)
p-Si or n-Si Biomacromolecules, molecular receptors
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enhance biological events supports their potential for interconnecting between
controllable nanowires or nanotubes and biological processing systems [101].

5.4
Atomic Metal Wires from Electrochemical Etching/Deposition

If the start of the 20th century was considered the �golden years� for quantum
mechanics, then the start of the 21st century has been the golden era for nanoscale
science and technology. In this sense, one interesting feature is the novel quantum
phenomena exhibited when the materials are sufficiently small. For example, for a
metallic wire consisting only of a string of a few atoms, the conductance (G) along
the wire become quantized, and is given by the Landauer formula [53]:

G ¼ 2e2

h
Tn ð3Þ

where e is the electron charge, h is Planck�s constant, and Tn is a transmission-
probability function. For an ideal wire, Tn ¼1 and the term 2e2/h¼ 77.4 mS, which is
called the quantum conductance. In this case, the transport of electrons along the
wires is ballistic; that is, the electron wave can travel through the wire without
experiencing scattering that may affect its momentum or phase. However, what
does the quantized conductance mean physically? Equation (3) describes an ideal
model for a 1D wire where the electron motion is in the longitudinal direction of
propagation of the wire – that is, the electron transport is confined to a single, much
like a person walking on a narrow bridge. Unlike a macroscopic metallic wire, where
electron conduction is involved in many elastic-scattering collisions so that the
conductance is proportional to the cross-sectional area of the wire and inversely
proportional to its length, in an atomically thin metal wire the electron mean free
path is lower than the length of the wire, and consequently there is no collision
(ballistic transport). According to the de Broglie relationship, for the electron con-
duction wavelength (lF), which is described by lF¼ 2p/(2mEF)

1/2, where EF is the
Fermi energy (the energy of the conduction electrons), for a 1Dwire of widthWwith
W¼ lF/2, there is only one standing wave, namely, N¼ 1. In this case, as the width
of the wire is compared to the lF, the conduction electrons in the transverse direc-
tion form well-defined quantum modes. Additionally, N is an integer that increases
with wire width, making the conductance increase – in contrast to classical wires.
This phenomenon, which was termed conductance quantization, is not only deter-
mined by the cross-section of the wire, but is also affected by the intrinsic properties
of thematerial. Experimentally, when the conductance is reduced below�5 · 10�4 S,
it begins to decrease in discrete steps of 2e2/h; hence, the quantum modes can be
strictly controlled [54–58].
However, the question was – how could such fascinating nanowires be produced?

One simple method proved to be electrochemical in nature, and in this sense the first
to produce electrochemically quantum metal wires was Tao�s group [54–56,58,59].
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Byusing a thinmetal wirewhichwas almost totally coveredby glue and supported on a
solid insulating substrate, the research team exposed the uncovered portion of wire to
an electrolyte solution for electrodeposition and etching. This exposed portion, which
was less than a few micrometers in length, was reduced to the atomic scale, wherein
the conductance became quantized. One advantage of this method was that
the process could be reversed by electrodeposition. Moreover, in both cases, the
conductance of the wire could be controlled in situ by using a bipotentiostat
(Figure 5.3A and B).
Boussaad and Tao [59] also demonstrated another method based on a simulta-

neous etching/deposition mechanism that did not require a bipotentiostat or feed-
back control to fabricate atomic wires (Figure 5.3C). In this approach, a bias voltage
was applied between two electrodes separated by a relatively large gap and immersed

Figure 5.3 (A) Illustrative view of quantum
metal wires production and quantization of
conductance, where conducting electrons
transport ballistically through the nanowire and
form well-defined quantum modes in the
transverse direction. (B) Quantum conduc-

tance versus time recorded for conductance
change during the dissolution process of a
noble metal. (C) Schematic of quantum metal
wire production via the self-repair electro-
chemical method. (Adapted from Refs. [55,59].)
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in an electrolyte solution. The atoms were etched off from the anode and deposited
onto the cathode. Although the etching occurred over all anode surfaces, the depo-
sition took place only on a single point of contact on the cathode. The process was
stopped when a point contact was formed between the two electrodes, which were
consecutively monitored by the conductance between them (in this case the ionic
conductance was negligibly small). The method also involved a self-repair mecha-
nism; that is, once a contact was formed between the two electrodes, after applying a
small bias voltage between them for a few minutes, the contact was broken, most
likely due to a metastable state of the structure. Consequently, the conductance fell
back to zero. Hence, the voltage across the electrodes passed back to a maximum
value and the etching and deposition process started over again.
Two essential differences between the conductance sensitivity of these quantum

metallic wires and those produced, for example, by template methods are the
inherent wavelength and mean free path of electrons. Metals such as Au, Ag and
Cu have wavelengths of only a few Angstroms, and mean free paths of a few tens of
nanometers, which allow conductance quantization be pronounced even at room
temperature, as long as the diameter of the metal wires reach the size of an atom. In
contrast, conventional nanowires with diameters of a few tens of nanometers are not
expected to present marked conductance sensitivity. In fact, Tao and colleagues
observed that the atomically thin metal wires cause the quantized conductance to
become sensitive to the adsorption of molecules onto the nanowire [60,61]. Hence,
due to this sensitivity, these materials can be applied as highly sensitive chemical
sensors, although some limitations such as selectivity still need to be overcome.

5.4.1
Sensing Molecular Adsorption with Quantized Nanojunction

Direct experimental evidence of the quantized conductance sensitivity was reported
by Tao and coworkers [54,55], who showed that the binding strengths of the mo-
lecules or ions onto the nanowire play a pivotal role in adsorbate-induced conduc-
tance changes. For a better understanding of the range of validity of the quantum
wires model, and in order to establish how it can be successively applied to
the sensors field, some basic principles based on the conductance change upon
molecular adsorption are now introduced. A general concept arises from electron
transport in which the scattering of the electron conduction determines the con-
ductance change. In this way, the microscopic theory developed by Ishida created a
model to study the conductance change in terms of adsorbate–substrate binding
length and adsorbate–adsorbate distance [63]. Another valuable approach was made
by Persson [64], who developed a simple relationship between the adsorbate-induced
conductance change and the density of states of adsorbed molecules, ra (EF), at the
Fermi energy of the conductor. In Persson�s model the conductance change per
adsorbate molecule is described by

DG
G

a�GraðEFÞ
d

ð4Þ
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where d is the thickness of the metal film and G is the width of ra (E). Because each
adsorbate molecule has a different ra (EF), the conductance change should be
specific for each adsorbate. Indeed, this has been confirmed for classical conductors
[36,38]. As can be seen in Eq.(3) , in terms of sensor applications, thinner filmsmean
higher sensitivity as the conductance change is inversely proportional to the thick-
ness of the film.
Based on these arguments, Persson�s theory opens a window to a new sensors

configuration based on dynamic measurements of each molecule. However, the
model still describes electron transport in a diffusive way, in contrast to the
ballistic regime of quantum wires, for which a theory has not yet been developed.
Simulations show that the adsorption of a methyl thiol onto a gold nanowire made
of a chain of four atoms, yields a strong bond, making the molecule part of the
wire. Interestingly, the interaction distance within these nanowires is larger than
in bulk metals, and it tends to be larger upon molecular adsorption. Scanning
tunneling microscopy (STM) images of a Au (111) electrode surface has verified
these observations [65]. Using molecules with different binding strengths, Tao
et al. studied the effects on conductance change of Cu quantum wires under
additions of dopamine, 2,20-bipyridine (22BPy) and mercaptopropionic acid
(MPA), the binding strengths of which are �0.6, �8.4 and �44 kcalmol�1, re-
spectively. Their findings indicate that, as the quantum modes of the wire are
decreased, the conductance sensitivity increases. In fact, upon addition of mo-
lecules quantum wires with a single quantummode showed a marked decrease in
conductance [60].

3-mercaptopropionic acid   2,2-bipyridine              Dopamine  

HO

HO

NH
2

NN

HS
OH

O

A worthy observation is that the quantized conductance falls to near half. How-
ever, it is important to note that the conductance decreases even without adding
analytes, but themolecular adsorption often increases their occurrence. As expected,
themagnitude of conductance decreases with the increase of binding strength of the
molecules. In the case of MPA, the conductance usually falls to zero due to the
breakdown of the nanowire in response to the effects mentioned above. The attribu-
tions to this conductance change are mainly due to the scattering of electron con-
duction in quantum wires by the adsorbates and rearrangement in the atomic
configuration of metallic wires.
Tao�s group also evaluated the conductance change upon addition of charged

species. In doing so, anion adsorption was studied using the following electrolytes:
NaF, NaCl, NaBr, and NaI in a set of potentials. Unsurprisingly, no adsorption took
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place when the quantum metallic wires were biased negatively. On the other hand,
upon increasing the potential, the conductance increases for all electrolytes. The
magnitude of change varies in the order of F�<Cl�<Br�< I�, which is in good
agreement with the adsorption strengths of these anions. Again, an electron-
scatteringmechanism is suggested as being responsible for the conductance change
[55], based on this higher sensitivity. Quantum metal wires present a powerful
background to sense small species and macrobiological molecules. For example,
as proteins are normally charged in aqueous solutions, these nanojunctions have the
potential to detect only a single molecule, and even a single or a few small ions may
be detected using this 1D nanostructure. The selectivity of the sensor may be further
improved by adsorbing specific receptors onto the nanowires, as has been reported
earlier [66].
Finally, it is of interest to note that theoretical calculations showed that the

sensitivity of these nanowire nanosensors is more heavily dependent on their length
rather than on their radius [67]. This reinforces those methods that are capable of
producing high aspect-ratio nanowires.

5.5
Future Prospects and Promising Technologies

Although advances in electrochemically synthesized sensors based on 1D nanostruc-
tures are still mainly limited to R&D investigations, many companies are working
arduously to develop the three major paradigms of nanoscale science, namely the
growth, assembly, and integration of these nanomaterials into a functional network
array. Thehigh surface area of the nanowires andnanotubes places themas a powerful
tool to sense genomics, proteomics, molecular diagnostics and high-throughput
screening. Currently, the Palo Alto�s company, Nanosys, is close to commercializing
its first product to use the large surface area of a dense array of nanowires to increase
sensitivity in diagnostics. The product enables a faster analysis of small molecules in
complex samples of bio-fluids, without anyneed for sample preparation, with efficient
drug development, or rapid drug detection directly from urine [112]. The Illuminex
Corporation is also producing nanowires using electrochemical processes that could
be cheaper and more scalable than vapor deposition, and can conveniently leave the
vertically aligned wires with one end attached to the substrate, as grown, for its
application. Currently, Illuminex is working on a sensor for detecting ovarian cancer
markers and other bio-molecules indicative of disease. Illuminex grows electrochem-
ically metallic nanowires directly on the tip of an optical fiber probe, and attaches
antibodies andnucleic acids to thewires to bind to target proteins or genes. Binding of
themolecules changes thehighly light absorbentnanowires�s optical properties, so the
target material can be identified by optical spectroscopy. This nanobiosensor has
applications in themedical diagnostics market which, in 2005, was valued at US$28.5
billion [113]. The multi-plurality of nanowires has been also exploited in the bio-
assembled field. For example, Cambrios Technologies Corporation is using biology
to connect electronics, whereby a transparent nanowire conductor film is being tested
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at displaymakers as a replacement for tin-doped indiumoxide (ITO) [114]. Companies
currentlymaking progress on thedevelopment of awide range of applicationswith 1D
and other nanomaterials include: Nanosys; Illuminex; Cambrios; Nanosens; Nano
Clusters Devices Ltd.; NanoDynamics; Nanomix; Enable IPC; Atomate Corporation;
and QuNano.
In the Netherlands, startup Nanosens [115] is gathering together a large variety of

nanowires with silicon-on-insulator (SOI) technology. The process etches out 200 to
500 parallel wires with diameters of 5 to 50nmand lengths ranging from1 to 1000mm
on its chips. These sensor arrays are considered promising technologies to be used
from hydrogen and environmental gas sensors to cancer diagnosis. Furthermore, the
scalable semiconductor processes bring production costs down to less thanUS$1 for a
chip with an array of 1000 individually addressed Au nanowires.
In fact, the integration of nanowires into miniaturized systems of SOI technology

enables these 1D structures to be configured as electronic devices that can electri-
cally detect pH, DNA sequences, protein markers of cancer and other diseases, and
even a single virus molecule [83]. Charles Lieber�s group at Harvard University has
produced highly sensitive biosensors based on field effect transistors (FETs) by
assembling p- and n-silicon semiconductor nanowires as planar gate electrodes.
These FETs exhibit electrical performance characteristics comparable to, or better
than, those achieved in the microelectronics industry for planar silicon devices. The
binding of biomolecules to the surface of the nanowire leads to the depletion or
accumulation of carriers in the bulk of the nanometer-diameter structure, versus
only the surface region of a planar device. This unique feature of semiconductor
nanowires provides sufficient sensitivity to enable the detection of single viruses and
of single molecules in solution [79–83]. The underlying conception to detection
using these nanowires is based on the classical electrical behavior of FETs, which
exhibit a conductivity change in response to variations in the field or potential at their
surface. Thus, in the case of a p-silicon, applying a positive gate voltage depletes
carriers and reduces the conductance, whereas applying a negative gate voltage
leads to an accumulation of carriers and increases the conductance. In this sense,
the binding of a charged species to the gate dielectric is analogous to the effect of
applying a voltage with a gate electrode. Historically, this is a contemporaneous
configuration of sensors inspired in FETs, as the original idea was introduced
several decades ago by Bergveld [2] and his ion-sensitive field effect transistor
(ISFET) for which sensitivity was limited, thereby precluding any major impact
that had been expected in the biomedical field. Lieber�s group also showed that
these nanowires can act in a non-invasive manner to detect, stimulate, and inhibit
neuronal signals with a good spatial and temporal resolution [84]. In the same way,
single- andmulti-walled CNTs have also been configured as planar FETs to explore,
with high sensitivity, the detection of gases [85,86] and biomolecules such as
antibodies [87,88]. Valcke et al. [89] showed that the label-free detection of DNA
hybridization and the discrimination of single-nucleotide polymorphism was pos-
sible using this configuration. The transport properties of DNA molecules were
also studied by assembling CNTs as FETs [90], and some reports showing
the detection of humidity, glucose, cytochrome c and other proteins are now
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available [91–95]. One practical limitation for the in-vivo use of these sensor-based
FETs is that the detection sensitivity depends on solution ionic strength. As blood
serum samples have a high ionic strength, any diagnostic procedure will require a
previous desalting step to be used before the analysis in order to achieve the highest
sensitivity.
In a word, the major challenge for the advance of nanowires and nanotubes

technology depends on a major integration between leading research groups and
companies worldwide. It is also inevitable that people from different sectors of
industry, and with widely differing backgrounds, will form the driving force behind
these technologies.

5.6
Concluding Remarks

In this chapter a host of examples has been presented to indicate how science and
technology, at the nanoscale, have promoted progress during the past few years,
and how such advance has stimulated mankind�s creativity toward the production
and development of new and highly interesting materials. In this new hybrid field of
nanosize, attention was focused on an interplay between 1D materials and their
potential to act as highly sensitive sensors. The multifunctionality of nanowires and
nanotubes has been discussed in a panoramic manner, in which their intrinsic
properties are responsible for their applications. Such examples may point towards
important, unsolved problems, where the exploitation of a new physics or chemistry
is still necessary.
The relatively small number of atoms in an atomically thin metal wire obtained by

the dissolution of thick metallic wires is attractive to understanding not only the
physical phenomenon on the nanometer scale, but also to construct models
capable of predicting quantum-chemical interactions with small and largemolecules
[116–118]. For example, in the framework of a simplified interaction between a
monovalent ion and a string composed of a few atoms, it was corroborated experi-
mentally that the charge dispersion of the ion is pivotal in the conductance change of
the wire. In addition, nanowires obtained by step edge approaches may function as
active switches when exposed to certain gases, thereby demonstrating their vulner-
ability to the environment and associated conditions such as temperature and
pressure which, from a practical viewpoint, shed light on the applications and
interpretations of the phenomena involved.
In summary, dimensionality investigations have shown that characteristic fea-

tures of the systems studied are described as functions of their size due to the
different ways in which electrons can interact in macrosystems. In other words, the
properties of 1D structures can be completely changed by their interaction with a few
molecules. In this respect, nanowire-based nanosensors prepared by template meth-
ods represent an important achievement [119]. These complementary approaches
are essential in order to study the detection of only a single molecule, since at this
stage both the molecules and the nanowires share a similar size.
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6
Self-Organized Formation of Layered Nanostructures
by Oscillatory Electrodeposition
Shuji Nakanishi

6.1
Introduction

6.1.1
Self-Organized Formation of Ordered Nanostructures

Solid surfaces with ordered nanostructures, such as layers, dots, holes, and grooves
(or ridges), have provided unique microelectronic, optical, magnetic, and microme-
chanical properties, as summarized in a recent review [1]. Focused photon-, electron-,
ion-, and molecular-beam lithography (top-down method) have been widely used for
creating desired nanostructures at the surface. However, these techniques are now
facing serious problems, such as difficulties in mass production and cost increases
due to the use of expensive, specialized apparatus. In the hope of overcoming those
problems associated with the conventional techniques, a self-organization method
(bottom-up method) has recently attracted much attention.
In general, self-organization methods in chemistry can be categorized into two

different types. One type is self-organization under thermodynamically equilibrium
conditions, in which the ordered structures are formed on the basis of specific
properties of intermolecular forces. Self-assembled structures, such as lipid-
bilayers, close-packed layers of nanospheres, and monolayers of thiol molecules on
gold surfaces, are the representative examples. Many studies have been performed
on this type of self-organization, as summarized in reviews [2–10]. At present, the
main issues to be tackled for these methods are to improve their regularity and to be
able to place nanostructures of desired size at desired locations. In the other type of
self-organization, the ordered structures are formed under thermodynamically non-
equilibrium conditions. A wide variety of dynamic spatiotemporal orders, such
as oscillations and spatiotemporal patterns, appear in a self-organization manner
[10–13].
The spatiotemporal patterns in the dynamic self-organization phenomena have

some unique and attractive properties for producingmaterials of ordered structures:
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. The patterns appear spontaneously, without any external control.

. The observed patterns have a long-range order.

. Various ordered patterns are obtained simply by changing experimental para-
meters.

In fact, several studies have been performed on the application of dynamic self-
organization for the formation of ordered structures. For example, the self-organized
formation of 2-dimensional (2D) ordered patterns on nano- and micro-meter scales
have been achieved by use of Risegang-ring [14], etching [15,16], and dewetting
processes [17,18]. These ordered 2D patterns on solid surfaces have already been
used in practical applications as templates for constructing three-dimensional (3D)
structures and substrates for the incubation of biological cells.

6.1.2
Dynamic Self-Organization in Electrochemical Reactions

Electrochemical reactions show a variety of dynamic self-organization phenomena,
because the electrochemical reactions themselves proceed under non-equilibrium
conditions. An autocatalytic process, which is the key factor for the appearance of a
spatiotemporal structure, is easily achieved by a combination of chemical and electric
mechanisms. In fact, various oscillations and spatiotemporal patterns have been
reported to date in all types of electrochemical reaction [19–130], as summarized in
Table 6.1.
Electrochemical systems have certain major strong advantages for studies of

dynamic self-organization phenomena, as compared to other systems:

. The Gibbs energies for reactions can be regulated continuously and reversibly by
tuning of the electrode potential.

. The oscillations can be directly observed in electric signals such as current or
potential.

Table 6.1 Representative examples of electrochemical oscillations reported to date.

Electrocatalytic reactions Anodic dissolution Cathodic deposition

Reaction Reference(s) Anode Reference(s) Cathode Reference(s)

Oxidation of H2 [19–23] Cu [53–62] Zn [88–93]
Oxidation of HCHO [24,25] Fe [63–71] Sn [94–98]
Oxidation of HCOOH [26–32] Co [72–75] Au [99,100]
Oxidation of CO [33,34] Ni [76–78] Pb [101]
Oxidation of S2� [35,36] Si [79–81] Cu [102–106]
Oxidation of thiourea [37] Ag [82] AgSb–alloy [107–114]
Reduction of In3þ [38,39] Nb [83,84] Cu/Cu2O [115–125]
Reduction of H2O2 [40–47] Al [85] SnCu–alloy [126,127]
Reduction of S2O8

2� [48–50] InP [86] NiP–alloy [129,130]
Reduction of IO3� [51,52] Ti [87] – –
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. The diffusion process can be flexibly controlled by changing the sizes and geo-
metric arrangements of the electrodes in electrochemical cells.

. The modes, period, and amplitude of the spatiotemporal patterns can be tuned
easily by changing the geometric arrangements of the electrodes and the applied
potential or current.

Figure 6.1 shows a typical example of the spatiotemporal patterns observed during
H2-oxidation reactions [131]. Recent theoretical studies explained rather elegantly
the origin of the dynamic patterns and the patterns selection principle in electro-
chemical systems [131–133]. From the point of view of structure formation, it must
be borne in mind that dynamic self-organized patterns can only be sustained while a
flow of energy is present under non-equilibrium conditions, as they disappear
immediately the flow of energy stops. For example, the beautiful spatiotemporal
patterns shown in Figure 6.1 disappear instantly when the power of the electro-
chemical apparatus is turned off. Thus, a novel strategy is required if the aim is to
produce certain ordered structures at solid (electrode) surfaces by use of the spa-
tiotemporal structures in electrochemical systems.
Oscillatory electrodeposition can be used to solve this problem, because histo-

ries of ever-changing self-organized spatiotemporal patterns are recorded as ar-
chitectures of electrodeposits at the electrode (solid) surface. Thus, ordered struc-
tures are constructed on solid substrates in bottom-up style. Encouragingly, the
present author has focused on the merit of the oscillatory electrodeposition and
developed a number of investigations on this subject. With regards to the oscil-
latory electrodeposition and accompanied formation of layered deposits, various

Figure 6.1 (a) Spatiotemporal evolution of the potential at a Pt
electrode during the oxidation of H2 in the presence of Cu2þ

and Cl� ions. (b) Temporal evolution of the total current. The
first four oscillations correspond to the time interval shown in
(a). (Reprinted from Ref. [131].)
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studies have reported previously, though only from a phenomenological point of
view, and without any detailed understanding of the self-organization mechan-
isms. Schlitte et al. were the first to report on the formation of a layered architec-
ture via the oscillatory electrodeposition of Cu (Figure 6.2a) [104]. More recently,
Krastev et al. reported that the co-deposition of Sb and Ag caused a potential
oscillation to yield layered deposits, with dynamic target patterns appearing at the

Figure 6.2 (a) Left: Potential oscillation
during the Cu electrodeposition from an
aqueous acidic solution including o-phe-
nanthroline. Right: A cross-sectional view of
a Cu deposit obtained during four periods of
the potential oscillation. (b) Left: Potential
oscillation obtained during the electrode-
position of Ag–In alloy. Right: A top view of
the spatiotemporal pattern observed at

the surface of the electrodeposit. (c) Left:
Potential oscillation observed during the
deposition of Cu/Cu2O layered nanos-
tructures. Right: Cross-sectional STM
image of the film grown under the
oscillatory condition. (a) Right: Rep-
rinted from Ref. [105]; (c) Left: Reprinted
from Ref. [118]; (c) Right: Reprinted
from Ref. [115].)
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surface of deposits during the oscillation (Figure 6.2b) [108]. Later, Switzer et al.
reported that the electrodeposition of Cu in basic aqueous solutions caused a
potential oscillation, producing alternate Cu and Cu2O multilayers on a nanome-
ter scale (Figure 6.2c) [115]. These results show clearly that the oscillatory elec-
trodeposition is an attractive target for the self-organized formation of ordered
structures.

6.1.3
The Important Role of Negative Differential Resistance (NDR)
in Electrochemical Oscillations

For reference in later discussions, a brief explanation should first be provided of a
general model for electrochemical oscillations, that was established during the last
decade [134–136]. According to the literature, all reported electrochemical oscilla-
tions can be classified into four [136] (or five [137]) classes, depending on the roles of
the true electrode potential (or the Helmholtz-layer potential, E ).
Electrochemical oscillations in which the E plays no essential role and is kept

essentially constant are called �strictly potentiostatic� type (or Class I). This type can
be regarded as chemical oscillators that contain electrochemical reactions. Electro-
chemical oscillations in which the E is involved as the essential variable, but is still
not the autocatalytic variable, are called S-NDR type (or Class II), because oscillations
in this case arise from an S-shaped NDR (S-NDR) in the current density ( j) versus E
curve. When the E is the autocatalytic variable, the oscillations arise from an
N-shaped NDR (N-NDR), and these are called N-NDR type. Furthermore, of the
N-NDR oscillations, the oscillations in which the N-NDR is hidden by a current
increase from another process are called hidden N-NDR or HN-NDR types (or Class
IV). It is known that the N-NDR type shows only current oscillations, whereas the
HN-NDR type shows both current and potential oscillations. The HN-NDR oscilla-
tors are further divided into three or four subcategories, depending on how the NDR
is hidden.
As almost all electrochemical oscillations reported to date can be classified into

N-NDR or HN-NDR types, the origin of NDR in electrochemical systems should be
explained at this point. In general, the electrochemical reactions current, Ireac, can be
expressed as

Ireac ¼ n F A k C ð1Þ

where n is the number of transferred electrons, F is the Faraday constant, A is the
available electrode area, k is the rate constant, and C is the surface concentration of
the reacting species. The differential resistance, dIreac/dE (E; the electrode potential),
can thus be expressed as follows:

dIreac=dE ¼ nFðdA=dEÞkC þ nFAðdk=dEÞC þ nFAkðdC=dEÞ ð2Þ
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From this equation, three origins for the NDR can be considered [138]:

. Type-I: dA/dE< 0: A case where the available electrode area decreases with in-
creasing the electrode polarization. An example is the potential-dependent for-
mation of a passivation layer at the electrode surface.

. Type-II: dk/dE< 0: A case where the electron transfer rate constant decreases with
increasing the electrode polarization. An example is the potential-dependent
desorption of an adsorbed species acting as a promoter for electrochemical
reaction.

. Type-III: dC/dE< 0: A case where the surface concentration of the electroactive
species decreases with increasing the electrode polarization. An example is a de-
crease in the surface concentration of the electroactive species by Frumkin effect.

As these conditions are easily realized in electrochemical reactions, the electro-
chemical oscillations appear frequently in a large number of electrochemical
reactions.

6.1.4
Outline of the Present Chapter

Previously, the present author has studied the oscillatory electrodeposition of various
metals and alloys, with a focus placed on the self-organized formation of ordered
structures [92,95–97,100,105,106,127,128,130]. Although the oscillatory electrode-
position studied included NDRs of quite different types, it has been revealed (by the
present author) that the layered structures are formed spontaneously in synchroni-
zation with the oscillation, independent of the type of NDR.
Initially, details are provided in Section 6.2 of an electrochemical oscillation ob-

served in the hydrogen peroxide (H2O2) reduction on a platinum (Pt) electrode as a
representative example of an N-NDR oscillator. Here, the H2O2 reduction current
oscillates spontaneously in synchronization with an adsorption and desorption of
under-potential deposited hydrogen (upd-H). As the electrochemical reactions rele-
vant to the current oscillation are very simple, and the electrode functions simply as a
catalyst for the reactions, it is very helpful to show the oscillation mechanism first in
order to provide a better understanding of the formations of layered structures by
oscillatory electrodeposition (as detailed later in the chapter). Two examples of layered
structure formation – that is, the formation of Cu�Sn alloy and Ni�P alloy layered
structures – are described in Sections 6.3 and 6.4. The former is shown as a repre-
sentative example of a current oscillationwith anNDR, and the latter as an example of
a potential oscillation with a hidden NDR. The oscillation mechanisms can be ex-
plained in essentially the same framework as that for the oscillation in H2O2 reduc-
tion. In Section 6.5, a variety of other examples of the formation of ordered deposits by
oscillatory electrodeposition are briefly described. Although the mechanisms of the
oscillations treated in this section have not yet been fully clarified, the illustrations of
the deposits are beautiful enough to show the potential of the oscillatory electrode-
position for producing ordered structures with unique shapes.
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6.2
Current Oscillation Observed in H2O2 Reduction on a Pt Electrode

H2O2 reduction on a Pt electrode is a very interesting reaction in that various
oscillations appear only by making slight changes in the experimental conditions
[59–62]. Among the various oscillations, the oscillation caused by competition be-
tween the H2O2 reduction and the formation of upd-H has been most extensively
studied. Figure 6.3a shows a current density ( j) versus potential (U) curve obtained
under a potential-controlled condition in 0.2M H2O2þ 0.3M H2SO4 solution. Al-
though the current oscillation is not observed in this condition, a NDR can be seen at
about �0.3 V. When the H2O2 concentration is increased, a current oscillation
appears in the potential region of the NDR (Figure 6.3b). Figure 6.3c shows a j
versus time (t) curve at�0.30 V, with the conditions kept the same as in Figures 6.3a
and b. The periodic oscillation is sustained for about 1 h.
A notable point here is that the NDR region shown in Figure 6.3a corresponds to

the potential region of the formation of upd-H. Figure 6.4a shows, in schematic
form, the potential dependence of the coverage of the upd-H (yupd-H). The yupd-H
increases with the negative shift of U (or the true electrode potential, E). As forma-
tion of the upd-H suppresses the dissociative adsorption of H2O2, which is the first
step for the H2O2 reduction, the H2O2 reduction decreases with the negative po-
tential shift – that is, an NDR will appear.
Another important factor for the appearance of an oscillation is the role of ohmic

drop in an electrolyte. Figure 6.4b is a schematic illustration of the potential profile
in the region between the Pt electrode surface and the position of a reference
electrode. The applied potential, U, is kept constant externally by a potentiostat.

Figure 6.3 (a, b): j versus U curves in 0.3M H2SO4 containing
(a) 0.2M H2O2 and (b) 0.7M H2O2, obtained under potential-
controlled conditions. (c) A time course of the oscillation in
0.3M H2SO4þ 0.7M H2O2 at �0.30 V versus Ag|AgCl.
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Therefore, when a cathodic current flows in the system, the true electrode potential
(or Helmholtz double layer potential), E, is more positive thanU because E is give by
E¼U� jAR, where A is the electrode area, R is the resistance of the solution
between the electrode surface and the reference electrode, and j is taken as negative
for the reduction current.
On the basis of this argument, the mechanism for the current oscillation can

be explained as follows. In the high-current stage of the current oscillation
(Figure 6.4c), E is much more positive than U because of the ohmic drop. This
implies that, even if U is kept constant in the region of the NDR, E is much more
positive thanU, and hence the yupd-H in this stage is small. Thus, theH2O2 reduction
reaction occurs effectively without retardation by the upd-H. The active H2O2 re-
duction, however, causes decreases in the surface concentrations of the H2O2 (here-
after denoted asC) owing to their slow diffusion from the solution bulk. This leads to
a gradual decrease in j (in the absolute), and thus to a decrease in the ohmic drop and
a negative shift in E. The negative shift in E, in turn, leads to an increase in the yupd-H
(Figure 6.4a). Hence, the j decreases owing to a decrease in the effective surface area,
and the system goes to a low-current stage (Figure 6.4d). In the low-current stage,
only slow reduction occurs at vacant sites (atomic pinholes); thus, C gradually
increases by diffusion from the solution bulk. This increase inC induces an increase
in j and in turn causes a positive shift in E (and a decrease in the yupd-H). When E is
shifted to the positive, the j increases owing to an increase in the effective surface
area, and the high-current stage is restored again. Thus, the H2O2 reduction current
oscillates in synchronization with the formation and detachment of the upd-H.

Figure 6.4 Schematic illustrations of (a) yupd-H versus E;
(b) potential profile in the region between the electrode (Pt)
surface and the position of RE. (c and d) Schematic repre-
sentations of surface reactions in the low- and high-current
states, respectively. OHL and RE in (b) denote the outer
Helmholtz layer and the reference electrode, respectively.
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6.3
Nanoperiod Cu–Sn Alloy Multilayers

The oscillatory electrodeposition of Cu–Sn alloy from an acidic solution of Cu2þ and
Sn2þ produces nano-period layered deposits [127,128]. One remarkable point of this
system is that a macroscopically uniform nano-period multilayer is formed in
synchronization with a current oscillation.
Figure 6.5a compares j versus U curves for metal deposition obtained in various

electrolytes. Curve 1 (dashed line) shows j versus U in 0.15M Cu2þþ 0.6M H2SO4,
where the current for Cu deposition starts to flow at about þ0.04V. The diffusion-
limited, potential-independent current for the Cu2þ reduction is reached at ca.
�0.3 V, and hydrogen evolution starts at about �0.7 V. Curve 2 (dotted line) is j
versus U in 0.15M Sn2þþ 0.6M H2SO4, where Sn deposition starts at �0.43 V,
which is more negative than for the Cu deposition. Curve 3 (solid line) is j versus U
in 0.15M Cu2þþ 0.15M Sn2þþ 0.6M H2SO4. It should be noted that the curve is
deviated from a simple sum of curves 1 and 2. In particular, the current in �0.30 to
�0.45 V in curve 3 is higher (in the absolute value) than the diffusion-limited current
for the Cu deposition in curve 1, although the Sn deposition does not yet occur at
these potentials (curve 2). The results of X-ray diffraction (XRD) and Auger electron
spectroscopy (AES) analyses revealed that the current increase in this potential range
was due to the formation of Cu�Sn alloy.
Figure 6.5b shows j versus U in Cu2þþ Sn2þþH2SO4 with (curve 4, solid line)

and without (curve 3, dashed line) a cationic surfactant (Amiet-320). Addition of the
surfactant causes a drastic change in the j versus U; namely, an NDR appears in a
narrow potential region of about 5mV in the width near �0.42V, where the Cu�Sn
alloy is electrodeposited. Another notable point in the surfactant-added solution is

Figure 6.5 (a) j versus U obtained in 0.6M
H2SO4 containing (dashed curve) 0.15M
Cu2þ, (dotted curve) 0.15M Sn2þ, and (solid
curve) 0.15M Cu2þþ 0.15M Sn2þ. The scan
rate was 10mV s�1. (b) j versus U obtained
in 0.6M H2SO4þ 0.15M Cu2þþ 0.15M
Sn2þwith (solid curve) and without (dashed

curve) 0.5mM Amiet-320. The scan rate
was 10mV s�1. (c, d) Time courses of
current oscillations in (c) 0.15M CuSO4

0.15M SnSO4, and (d) 0.1M CuSO4

0.1M SnSO4, both containing 0.6M
H2SO4þ 0.5M citric acidþ 0.5mM
Amiet-320. (Reprinted from Ref. [127].)
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that a current oscillation appears when the is U kept constant in (and near) the
potential region of this NDR. Figures 6.5c and d shows current oscillations observed
in (0.15M Cu2þþ 0.15M Sn2þ) and (0.1M Cu2þþ 0.1M Sn2þ), respectively, with
both solutions containing commonly 0.6M H2SO4 and 0.5mM Amiet-320. Thus,
the oscillation period and wave form depends on the concentrations of the electro-
active species. It should be noted that it is not only the Amiet-320 but also other
cationic surfactants (see Figure 6.6) that can cause both the NDR and current
oscillation, in almost the same potential region as Amiet-320.
The structure of the deposited Cu�Sn alloy during the current oscillation was

investigated using scanning electron microscopy (SEM) and scanning Auger elec-
tron microscopy (AEM). Figure 6.7a shows, schematically, the procedure of sample
preparation. The deposited film was etched with an Arþ-ion beam, with the film
being rotated. This procedure gave a bowl-shaped hollow of about 1mm in the
diameter at the bottom, together with a slanting cross-section of the deposited film.
Figure 6.7b shows an SEM image (top view) of a sample thus prepared. Uniform
concentric rings of gray and black colors in the region of the slanting cross-section
clearly indicate the formation of a quite uniform layered structure spreading over a
macroscopically wide range of 1· 1mm. It was confirmed that the number of a set
of the gray and black layers (one period of the multilayer) agreed with the number
of the cycles of the current oscillation during which the deposit was formed, indi-
cating that one oscillation cycle produced one layer of the deposit. Figure 6.7c
compares the expanded SEM image in the region of the slanting cross-section with
the profile (white curve) of the atomic ratio [Cu/(CuþSn)] in this region, in which it

Figure 6.6 Chemical structures of surfactants used in the present
investigations. (Reprinted from Ref. [127].)
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can be seen that Cu is rich in the black layer, whilst Sn is rich in the gray layer. This
result clearly indicates that the layered structures are formed over a macroscopically
wide area.
Auger depth analyses for deposited films obtained during the current oscillation

revealed that the thickness of the each layer is several tens of nanometers. Figures 6.8
show Auger depth profiles for deposited films obtained during the oscillations of
Figures 6.5c and d, respectively. The thicknesses of one period of the multilayer,
calculated from the sputter time in the Arþ-ion sputtering, are 87 nm and 38nm,
respectively, indicating that the period of layered structure can be tuned by modu-
lation of the electrochemical oscillation.
In this oscillatory system, the NDR and the current oscillation appear only when

the cationic surfactant is added to the solution, implying that adsorption of the
surfactant causes both the NDR and oscillation. Thus, the oscillation mechanism
can be explained in a similar way to that of the oscillation in the H2O2 reduction
described in Section 6.2. Coverage of the adsorbed cationic surfactant (ys) increases
with the negative potential shift due the electrostatic force (Figure 6.9a). The ad-
sorption of a cationic surfactant onto a Cu–Sn alloy surface retards the diffusion of
electroactive metal ions (Cu2þ and Sn2þ) to the alloy surface, and thus decreases j
(Figure 6.9b). Alternatively, when the surfactant desorbs from the surface, a large j
flows (Figure 6.9c). Thus, the adsorbed surfactant plays exactly the same role as the
upd-H in the oscillatory system of theH2O2 reduction. The atomic ratio of Cu and Sn

Figure 6.7 (a) Schematic illustration of sample preparation for
SEM and AEM analyses. (b) SEM (top view) of a bowl-shaped
hollow with a slanting cross-section, prepared in the de-
posited alloy film by Arþ ion etching. (c) Expanded SEM
image, compared with the distribution of the atomic ratio
[Cu/(Cuþ Sn)] obtained with scanning AEM. (Reprinted
from Ref. [127].)
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in the electrodeposited Cu�Sn alloy depends onU – that is, the Cu-rich and Sn-rich
alloy is formed in more positive and negative potentials, respectively. As the E
oscillates in synchronization with the current oscillation via the ohmic drop in the
electrolyte, a layered structure with periodicmodulation of the Cu and Sn contents is
formed as the resultant deposit.

Figure 6.9 (a) Schematic illustration of ys versus E. (b, c)
Schematic representation of surface reactions in the low- and
high-current states, respectively. (Reprinted from Ref. [127].)

Figure 6.8 Auger depth profiles for two types of deposited film,
obtained by combination with the Arþ ions sputtering technique.
The electrolyte (and externally applied U): (a) 0.15M CuSO4

þ 0.15M SnSO4 (�432mV) and (b) 0.1M CuSO4þ 0.1M
SnSO4 (�418mV), both containing 0.6MH2SO4, 0.5M citric
acid, and 0.5mM Amiet-320. (Reprinted from Ref. [127].)
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6.4
Nano-Scale Layered Structures of Iron-Group Alloys

Iron-group alloys – that is, the alloys of iron-group metals (Fe, Co, and Ni) with other
metallic or non-metallic elements (P, Mo, and W), such as Fe�P, Co�W, Ni�P, and
Ni�W – are widely used in industry owing to their unique properties [139–144].
Studies conducted to date have also clarified that the incorporated elements (P, Mo,
and W) in the alloys play the crucial role in their unique properties. The iron-group
alloys are mainly produced either by electroless deposition [139–141,144] or by elec-
trodeposition [142,143]. It is known that the incorporated elements such as P,Mo, and
W cannot be electrodeposited by themselves independently. Interestingly, however,
the elements can be co-deposited with iron-group metals, resulting in the iron-group
alloys. This phenomenon is referred to as �induced co-deposition� [145].
The induced co-deposition of iron-group alloys has another interesting aspect in

that it leads to layered structures, inwhich the iron-groupmetals and the incorporated
elements change their contents periodically. The formation of the layered structures
was commonly observed in all reported induced co-deposition systems – a finding
which suggests that the induced co-deposition has common general mechanisms. It
was also reported that an electrochemical oscillation was observed when the layered
Ni�P alloy was co-deposited [129,130]. It has been found that the induced co-deposi-
tion commonly has a hiddenNDR,which leads to the formationof layered structure as
well as to the electrochemical oscillation.
Figure 6.10a shows the j versusU for Ni�P alloy electrodeposition, obtained with

an EQCM electrode under a potential-controlled condition. The j in Figure 6.10a
starts to appear at about�0.45V, andmonotonously increases (in the absolute value)
with a negative potential shift. Concurrently with measurement of the j versus U in
Figure 6.10a, the frequency shift (Df ) in the EQCM, caused by a mass change (Dm)
in the EQCM electrode, was also measured. Figure 6.10b shows the derivative of the
Dm with respect to t, dDm/dt, calculated from the Df. Because the Dm can be
attributed to the Ni�P alloy electrodeposition in this electrolyte system, dDm/dt is
in proportion to the rate of Ni�P alloy deposition. Thus, it can be seen from
Figure 6.10b that the rate of Ni�P alloy deposition increases monotonously, with
a negative potential shift in a U range from �0.45 to �0.80 V, whereas it suddenly
starts to decrease at around�0.80Vand continues to decrease until it reached about
�0.95 V, in contrast to the current density in Figure 6.10a. This implies that the
Ni�P alloy deposition current has an NDR in theU range of�0.95V<U<�0.80 V,
which is hereafter called the UNDR region. The j versus U in Figure 6.10a does not
show any NDR, indicating that the NDR is hidden by an overlap of a hydrogen
evolution current, which increases with a negative potential shift is this U range
more steeply than the decrease in the Ni�P alloy deposition current. Figure 6.10c
shows a time course of a potential oscillation, which appeared spontaneously when j
was kept at a constant value in a range of�55< j<�75mAcm�2; that is, in a range
of j when U was in the UNDR region of Figure 6.10a. It should be noted that the
highest and lowest values of the oscillating potential in Figure 6.10c almost coincide
with the highest and lowest potentials of theUNDR region, respectively. It also should
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be noted here that the Ni�P alloy deposition current in the presence of NaH2PO2

starts to flow at more positive potential than in its absence.
Figure 6.11 illustrates an Auger depth profile for a deposited film formed during

the potential oscillation. The result clearly shows that the Ni�P alloy with a layered
structure is formed in the deposit. Furthermore, the number of layers in the deposit
agreed with the number of cycles of potential oscillation during which the deposit
was formed, indicating that one oscillation cycle produced one layer of the deposit.
The thickness of one layer was estimated as a few hundreds of nanometers, by

Figure 6.10 (a) j versus U obtained with the EQCM-Au electrode
in an electrolyte of 0.65M NiSO4þ 0.25M NaH2PO2þ 0.5M
H3PO4þ 0.3M H3BO3þ 0.35M NaCl (pHffi 1) under poten-
tial-controlled conditions, and (b) dDm/dt versus U obtained
simultaneously with themeasurement of j versusU in (a). The
scan rate was 10mV s�1. (c) U versus t at a constant j of
�75mAcm�2. (Reprinted from Ref. [130].)

Figure 6.11 An Auger depth profile for a deposit produced under
the potential oscillation. (Reprinted from Ref. [130].)
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dividing the thickness of the deposit (which was measured with an optical micro-
scope) by the number of the oscillation cycles.
In order to investigate the generality of the mechanism of formation of iron-group

alloys, several experiments were conducted on other induced co-deposition systems.
Figure 6.12 shows the results for the electrodeposition of Co�W and Ni�W alloys,
where essentially the same behavior as for theNi�P depositionwas observed in these
co-deposition systems. Namely, the deposition current in the presence of Na2WO4,
which is theW-source for theCo�WandNi�Walloys, began toflowat amore positive
potential than in the absence ofNa2WO4. In addition, dDm/dt versusU in the presence
of Na2WO4 showed a clear NDR, although dDm/dt in the absence of Na2WO4 showed
no NDR. These results indicated that the electrodeposition of the Co�Wand Ni�W
alloys occurs by essentially the same mechanism as that of the Ni�P alloy, and
suggesting the presence of a general mechanism for the induced co-deposition.
As mentioned above, the Ni�P alloy deposition current in the presence of

NaH2PO2 begins to flow at a more positive potential than in its absence. This fact
indicates that NaH2PO2 (or related species) acts as a promoter for the Ni�P depo-
sition reaction. In addition, the fact that the Ni�P alloy is formed indicates that the
species acting as the promoter is drawn into the deposition reaction itself. This
means that the promoter is present in the adsorbed form at the electrode (or
deposit) surface. The above considerations strongly suggest that the NDR arises
from desorption (detachment) of the adsorbed (anionic) promoter. Thus, the NDR
in this oscillatory system can be classified as an HN-NDR type.

Figure 6.12 (a) The j versus U in 0.1M
CoSO4þ 0.25M Na2SO4þ 0.1M sodium
citrate without (dashed curve) and with
(solid curve) 50mM Na2WO4, observed
under the potential-controlled conditions,
and (b) the dDm/dt versus U, obtained si-
multaneously with the measurement of j
versus U in (a). The scan rate was 10mV
s�1. (c) j versus U in 0.1MNiSO4þ 0.25M

Na2SO4þ 0.1M sodium citratewithout
(dashed curve) and with (solid curve)
50mM Na2WO4, observed under po-
tential-controlled conditions, and (d) the
dDm/dt versus U, obtained simulta-
neously with measurement of j versus
U in (c). The scan rate was 10mVs�1.
(Reprinted from Ref. [130].)
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The oscillation mechanism in Ni�P alloy electrodeposition can be explained as
follows. Coverage of the adsorbed promoter (yp), which is an anionic species (most
likely H2PO2

�), decreases with the negative potential shift due the electrostatic force
(Figure 6.13a). The adsorption of an anionic species onto a Ni�P alloy surface
promotes the Ni�P deposition, and thus increases j (Figure 6.13b). Alternatively,
when the promoter desorbs from the surface, the j decreases (Figure 6.13c). Thus,
the adsorbed promoter plays an exact opposite role as the upd-H and the cationic
surfactant in the oscillatory systems of the H2O2 reduction and Cu�Sn alloy depo-
sition, respectively.
Now, let us consider the mechanism for the potential oscillation and formation of

a layered structure in the Ni�P alloy deposition, observed under the galvanostatic
condition with a constant applied j (see Figure 6.10c). At the positive end of the
oscillation, the yp is high (Figure 6.13a), which leads to the high Ni�P alloy deposi-
tion rate. The occurrence of the high-rate Ni�P deposition, on the other hand, leads
to a decrease in the surface Ni2þ concentration (Cs) and thus causes a gradual
negative U shift to keep the constant j. When U has shifted to the negative and
reached the UNDR region, desorption of the adsorbed promoter begins. In this
region, the negative U shift leads to a decrease in the yp of the adsorbed promoter,
and to a decrease in the Ni�P alloy deposition current; this in turn leads to a further
negativeU shift to keep the constant j. Hence, this is an autocatalytic process, and the
potential passes rapidly to the negative end of the potential oscillation. At this stage,
the adsorbed promoter is almost absent from the electrode surface, and only the slow
Ni�P and Ni deposition occurs, with the constant j being maintained by the hydro-
gen evolution. Thus, Cs gradually increases by diffusion of Ni2þ ions from the
electrolyte bulk. This increase in Cs induces a gradual increase in the Ni�P alloy
(and Ni metal) deposition current, which leads to a gradual positive shift in U to

Figure 6.13 (a) Schematic illustration of yp versus E. (b, c)
Schematic illustration for explaining the promotion effect of
adsorbed H2PO2

�, which works as an origin of the NDR.
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maintain a constant j. When U has shifted to the positive and reached the UNDR

region, adsorption of the promoter begins to occur, leading to an increase in yp. In
the UNDR region, the positive shift in U leads to an increase in yp and thus to an
increase in the Ni�P alloy deposition current; this in turn leads to a further positive
U shift to keep a constant j. This also is an autocatalytic process, and the system
rapidly passes back to the positive end of the potential oscillation. The periodic
modulation in the P content in the deposit formed under the potential oscillation
(Figure 6.11) can also be explained by the decrease in P content at the negative
potentials, caused by the additional deposition of Ni metal at the negative potentials.

6.5
Other Systems

6.5.1
Nano-Multilayers of Cu/Cu2O

In 1998, Switzer et al. found that a spontaneous potential oscillation appears in an
alkaline Cu(II)-lactate solution, which leads to the self-organized formation of lay-
ered nanostructures of Cu/Cu2O. Formation of the layered structure was directly
evidenced using scanning tunneling microscopy [115], scanning electron micros-
copy (Figure 6.14a) [115], Auger electron microscopy [116], and second-harmonic

Figure 6.14 (a) Backscattered SEM image of a cross-section of the
Cu/Cu2O film grown under the oscillatory condition. (b) NDR
curves for layered Cu/Cu2O nanostructures as a function of
the Cu2O layer thickness. The NDRmaximum shifts to higher
applied bias for samples with thinner Cu2O layers. (a) Rep-
rinted from Ref. [116]; (b) Reprinted from Ref. [118].)
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generation [117]. Very interestingly, these techniques revealed that the resultant
deposits could function as a resonant tunneling device, showing sharp NDR sig-
natures at room temperature in perpendicular transport measurements [118]. Fur-
thermore, it was also shown that the bias for the NDRmaximum could be controlled
simply by tuning the oscillation period (Figure 6.14b). Since the discovery by Switzer
et al., similar oscillations have found in Cu(II)-citrate [119] and Cu(II)-tartrate
[120,121] solutions. Leopold and Nyholm and colleagues have conducted extensive
studies on the mechanism of oscillation using various techniques, including in-situ
electrochemical quartz crystal microbalance [120], local pH measurements [121],
and confocal Raman spectroscopy [122]. Subsequently, the appearance of the oscil-
lation was attributed to local pH variations caused by the liberation of lactate (or
citrate and tartrate) from the Cu(II) complex.
Alternatively, Wang and colleagues found that periodic nanostructures were

formed during the electrodeposition of Cu from �ultra-thin� electrolytes (Figure 6.15)

Figure 6.15 (a) Voltage oscillation during the electrodeposition of
Cu in ultra-thin electrolyte. Inset: the Fourier transform of the
voltage oscillation. (b) SEM view of the filaments of the elec-
trodeposit formed under the oscillation. (Reprinted from Ref.
[123].)
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[123]. Analyses of thedeposits byTEMdiffraction [124] and scanningnear-field optical
microscopy (SNOM) [125], revealed that the periodic nanostructures corresponded to
the alternating growth of Cu and Cu2O. Interestingly, the Cu/Cu2O nanostructures
were formed in synchronization with a spontaneous voltage oscillation, in a similar
manner to the system identified by Switzer et al.This occurred despite the fact that the
CuSO4 aqueous solution did not contain any ligands such as lactate, citrate, and
tartrate. A simple mathematical model based on Switzer�s model, in which the
variation of the local pH plays a critical role, was also proposed.

6.5.2
Ag�Sb Alloy with Periodical Modulation of the Elemental Ratio

During the early 20th century, Raub and colleagues found that the electrodeposition
of an Ag�In alloy gives rise to propagating spiral patterns at the deposit�s surface
[128]. Although this discovery was long forgotten, the same phenomenon was
found – after almost 50 years – in Ag�Sb (Figure 6.16a) [108] and Ag�Bi [109]
alloy electrodeposition by Krastev et al., and in Ir�Ru alloy [110] electrodeposition
by Saltykova et al. The appearances of potential oscillations in the same electrolyte
were also reported, implying that the origin of the spiral patterns and the oscillation
was common.A combined analysis of SEMcross-sections andAES depth profiles of
the Ag�Sb alloy deposits revealed that the deposited film had a layered structure of
the alloy, but with different composition (Figure 6.16b) [111]. Nagamine et al.
performed detailed analyses of the Ag�Sb alloy deposits by using in-situ optical
microscopy and an ex-situ electron probe (X-ray) microanalyzer. These authors
revealed that: (i) several types of propagating stripe pattern appear, depending on
the applied current density [113]; and (ii) not only Ag and Sb but also O plays a part
in the spiral pattern formation [114]. Unfortunately, however, little is known at
present about the origin of the potential oscillation and the propagating spiral
patterns.

Figure 6.16 (a) Optical microscopic image of a spiral wave on
AgSb-alloy deposit. (b) SEM image of a cross-section of the
AgSb-alloy deposit. (a) Reprinted from Ref. [111]; � Elsevier
Science Ltd.; (b) Reprinted from Ref. [112].)
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6.6
Summary

Oscillatory electrodeposition represents an interesting target from the point of
view of the self-organized formation of micro- and nano-sized ordered structures,
because ever-changing self-organized spatiotemporal patterns during the oscilla-
tions are recorded as architectures of electrodeposits. In this chapter, attention
was focused on the self-organized formations of layered nanostructure by oscil-
latory electrodeposition. The oscillatory electrodeposition systems described here
led to the formation of layered nanostructures, despite the oscillations having
different mechanisms. The results outlined thus far clearly indicate that the NDRs
– and thus the oscillations and layered structure formation – can arise from
various mechanisms, depending on the reaction systems and electrolyte compo-
sitions. This implies that oscillatory electrodeposition systems have a high possi-
bility of producing ordered micro- and nano-structures. This important fact was
made clear only after the mechanisms of various oscillatory deposition systems
were revealed. A clarification of these mechanisms will prove invaluable for
systematic tuning of the layered structures, by designing and modulating the
electrochemical oscillations.
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7
Electrochemical Corrosion Behaviour of Nanocrystalline Materials
Omar Elkedim

7.1
Introduction

Nanocrystalline materials have received much attention as a result of their unique
physical, chemical and mechanical properties, and have been the subjects of inten-
sive research activities both in the scientific and industrial communities.
Nanocrystallinematerials – that is, single ormultiphase polycrystalline solids with

a characteristic grain size of a few nanometers – represent a promising class of new
materials. Owing to the extremely small crystallite dimensions (typically 1 to
100 nm), they are characterized structurally by a large volume fraction of interfaces
which may lead to improvements in a variety of properties [1].
Current spending on corrosion-related problems accounts for more than 3% of

the world�s gross domestic product (GDP), and characterization of the corrosion
behavior of nanocrystalline materials is important both for prospective engineering
applications and for a better understanding of the above fundamental physico-
chemical properties [2,3]. In many cases the industrial application of novel materials
will ultimately depend on their corrosion resistance over extended periods of service.
For this reason, corrosion problems must be considered at an appropriate stage of
material development.
A limited number of investigations have concentrated on the corrosion of

nanocrystalline materials. Rofagha et al. [4,5] studied nanocrystalline Ni and
Ni–P produced by an electrodeposition technique, whereupon the observed behav-
iour was considered to be consistent with substantial contributions to the bulk
electrochemical behavior from the intercrystalline regions (i.e., grain boundaries
and triple junctions) of these materials.
Inturi and Szklarska-Smialowska [6] have observed improved localized corrosion

resistance in HCl for sputter-deposited nanocrystalline type 304 stainless steel in
comparison with conventional material, and attributed this to the fine grain size and
homogeneity of the nanocrystalline materials.
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Thorpe et al. [7] studied the corrosion behavior of nanocrystalline
Fe32Ni36Cr14P12B6 alloy obtained by crystallization of the melt-spun amorphous
ribbon. These authors determined that the corrosion resistance of this material
was significantly greater than that of its amorphous counterpart, and attributed the
improvement to the observed greater Cr enrichment of the electrochemical surface
via rapid interphase boundary diffusion [8].
It is difficult to predict the electrochemical behavior of nanocrystalline materials

from the known properties of their coarse-grained polycrystalline analogues. Thus,
several groups have observed that nanocrystalline materials exhibit enhanced
oxidation and corrosion resistance compared to their conventional microcrystalline
counterparts [9–12]. In contrast, results obtained in other studies have shown
nanocrystalline materials to have higher rates of dissolution and corrosion [13,14].
The aim of this chapter is to outline the aqueous corrosion research activities

currently being undertaken on nanocrystalline materials, with key results being
extracted and reviewed from publications covering the past few years of research
activity in this area. The chapter will include an outline of the electrochemical
corrosion behavior of nanocrystalline materials, and this will be followed by a more
comprehensive examination of the subject. Ultimately, it is hoped that this chapter
will provide help and encouragement to those research groups currently working
with nanocrystalline materials, hopefully to achieve consistent development of these
products.

7.2
Electrochemical Corrosion Behavior of Nanocrystalline Materials

In general, the corrosion resistance of nanocrystalline materials in aqueous solu-
tions is of major importance when assessing a wide range of potential future
applications. Many of these applications require a good understanding of the corro-
sion properties of the materials as a function of grain size. In contrast to earlier
expectations, that the increased density of grain boundary and triple junction defects
in nanostructures would have a detrimental effect on the overall corrosion perfor-
mance of nanocrystallinemetals, extensive research conducted over the past 15 years
has shown otherwise.
Grain size reduction in nanocrystalline materials has been shown to considerably

improve the corrosion performance for a wide range of electrochemical conditions.
Many of these studies have shown that this is due mainly to the elimination of
localized attack at grain boundaries which, for conventional polycrystalline
materials, is one of the most detrimental mechanisms of degradation. Several
explanations have been given for this effect, including: (i) the solute dilution effect
by grain size refinement; (ii) crystallographic texture changes with decreasing grain
size; and (iii) grain size-dependent passive layer formation [49].
Both, beneficial and detrimental effects of nanostructural formation on corrosion

performance have been reported in the case of nanocrystalline materials. To illus-
trate these conflicting results, mention should first be given first to Jiang and
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Molian [15], who performed laser glazing and alloying ofmicro- and nanoparticles of
TiC on H-13 steel in order to improve the performance and extend the life of die-
casting dies subjected to the harsh environment of repeated heating and cooling
cycles (a 1.5-kW CO2 laser was used to conduct these experiments).
The corrosion/erosion resistance of laser-glazed and alloyed samples was

evaluated in simulated metal casting conditions. Figure 7.1 shows the corrosion
resistance in terms of weight loss per unit area as a function of time in static
melts for samples of as-received, laser-glazed, LSA with 2mm TiC powder,
LSA with 2 mm TiC powder and tempered at 205 �C, and LSA with 300 nm TiC
powder. The as-received specimens (blank) had much lower corrosion resistance
because H-13 steel can dissolve in an aluminum melt to form multilayer interme-
tallic compounds of the form Al4FeSi [16]. Laser glazing had only a small beneficial
effect that could be attributed to the uniform dispersion of secondary carbides. A
change in surface composition is clearly needed in order to obtain substantial
improvements.
Laser-alloyed samples with 300 nm and 2mm powder with tempering provided

the best corrosion resistance, the weight loss being decreased from 3500 to
500mg cm�2 by alloying the steel with nanocrystalline powder. This decrease in
weight loss corresponds to an increase in corrosion resistance of approximately 85%
for the laser-alloyed samples. It is interesting to note that samples laser-alloyed with
2mm powder (without tempering) exhibited an inferior corrosion resistance com-
pared to samples alloyed with 300 nm powder. The improved corrosion resistance is
attributed to the smooth surface, low porosity, and possible ferrite microstructure
achieved with the use of powders of nanocrystalline TiC. For the laser-alloyed
samples with 2mm powder and tempering, the improved corrosion resistance
may also be explained by the stress reduction and uniform morphology from the
tempering process.

Figure 7.1 Weight loss of samples with immersion time in static
A390 melt (weight loss of untreated H13 steel: 3500mg cm�2).
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Pardo and coworkers [17–20] performed extensive studies on the electrochemical
corrosion behavior of nanocrystalline metallic glasses. The influence of Cr concen-
tration on the corrosion resistance of Fe73.5Si13.5B9Nb3Cu1 metallic glass in simu-
lated environments contaminated with SO2 has been studied (0.1M Na2SO4) [17].
The corrosion kinetics has been analyzed using direct current electrochemical
techniques.
Figure 7.2 shows anodic polarization curves corresponding to the amorphous,

crystalline and nanocrystalline materials without Cr, and with 6wt.% Cr. In the
absence of Cr, the nanocrystalline material presented the highest trend to passiv-
ation in the aggressive medium tested, and its anodic polarization curve was at
current densities lower than those observed both for amorphous and crystalline

Figure 7.2 Anodic polarization curves obtained for amorphous,
nanocrystalline and crystalline samples with (a) 0wt.% Cr and (b)
6wt.% Cr in a 0.1M Na2SO4 solution.
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materials. When the materials contained up to 6wt.% Cr, the anodic polarization
curves showed a clear trend to passivation, with the anodic current densities lower
than those obtained for materials in the absence of Cr. Once more, the material in a
nanocrystalline state presented the best anodic behavior because the anodic polari-
zation curve was displaced to the lowest current densities and more noble corrosion
potentials. The nanocrystalline material displayed a number of properties that
justified its high resistance to corrosion. These properties were based on the
equilibrium between a reasonable structural homogeneity, close to that of the
material in an amorphous state, and a lower proportion of internal tensions with
respect to the material in a vitreous state. The latter property was a result of the
preparation process.
The corrosion of amorphous as well as nanocrystalline Zr69.5Cu12Ni11Al7.5

ribbons was studied by means of a salt spray test, and also by potentiodynamic
polarization [21]. Figure 7.3 shows the polarization curves in alkaline solution,
indicating the very similar behavior independent of the microstructure. The salt
spray test leads to the formation of a 4 to 6mm-thick corrosion layer consisting of
partially hydrated zirconium oxide (amorphous or t-ZrO2, A¼ 0.512nm, C¼ 0.525
nm) and Cu(Ni)-crystals (fcc, A¼ 0.37 nm). Glassy alloys are often expected to
exhibit a better corrosion behavior due to the higher homogeneity – that is, the
lack of defects or segregation. Nanocrystalline materials, however, are also relatively
homogeneous. Alternatively, the driving force for the corrosion process should be
smaller for the nanocrystalline material which was formed from an amorphous
precursor material. Only minimal evidence was presented for a slightly higher
corrosion resistance of the nanocrystalline microstructure in the salt spray test.
Cremaschi et al. [22] analyzed amorphous, nanocrystalline and crystalline FeSiB

based alloys by means of the potentiodynamic anodic polarization technique in
alkaline and neutral chloride media, studying in particular the influence on their
corrosion behavior of both pH and the addition of Sn, Cu, Nb, and Al [22]. The
electrochemical behavior of the materials was seen to depend heavily on the pH of
the medium, with generalized corrosion occurring at neutral pH values, as opposed

Figure 7.3 Polarization curves of amorphous and nanocrystalline Zr69.5Cu12Ni11Al7.5.
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to a passive region followed by an abrupt increase in the current in alkaline media.
In contrast, lightly adherent deposits were found on the surface of specimens
containing Nb, regardless of pH. These deposits were rich in O, Nb, Si, and Na,
and were not found on the surface of alloys without Nb. The electrochemical
response was basically the same in both groups of alloys. The structural change
was not reflected by the Uc value, which decreased as the pH rose. The shape of the
electrochemical curve depended on the annealing temperature. A likely explanation
for the formation of passive films underlying the flakes is that hydroxide compounds
grow easily in alkaline media.
Nie et al. [23] have studied the abrasive wear/corrosion properties of Al2O3

coatings fabricated using plasma electrolysis. Figure 7.4 shows the polarization
curves of the �thick� (250 mm) alumina-coated alloy sample and the untreated Al
alloy substrate. Both types of sample were immersed in 0.5M NaCl solution for 1 h,
and 1 or 2 days before the corrosion tests were conducted. A stainless steel AISI 316L
sample was also used in the corrosion test for comparison, and the polarization
corrosion curve plotted (see Figure 7.4). The corrosion potentials, corrosion rates
and anodic/cathodic Tafel slopes (bA and bc) were calculated from these tests after
which, based on the approximate linear polarization at the corrosion potential (Ecorr),
the polarization resistance (Rp) values were determined by the relationship [24]:

Rp ¼ bA � bC=2:3� icorrðbA þ bCÞ ð1Þ

where icorr is the corrosion current density.

Figure 7.4 Potentiodynamic polarization curves of untreated
substrate materials and plasma electrolytic oxidation (PEO)
alumina coatings in 0.5M NaCl solution after different immer-
sion times.
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The corrosion current of the coated Al alloys increased slightly after immersion in
the solution, as the porous surface requiredmore current to fully passivate. However,
the Ecorr and Rp values of the alumina coating showed no significant reduction with
increasing immersion time. Although the value of Rp of the Al substrate after 1 h of
immersion was of the same order as that of the coatings, it was much lower than the
latter after several days of immersion in the corrosion solution. After testing, large
corrosion pits were present on the uncoated aluminum surface. These resulted from
the fact that the corrosion resistance was considerably decreased after the thin pro-
tective oxide film on the uncoated aluminum substrate surface had been broken down
by the corrosion processes. The PEO-coated Al alloys possessed excellent corrosion
resistance in the solution, and considerably better even than the stainless steel.
El-Moneim et al. [25–27] have investigated the effect of grain size corrosion

behavior of nanocrystalline NdFeB magnets in N2-purged 0.1M H2SO4 electrolyte
by in-situ inductively coupled plasma solution analysis, gravimetric and electrochem-
ical techniques, and hot extraction [H]-analysis [25]. Figure 7.5 shows the corrosion
rates of the magnets with average grain sizes of 100 and 600 nm as a function of
immersion time in N2-purged acid solution at a sample rotation speed of 720 rpm.
The corrosion rates presented represent the sum of partial dissolution rates of
magnet components measured instantaneously during immersion in the test solu-
tion using on-line inductively coupled plasma (ICP) solution analysis (Figure 7.5).
It should also be noted that the corrosion rate of the annealed NdFeBmagnet with

a mean grain size of 600 nm was significantly lower than that of hot-pressed sample
with 100 nm grain size. This indicates a beneficial effect of grain growth on the
corrosion resistance of these magnets. This fact is further confirmed by the data in
Figure 7.6, which summarizes the corrosion rates estimated gravimetrically after

Figure 7.5 Corrosion rates measured by ICP solution analysis for
NdFeB magnets with grain sizes of about 100 and 600 nm in
N2-purged H2SO4 at 25 �C and 720 rpm as a function of im-
mersion time.
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immersion for 1 and 10min in 0.1MH2SO4 solution at 720 rpm, as a function of the
mean average grain size of the ferromagnetic phase. It is clear that the corrosion
rates of NdFeB magnets generally decreases as the grain size of the matrix phase
increases. Such corrosion inhibition with grain growth is attributed to the observed
change inmicrostructure upon annealing; that is, the heterogeneity and reduction in
volume fraction of the Nd-rich intergranular phase.
Isotropic nanocrystalline Nd14Fe80B6 and Nd12Dy2Fe73.2Co6.6Ga0.6B5.6 magnets

with different grain sizes ranging from 60 to 600 nm have been produced frommelt-
spunmaterials by hot pressing at 700 �C, and subsequent annealing at 800 �C for 0.5
to 6 h [26]. Partial substitution of Fe with Co and Ga leads to an improvement in
corrosion resistance, and also reduces the affinity and binding energy for hydrogen
in thesematerials. A coarsening of themicrostructure results in thematerials having
a better corrosion performance.
Alloying additions (Co and Ga) and annealing have been used to clarify the

corrosion property–microstructure relationships of nanocrystalline NdFeB magnets
in 0.1M H2SO4 solution, with the following conclusions being drawn:

. Additions of Co and Ga to nanocrystalline NdFeB magnets modify the composi-
tion of constituent phases and refine the microstructure. Further, annealing at
800 �C for various times leads to grain growth and heterogeneity of the
microstructure.

. Nanocrystalline magnets with Co and Ga additions exhibit a lower absorption of
corrosion hydrogen, though their surface activity for hydrogen reduction is in-
creased. This effect provides an additional aspect explaining the beneficial effect
of Co and Ga to the corrosion resistance. The beneficial roles of Co and Ga
additions can, in general, be attributed to: (i) decreasing the electrochemical
potential difference between intergranular phases and matrix phase with a
consequence reduction of the strength of galvanic corrosion; (ii) retarding the

Figure 7.6 Changes in the corrosion rates measured gravimet-
rically after 1 and 10min of magnet immersion in N2-purged
H2SO4 at 25 �C and 720 rpm as a function of the mean average
grain size of ferromagnetic phase.
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diffusion of hydrogen through Co- and Ga-modified intergranular phase regions;
and (iii) enhancing the rate of the adsorbed hydrogen atoms recombination on the
magnet surface.

The corrosion behavior of nanocrystalline (Ni70Mo30)90B10 alloys prepared by
crystallization from the amorphous state was studied and compared with that of
their amorphous and coarse-grained counterparts by Alves et al. [28]. The potentio-
dynamic polarization curves of these coarse-grained alloys, measured in a de-aired
0.8M KOH solution at room temperature, are shown in Figure 7.7.
The (Ni70Mo30)90B10 alloys achieve their corrosion resistance by the formation of

an oxide passive layer, as shown in the polarization curve presented in Figure 7.7.
Amorphous and nanocrystalline alloys exhibit very similar performance, character-
ized by a good passive behavior with low critical passivation current density as well as
low passive current density. Thus, in terms of corrosion resistance, no significant
change is observed when the melt-spun amorphous material crystallizes into a very
fine nanocrystalline microstructure (upon annealing at 600 �C for 1 h) [28].
The high corrosion resistance of amorphous alloys has been partly attributed to

the absence of crystal defects, which could act as initiation sites for corrosion.
Metallic glasses are well known for their improved corrosion resistance arising
from its chemically homogeneous single-phase nature without compositional fluc-
tuations and crystal defects [29,30].
A study conducted by Zander and Köster [31] on the corrosion of nanocrystalline

Zr69.5Cu12Ni11Al7.5 ribbons involved an investigation similar to that with an amor-
phous precursor, using a salt spray test in 5%NaCl solution (pH 6.5). Both, scanning
electron microscopy (SEM) (Figure 7.8) and transmission electron microscopy
(TEM) (Figure 7.9) investigations showed the presence of a nanocrystalline passive
layer with grain sizes of about 10 nm and few amorphous areas compared to

Figure 7.7 Polarization curves of amorphous, nanocrystalline
and coarse-grained (Ni70Mo30)90B10 alloys in 0.8M KOH; sweep
rate 20mVmin�1.
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Zr69.5Cu12Ni11Al7.5, which formed mainly an amorphous passive layer. Electron
diffraction measurements of the nanocrystalline passive layer also revealed the
pattern of the unknown fcc phase, with a lattice parameter of a¼ 0.37 nm (probably
Cu(Ni,Al) solid solution) similar to that formed on the amorphous counterpart.
Elkedim et al. [32] compared the mechanically activated field-activated pressure

assisted synthesis (MAFAPAS) FeAl corrosion behavior with that of a bulk material
obtained by extrusion at 1000 �C of the milled FeAl powders (Figure 7.10). The
as-extruded material had a sub-micrometer grain size in the range of 700 to 800 nm
(Fe–40Al alloy). Globally, a better corrosion resistance was observed in the case of the
MAFAPAS iron aluminide, and in particular the nanocrystallinematerial exhibited a
good passive behavior with a low passive current density.
The enhancement of corrosion resistance has been attributed to the larger fraction

of the interphase boundaries and the fast diffusion character of the nanocrystalline
materials. It is due to the fast diffusion effect that a large amount of Al will

Figure 7.8 Corrosive layer on nanocrystalline Zr69.5Cu12Ni11Al7.5
after salt spray test (cross-sectional fracture surface; SEM image)
[33].

Figure 7.9 Passive film observed on a nanocrystalline
Zr69.5Cu12Ni11Al7.5 ribbon after salt spray test [33]. (a) TEM
image; (b) electron diffraction pattern.
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accumulate on the surface of the samples to form a protective film. Indeed, it
has been reported that the presence of aluminum has a significant effect on the
corrosion properties of iron by improving its ability to form a passive film in sulfuric
acid [33].
Gang et al. [34] compared the potentiodynamic polarization curves of the nano-

crystalline high-velocity oxy-fuel (HVOF) FeAl coatings with that of a massive FeAl
sample obtained by extrusion of the same milled powders (Figure 7.11). All curves
exhibited a typical active–passive–transpassive behavior as the potential increased,
with all curves also showing a passive region consisting of two domains.
In terms of corrosion, when compared to the as-extruded material, the nanocrys-

talline coatings exhibited globally the same active–passive–transpassive behavior,
but a poorer corrosion resistance. However, the latter finding, when compared to
bulk materials of the same nature, was not very surprising and was consistent with
the results from other studies of various metals such as stainless steel, titanium, and
nickel-based alloys. The roughness and connecting porosity generate a higher
surface area in contact with the solution, and this is responsible for the higher
current densities seen for sprayed deposits compared to bulk materials that are free
of porosity.
Figure 7.12 shows the potentiodynamic polarization curves for the Fe–10Cr cast

alloy and the nanocrystalline coating in 0.05MH2SO4þ 0.25M Na2SO4 solution, as
reported by Meng et al. [35]. Fe–10Cr nanocrystalline coatings with a grain size of 20
to 30 nm were synthesized on glass substrates by magnetron sputtering.

Figure 7.10 Polarization curves comparing the corrosion be-
havior of nanocrystalline (relative density 99%) MAFAPAS FeAl
with a bulk Fe–40Al in 0.5M H2SO4. Curve 1: nanocrystalline
MAFAPAS FeAl. Curve 5: as-extruded FeAl.
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The nanocrystalline Fe–10Cr was seen to have a higher icorr, a lower imax and a
lower ip than did the Fe–10Cr cast alloy, yet both materials had similar values of Etr.
This suggests that, for nanocrystalline Fe–10Cr, the active dissolution was acceler-
ated, and the passivation ability and chemical stability of the passive film were
improved compared to those for Fe–10Cr cast alloy. Compared with the Fe–10Cr

Figure 7.11 Potentiodynamic polarization curves comparing the
corrosion behaviors of three HVOF coatings (curves 1, 2, and 3
for the coatings 1, 2, and 3, respectively) with an extruded FeAl
sample (curve 4).

Figure 7.12 Potentiodynamic polarization curves for the Fe–10Cr
nanocrystalline coating and the cast alloy in 0.05M H2SO4þ
0.25M Na2SO4 solution.
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cast alloy, the active dissolution of the nanocrystalline Fe–10Cr coating was acceler-
ated; Cr was more easily enriched in the passive film due to the large number of
metal grain boundaries, which supply diffusion paths for Cr to the surface, and
therefore it was more easily passivated. The passive films on both materials were
n-type semiconductors in acidic solution without Cl�, and p-type semiconductors in
acidic solution with Cl� [35].
Wang et al. [36] studied the electrochemical corrosion behavior of nanocrystalline

Co compared with coarse-grained (CG) Co coatings in different corrosion media
characterized using potentiodynamic polarization testing, electrochemical imped-
ance spectroscopy (EIS), and X-ray photoelectron spectroscopy (XPS).
The typical anodic potentiodynamic polarization of nanocrystalline and CG Co

coatings in 10wt.% NaOH and 10wt.% HCl solutions are shown in Figure 7.13a
and b. Although a typical active–passive–transpassive–active behavior can be clearly
observed in nanocrystalline Co in NaOH solution, only active behavior without
passivation was displayed in HCl solution.

Figure 7.13 Polarization curves of nanocrystalline Co and coarse-
grained Co measured in (a) 10wt.% NaOH and (b) 10wt.% HCl
solutions, respectively.
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The results indicated that nanostructure enhances both the formation of passive
films and the stability of the passive film on Co coatings, and this was consistent with
previous results obtained with nanocrystalline Fe–Cr coatings [37]. Thus, it may be
concluded that the corrosion resistance of nanocrystalline Co coatings in NaOH
solution was greatly enhanced with a reduction of grain size due to the formation of
stable Co(OH)2/Co3O4 duplex passive films. However, in HCl solution – where no
obvious passive phenomena occurred – nanocrystalline Co coatings exhibited a
much higher corrosion current density and lower corrosion resistance compared
to CG Co coatings.
The corrosion properties of micro- and nanocrystalline Co and Co–1.1 wt.% P

alloys were studied in de-aired 0.1M H2SO4 solution using open-circuit potential
measurement, polarization tests, AC impedance measurements and XPS, by Jung
and Alfantazi [38]. Figure 7.14 presents the typical potentiodynamic polarization
curves of micro Co, nano Co and nano Co–1.1P in de-aired 0.1M H2SO4 solution,
with all samples exhibiting active dissolution but without any distinctive transition to
passivation up to �0.1 VSCE.
In comparison to that of nanocrystalline (nano) Co, the anodic polarization

curve of nano Co–1.1P shifted to a more positive value of potential, and lowered
the anodic dissolution rate to �0.1 VSCE. The overpotential for H2 evolution also
decreased, and the cathodic reaction rates increased rapidly upon increasing the
cathodic potential.
Thus, it can be concluded that the effects of P for nano Co–1.1P on the hydrogen

evolution reaction are more significant than grain size reduction. This is also con-
sistent with the anodic behavior. Considering that the grain size of nano Co–1.1P
(10 nm) is smaller than that of nano Co (20 nm), the anodic dissolution kinetics for
nano Co–1.1P would be expected to increase. However, an addition of P content led
to a positive shift of Ecorr of some 59mV, and the anodic dissolution rates were

Figure 7.14 Potentiodynamic polarization curves of micro Co,
nano Co and nano Co–1.1P alloys in de-aired 0.1M H2SO4 so-
lution (scan rate¼ 0.5mV s�1).
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significantly reduced compared to that of nano Co. Therefore, it may be concluded
that P content plays a more important role than grain size reduction in the corrosion
behavior of nano Co–1.1P.
Figure 7.15 shows SEM images of the corroded surfaces ofmicro Co, nano Co and

nano Co–1.1P after potentiodynamic polarization scans in 0.1M H2SO4. As shown
in Figure 7.15a, the micro Co corroded extensively along the grain boundary and
triple junctions, whereas nano Co exhibited relatively uniform corrosion and the
corroded surface retained the grinding marks. Such examination of corrosion
morphologies showed that the detrimental preferential grain boundary attack was
largely eliminated by nanoprocessing.
The electrochemical corrosion behavior of the nanocrystalline coating and bulk

steel in solutions of 0.25M Na2SO4þ 0.05M H2SO4 and 0.5M NaClþ 0.05M
H2SO4 was investigated by using potentiodynamic polarization, potentiostatic po-
larization, and AC impedance techniques [39].
A nanocrystallized 309 stainless steel (309SS) coating has been fabricated on a

glass substrate by DC magnetron sputtering. The coating, which had an average
grain size of less than 50 nm, had a ferritic (bcc) structure rather than the austenitic
(fcc) structure of the bulk steel.

Figure 7.15 SEM images of the corroded surfaces of: (a) micro
Co; (b) nano Co; (c) nano Co–1.1P after potentiodynamic
polarization scan in de-aired 0.1M H2SO4.
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In Na2SO4 solution (Figure 7.16a), three corrosion potentials – at which the anodic
current density is equal to the cathodic current density – exist in the active, active–
passive and passive regions, respectively. The three corrosion potentials for bulk
steel revealed that it was an unstable, passive system, while the nanocrystalline
coating, directly entering the passive region under the applied potential, showed
excellent passivation ability. The current densities, which increased dramatically
with a potential at approximately 0.9 VSCE for the two materials, should be attributed
to the oxygen evolution reaction. Thus, the good localized corrosion resistances of
these twomaterials is clear. For the bulk steel, such resistance is attributed to its high
resistance to the breakdown of its passivity by sulfate anions [40], and its high Cr

Figure 7.16 Potentiodynamic polarization plots of the nano-
crystalline (NC) coating and bulk steel in (a) Na2SO4 and (b) NaCl
solution.
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content. The nanocrystalline coating showed a slightly better corrosion behavior due
to its nanocrystalline microstructure.
A major difference was found between the electrochemical behavior of the

nanocrystalline coating and bulk steel in NaCl solution (Figure 7.16b). The nano-
crystalline coating not only displayed a much wider passive region than the bulk
steel, but also exhibited no pitting corrosion – unlike the bulk steel, which had a
pitting potential of approximately 0.08VSCE. This distinct difference in pitting
resistance may not be related to the different lattice structure, however, because
ferritic stainless steel usually exhibits a lower breakdown potential than austenitic
stainless steel of the same Cr content [41]. Consequently, it is believed that the
nanocrystallization structure rather than the lattice structure is responsible for this
observed difference.
Potentiodynamic polarization, electrochemical impedance spectroscopy, and

SEM were each employed to characterize the corrosion behavior of the sputtered
nanocrystalline Cu–20Zr films and the corresponding cast Cu–20Zr alloy in HCl
aqueous solutions of various concentration (0.1, 0.5, and 1.0mol L�1) [42].
Figure 7.17a–c shows, respectively, the potentiodynamic curves of the nanocrys-

talline Cu–20Zr films and the corresponding cast alloy in 0.1, 0.5, and 1.0M HCl
solution. As seen from Figure 7.17, this illustrates qualitatively that the anodic
dissolution process of Cu–20Zr alloy was clearly retarded by nanocrystallization.
In other words, the nanocrystalline Cu–20Zr film has an improved corrosion resis-
tance compared with the cast Cu–20Zr alloy.

Figure 7.17 Potentiodynamic polarization curves of the nano-
crystalline Cu–20Zr films and the cast Cu–20Zr alloy in (a) 0.1M,
(b) 0.5M, and (c) 1.0M HCl solution.
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Figure 7.18 shows the SEM images of the corroded surfaces of nanocrystalline
Cu–20Zr films and cast Cu–20Zr alloy in the potential range for simultaneous
dissolution of Cu and Zr. In the case of the nanocrystalline Cu–20Zr films, a
corrosion product layer covers its surface. Energy dispersive X-ray (EDX) analysis
of the corroded surface of the nanocrystalline Cu–20Zr films indicated that the
corrosion product was a copper–chloride complex.
The results showed the corrosion resistance of the sputtered nanocrystalline

Cu–20Zr films to be superior to that of the cast Cu–20Zr alloy. This improvement
in corrosion resistance through nanocrystallization is explained by: (i) the formation
of a continuous Cu-rich layer at the corrosion potential; and (ii) the formation of a
copper–chloride complex layer in the potential range for simultaneous dissolution of
Cu and Zr [42].
Further investigations were dedicated the corrosion of nanocrystalline nickel and

its alloys [43–48]. For example, Wang et al. [43] studied the effects of grain size
reduction on the electrochemical corrosion behavior of nanocrystalline Ni produced
by pulse electrodeposition. Potentiodynamic polarization testing, electrochemical
impedance spectroscopy and X-ray photoelectron spectroscopy were used to confirm
the electrochemical measurements and the suggested mechanisms.
The grain size distribution was determined from TEM dark-field images by

measuring approximately 500 grains, yielding average grain sizes of 250 nm, 54 nm,
and 16 nm. Figure 7.19 typically presents the bright-field image, dark-field image,

Figure 7.18 SEM images of (a) nanocrystalline Cu–20Zr film and
(b) cast alloy after potentiodynamic polarization in 0.1M HCl
solution.
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electron diffraction pattern and grain size distribution of a nanocrystalline Ni coat-
ing with an average grain size of 16 nm. The first four rings in Figure 7.19c represent
(1 1 1), (2 0 0), (2 2 0) and (3 1 1) of the nanocrystalline Ni coating, respectively. An
analysis of the pattern verified a single-phase, face-centered cubic Ni structure.
Typical anodic potentiodynamic polarization curves of electrodeposited Ni coat-

ings with different grain size, measured in 10wt.%NaOH solution, are presented in
Figure 7.20a, together with magnifications of anodic Tafel curves in the passive
range for nanocrystalline Ni coatings (Figure 7.20b). Based on the data in
Figure 7.20b, a typical passivation behavior can be clearly observed in nanocrystal-
line Ni coatings in which the electrode is anodically polarized to a more positive
potential, whereas the value of the corresponding current remains limited. Origi-
nally, it was considered that passivation of the electrode in the potential range of
�200mV to 300mV, involved water molecules which were adsorbed onto the
electrode surface, and the formation of Ni(OH)2 passive films.
The XPS analysis (Figure 7.21) indicated that the passive film formed on the

nanocrystalline Ni was composed of stable and continuous Ni hydroxides.

Figure 7.19 Bright-field (a) and dark-field (b) TEM images
with electron diffraction pattern (c) and grain size distribution
(d) of nanocrystalline nickel coating (with 16 nm average
grain size).
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The corrosion resistance of NC Ni is believed to be improved by the rapid forma-
tion of continuous Ni hydroxide passive films at surface crystalline defects, and the
relatively higher integrity of passive films as a result of the smooth and protective
nature of the passive films formed on nanocrystalline Ni coatings [43].
Liu et al. [46] reported the electrochemical corrosion behaviors of Ni-based su-

peralloy nanocrystalline coating fabricated by a magnetron sputtering technique.
The potentiodynamic polarization curves for the Ni-based superalloy nanocrystalline
coating and cast superalloy in 0.25M Na2SO4þ 0.05M H2SO4 and 0.5M
NaClþ 0.05M H2SO4 solutions are shown in Figure 7.22. In Na2SO4 acidic solu-
tion, the nanocrystalline coating and cast superalloy were able to passivate under a
certain potential. Although the Ecorr and the breakdown potential of the nanocrystal-
line coating and the cast superalloy were similar, the minimum passive current
density (ipass) of the coating was only slightly larger than that of the cast alloy.
Subsequently, the passive film formed on the nanocrystalline coating proved to be
less stable than that of the cast alloy.

Figure 7.20 (a) Polarization curves of Ni coatings with different
grain size measured in 10wt.% NaOH solution. The ellipse
highlights (b) a magnification of the anodic Tafel curves in the
passive range for nanocrystalline Ni coatings (16mm).
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A major difference was identified between the electrochemical behavior of
the nanocrystalline coating and the cast alloy when in NaCl acidic solution.
Here, the nanocrystalline coating showed a much more positive breakdown poten-
tial and a wider passive region compared to the cast alloy, while the minimum
passive current density (ipass) of the cast alloy was one magnitude larger than that
of the nanocrystalline coating. The results indicated that the nanocrystalline coating
was less susceptible to chloride ion corrosion than was the cast alloy.
The corrosion behavior of electrodeposited nanocrystalline, ultra-fine grained and

polycrystalline copper foils was studied in 0.1M NaOH solution by Yu et al. [49].
Figure 7.23 shows the typical potentiodynamic polarization curves for the electro-
deposited and commercially available electronic-grade cold-rolled annealed polycrys-
talline (EG-CRA). All samples displayed a typical active–passive–transpassive
behavior, with the formation of a duplex passive film.

Figure 7.21 Deconvolution of the XPS spectra of Ni 2p3/2 and
O1s acquired from the nanocrystalline Ni after anodic poten-
tiodynamic polarization followed by additional 15min potentio-
static polarization in 10% NaOH solution.
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The results showed that both, electrodeposited copper foils with grain sizes
ranging from 45nm to 1mm and conventional polycrystalline cold-rolled annealed
copper foil, displayed an active–passive–transpassive corrosion behavior in 0.1M
NaOH (pH 13). The general shape of the potentiodynamic polarization curves was
not affected by grain size reduction to the nanocrystalline range. A similarly fine,
needle-like corrosion product morphology was observed for all copper foils.
Later, Luo et al. [50] studied the corrosion behavior of nanocrystalline copper

bulk prepared by inert gas condensation and in-situ warm compress (IGCWC).
Figures 7.24 and 7.25 show typical anodic polarization curves obtained from
coarse-grain, nanocrystalline and annealed nanocrystalline copper samples, respec-
tively. The electrochemical data measured in these investigations are listed in

Figure 7.22 Potentiodynamic polarization plots of the cast alloy
(&) and the nanocrystalline coating (*). (a) 0.25M Na2SO4þ
0.05M H2SO4; (b) 0.5M NaClþ 0.05M H2SO4.
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Table 7.1. The curves were seen to demonstrate qualitatively similar behavior, but
with different values of their electrochemical data. In comparison with coarse-grain
copper, nanocrystalline copper exhibited a lower corrosion resistance. The primary
passive potential Ecr of nanocrystalline copper (Enc

cr ¼ 1.00 V) was more negative
than that of coarse-grain copper (Ec

cr ¼ 1.26 V), which indicated that the former was
easier to passivate than the latter. It is evident that nanocrystalline copper exhibits a
lower activation energy for passivation than does coarse-grain copper. The critical
current density for passivity Icr of nanocrystalline copper (Inccr ¼ 158mAcm�2) was
much greater than that of coarse-grain copper (Iccr ¼ 104mAcm�2), indicating
that the nanocrystalline structure enhanced the kinetics of anodic dissolution that
resulted in a greater dissolution rate for nanocrystalline copper. The passive current

Figure 7.23 Effect of grain size on potentiodynamic polarization
curves obtained in de-aired 0.1M NaOH at pH 13.

Figure 7.24 Anodic polarization curves of coarse-grain copper
and nanocrystalline copper.
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density Ip of nanocrystalline copper (Incp ¼ 70mAcm�2) was greater than that of
coarse-grain copper (Icp ¼ 50–60mAcm�2). It can be deduced that the passivation
film formed on the surface of nanocrystalline copper had lower protection char-
acteristics than that of coarse-grain copper. The transpassive potential ETP of nano-
crystalline copper (Enc

TP ¼ 5.0 V) was more negative than that of coarse-grain copper
(Ec

TP ¼ 5.7 V), indicating that the passivation film formed on nanocrystalline copper
was of lower stability than that formed on coarse-grain copper. In addition to that for
nanocrystalline copper, the corrosion behavior is seen to be greatly affected by
reducing the average grain size to the nanocrystalline range [51] and by defects,
such as micro-gaps, produced in the preparation of nanocrystalline copper bulk.
With the grain size increasing, the Ecr and ETP values of nanocrystalline copper also
rise, while the Icr value decreases, as studied in 0.1M CuSO4þ 0.05M H2SO4

solution.

Figure 7.25 Anodic polarization curves of nanocrystalline copper
with different grain size.

Table 7.1 Anodic polarization experimental results for copper samples.

Sample

Critical current
density for
passivity,
Icr (mA cm�2)

Passive
current
density,
Ip (mA cm�2)

Transpassive
potential,
ETP (V)

Primary
passive
potential,
Ecr (V)

Passive
potential
range,
Wp (V)

Nanocrystalline
copper - 21 nm

158 70 5.0 1.00 2.0–5.0

Nanocrystalline
copper - 42 nm

144 60 4.3 1.17 2.0–4.3

Nanocrystalline
copper - 58 nm

125 60–70 5.6 1.24 2.5–5.6

Coarse-grain
copper

104 50–60 5.7 1.26 2.5–5.7
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Finally, compared to coarse-grain copper, nanocrystalline copper showed a
decreased resistance to corrosion which was mainly attributed to the high activity
of surface atoms and intergranular atoms. The high activity of surface atoms and
intergranular atoms, resulting from the reduction in grain size, led to an enhance-
ment of passivation ability and an increase in dissolution of the passive film. In
addition to defects such as micro-gaps, produced during the fabrication of nano-
crystalline samples, there weremajor effects on the overall corrosion performance of
the nanocrystalline sample.

7.3
Conclusions

This chapter has highlighted the electrochemical corrosion of nanocrystalline
materials, with some authors having reported that nanocrystalline materials exhib-
ited a relatively improved corrosion resistance. Alternatively, results obtained in
other studies suggested that nanocrystalline materials had relatively higher dissolu-
tion and corrosion rates than their conventional, coarse-grained counterparts. A
numbers of reports had also demonstrated that there were no significant differences
in corrosion behavior between nanocrystalline materials and their conventional
counterparts. Clearly, a better understanding of the corrosion mechanism of nano-
crystalline materials, within various environments, is required to explain these
seemingly contradictory results.
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8
Nanoscale Engineering for the Mechanical Integrity of Li-Ion
Electrode Materials
Katerina E. Aifantis and Stephen A. Hackney

8.1
Introduction

Portable power technology plays a key role in the advancement of electronic devices
required by modern civilization. Lap-top computers, cellular phones and most
portable electronic memory devices require the use of rechargeable batteries. Such
batteries have also found use in biomedical devices, including pacemakers and
implantable defibrillators. Thus, research focused on the development of recharge-
able, high-energy density power sources continues to be driven by technological and
commercial applications.
Although various types of battery chemistries exist – such as nickel–metal hydride

(Ni-MH) and nickel–cadmium (Ni-Cd) – lithium (Li) ion batteries are the dominant
force as they have significant advantages in energy density. The large volumetric and
gravimetric energy densities exhibited by Li-ion batteries allow their volume and
mass to be reduced by 20% and 50%, respectively, as compared to other battery
chemistries; in fact, a Li battery can provide three times the voltage of a Ni-Cd or Ni-
MH battery. Furthermore, the self-discharge rate of Li batteries is very small over a
long period of time, which makes them extremely reliable, while their operating
voltage allows a reduction in the number of batteries required to operate a device. All
of the aforementioned properties contribute to the miniaturization of electronic
devices. Finally, it should be mentioned that – unlike other battery base materials
(Cd, Ni) – Li is non-toxic and, as opposed to Ni-Cd batteries, Li-batteries have no
memory effect. Moreover, the charging capacity (total time integrated battery current
per mass) is not reduced by repeatedly charging and discharging to insufficient
levels, and therefore partial charging is possible (the discharging process takes place
during the operation of the respective electronic device).
Onemajor technological barrier to improvements in energy density and reliability

of the Li-ion battery systems is related to the stability of the anode and cathode
materials. One of the reasons that Li-ion chemistries exhibit high energy densities
is because of the relatively high cell voltage. This means that there is a large
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thermodynamic driving force which enables the transport of Li ions from the
negative to the positive electrode on discharge, and that relatively large voltages
must be applied to fully recharge the battery. The thermodynamic instability of the
Li-ion battery chemistries results in materials reliability issues that continue to be
addressed bymultiple investigators. The goals of this type of research are to improve
the storage life and cycle life of Li-ion batteries, while reducing cost andmaintaining
or improving the energy density.
The reliability issues of electrode materials used in Li-ion systems appear to be

related to both mechanical and chemical instabilities. In this chapter, experimental
evidence of mechanical instabilities and the development of nanocomposite struc-
tures that mitigate this effect will be examined. Moreover, the limiting behavior
of the mechanical integrity of the nanocomposite structures will be examined
using a fracture mechanics approach. It is proposed that such an approach can
provide additional design criteria for nanocomposite structures, and allow a prelim-
inary study of the relationship between capacity and mechanical stability as a ma-
terials design criteria of nanocomposite structures.

8.2
Electrochemical Cycling and Damage of Electrodes

The loss of capacity during the electrochemical cycling of secondary Li-ion batteries
has been attributed to a variety of materials instabilities (an electrochemical cycle
consists of a complete charge and discharge process). There has been much consid-
eration of the chemical instabilities between the electrolyte and the electrode
materials, but in these investigations the mechanical integrity of the electrode
materials shall be the main consideration. The mechanical forces which are at
issue are associated with the volume change of the electrode material as it reacts
with Li (lithiation), and as Li is removed from the electrode material (delithiation).
Therefore, before examining the particulate material chemistries that are used in
Li anodes and cathodes, the mechanical response of metals upon the formation of
Li alloys will be illustrated.

8.2.1
Fracture Process of Planar Electrodes

The structural damage of Li-ion battery electrodes is considered to play a significant
role in their electrochemical properties (also known as �cyclability� and �capacity�).
Therefore, we will examine the available literature with regards to the structural
effects of stress during electrochemical cycling. Here, the coupling between elec-
trochemical cycling and mechanical damage (or fracturing) in a simple planar
geometry will be examined. Beaulieu et al. [1] electrochemically cycled anodes
comprised of a SiSn thin film (active material) deposited on an inactive Cu film,
each of which was sputtered in turn on a stainless steel substrate. These thin-film
electrodes were cycled versus Li, and therefore act as the positive electrode.
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In Figure 8.1, the damage effects of electrochemical cycling SiSn/Cu anodes are
shown [1]. Figure 8.1a depicts the film prior to cycling (the scratches were made by a
razor as markers to monitor mechanical deformation), while Figure 8.1b shows the
film after complete lithiation (i.e., when Li has been added); the SiSn alloy reacts
with Li, while the Cu is inert. The authors reported no difference between the two
micrographs, which leads to the conclusion that the film expands solely at the out-of-
plane direction during the first discharge. Figure 8.1c is taken after 1 h during the
first charge (i.e., Li de-insertion) when, as the Li is removed, the film shrinks and
cracks; the crack width continues to expand as Li is fully removed (Figure 8.1d). In
order to visualize the microstructure better, Figure 8.1e is taken at higher magnifi-
cation to show that the active material �islands� created by fracture are in the order
of 100 mm. Then, upon re-charging the anode (i.e., Li is inserted into the SiSn alloy),
Figure 8.1f is observed. Surprisingly, Figures 8.1f and b appear almost identical,

Figure 8.1 Experimental evidence on electrochemical cycling a
SiSn thin film. (a) Before cycling begins; (b) after first discharge;
(c) at 1 h during the first charge; (d) after complete first charge;
(e) greater magnification of microstructure after complete
discharge; (f) after second discharge. (Reproduced from Ref. [1].)
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which implies that as Li is inserted the fractured active particles expand such that the
cracks close up. In particular, it is noted that fracture occurs only once, during the
first charge (i.e., during the first time Li is removed). The planar electrode can then
be continuously cycled (i.e., the active material expands and contracts reversibly),
without further cracking. In this connection it should be mentioned that it has been
shown in Ref. [1] that 30 mm-wide flakes with 1 to 8mm thickness can expand and
contract up to 100% during cycling, without noticeable damage. In this connection it
should be noted that scanning electronmicroscopy (SEM) images of SnSb and SnAg
electrodes taken after 150 electrochemical cycles look similar to those taken after the
first few cycles [2]. This also verifies the fact that severe damage takes place initially,
and a stable morphological configuration is approached in the long run.
It should be emphasized here that the aforementioned SnSi film, after a dis-

charge/charge cycle, resembles a dry lake bed fracture that occurs as the mud at
the bottom of an empty lake bed begins to dry (Figure 8.2) [1]. Numerous experi-
ments and theoretical investigations [3,4] have been conducted on dry lake bed
fracture processes, a consideration of which allows us to explain how, even though
fracture occurs in the thin film, it remains in electrical contact with the remainder of
the electrode – that is, how the SiSn remains in contact with the Cu, and hence the
substrate. In Ref. [1], it was reported that during Li de-insertion (from the SnSi films)
the same sequence of events that occurs during the drying of �mud� takes place.
The initial effect that Li removal has is the formation of a series of cracks, which
create separate �flake-like� particles. Subsequent Li removal results in a shrinkage of
these flake-like particles. It should be noted that, during shrinking, the center of the
particles remains fixed, and hence remains firmly attached to the substrate, whereas
the edges move with respect to the substrate. With their center being firmly con-
nected with the substrate, electron transfer is possible and hence the electrochemical
cycle can be completed. Therefore, even though fractured, the film is able to expand
and contract repeatedly and respond to the applied voltages.

Figure 8.2 (a): Optical micrograph of a Li alloy film after
expansion and contraction due to electrochemical cycling.
(b): Cracked mud in a dry lake bed bottom. (Reproduced
from Ref. [1].)
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The volume expansion of the SiSn film upon full lithiation is over 200%. This is
expected to produce significant compressive stresses within the SiSn film. The
magnitude of these stresses has been predicted in Ref. [5] for an infinitely thick
substrate as

s ¼ �B
DV
3V

ð1Þ

where s is the stress, DV is the volume change, and B is the biaxial elastic modulus
of the film. Based on the experimental results of Beaulieu et al. [1], these compressive
stresses are expected to cause plastic deformation of the active material during
lithiation. The compressive nature of the stress prohibits crack opening. However,
when the Li is removed, the plastically deformed film witnesses a tensile stress
which approximates the magnitude of the initial compressive stress. Fracture of the
film is expected when this tensile stress exceeds the critical fracture stress [5]:

sfracture ¼ K1cffiffiffiffiffiffi
ph

p ð2Þ

where K1c is the fracture toughness of the material and h is the active film thickness.
It should be noted that the resistance to fracture increases as the film thickness

decreases; this occurs because, as the volume of the film decreases, there is less
strain energy available to do the work of creating a crack. Huggins and Nix [5] make
the argument that this result rationalizes the experimental observations of Ref. [6],
the authors of which showed that the cycle life of Sn particles increases as the
particle size decreases. This rationalization involves the assumption that the strain
energy in the particles induced by lithiation and delithiation will not exceed the
energy required to form a crack in the smaller particles. This argument is examined
in a more quantitative manner in the following section.

8.2.2
Electrochemical Cycling of Particulate Electrodes

Many commercial electrodes consist of a porous structure formed by an agglomera-
tion of powders consisting of a hard, active material powder and a soft, conductive
binding material. These types of electrodes may have a significant thickness while
maintaining a high surface area for contact with the electrolyte, thus providing
advantages for the kinetics of the charge and discharge process. Upon electrochemi-
cal cycling both the anode and the cathode react to form compounds or alloys with
the diffusing Li ions [7–10], and thus undergo a volume change during charge
and discharge, as was discussed for the planar thin-film anodes in Section 8.2.1.
For a pure metal anode material in a porous electrode, such as Sn and Si, the
volume change can be as much as 300%. Huggins and Nix [5] have suggested that
this volume change variation through the thickness of the particle results in stresses
large enough to fracture the particle, leading to the observed change in particle
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morphology during the first few cycles [2]. Volume changes are also known to occur
in cathode porous electrodematerials during charging and discharging, and this has
recently been the topic of an extensive theoretical study related to the situation in
which the porous cathode consists of individual LiMn2O4 particles.
Thus, it is apparent that stress-induced decrepitation of active material particu-

lates is a problem which influences the electrochemical properties of both the anode
and the cathode in Li-ion batteries. However, the most detailed investigations of the
role of stress and dimensional changes have been carried out for LiMn2O4materials,
and these will be used as an example of particulate active material that degrades as a
result of stress-induced fracture.
The compound, LiMn2O4, is a cubic spinel oxide that can be used in the positive

electrode and can be charged to cubic Mn2O4. The full discharge of Mn2O4 to a
composition Li2Mn2O4 creates a tetragonal structure. The insertion of Li in Mn2O4

to full discharge gives a 14% volume increase, while the charge from Li2Mn2O4 to
Mn2O4 gives a 14% volume decrease [8]. Thus, the particles which are partially
charged such that Mn2O4 is present on the oxide particle surface and Li2Mn2O4 is
present in the particle interior, will exhibit a significant volume misfit between the
interior and exterior.
To the present authors� knowledge, the LiMn2O4 system is the only Li-ion cathode

material in which the dimensional changes during electrochemical cycling and the
associated topology have been studied experimentally at the nanoscale [12–16].
Figure 8.3 shows crystal morphologies of parent and electrochemically cycled
LiMn2O4 particles (which can be used as the Li insertion material, in the cathode),

Figure 8.3 Crystal morphologies of the parent and cycled
LiMn2O4 (4.2 V–3.3 V) samples. The initial morphology for the
uncycled powder particles consists of single or bi-crystals of sizes
50 nm to 500 nm. After multiple charge/discharge cycles between
Mn2O4$ LiMn2O4, it is evident from the high-frequency spatial
variation of contrast in the TEM image that there is strain within
the crystals. (Reproduced from Ref. [1].)

324j 8 Nanoscale Engineering for the Mechanical Integrity of Li-Ion Electrode Materials



indicating the accumulation of strain as a result of the insertion/de-insertion/re-
insertion process of Li ions within them. In fact, as the battery is cycled, the Li ions
are inserted or removed from the host material; this solid-state diffusion process
results in Li-concentration gradients across individual particles, which, in turn,
result in gradients in unit cell volume and symmetry.
The structural changes that Li insertion/de-insertion has in the cathode mate-

rial are demonstrated in Figure 8.4 for the reciprocal lattice of the LiMn2O4

material, which as a result of the charge/discharge of the battery undergoes the
transformation Mn2O4$ Li2Mn2O4. This type of structural/volume change, and
the misfit strain associated with it, leads to the development of internal stresses
due to the difference in the molar volume and elastic moduli of the interior and
exterior of the particle. It is proposed that a direct result of the elastic stresses is
the development of structural damage near the particle surface at the nanoscale,
leading to fracture in deep discharge cells, as illustrated in Figure 8.5. More detail
on the experimental procedures, and further interpretation of similar electron
micrographs, can be found in reports published by Hackney and coworkers
[12–16].
If the electrochemically active particles are approximated as spherical in shape,

then a variety of elasticity-based solutions apply to this situation, the simplest being
the misfitting spherical core within a spherical shell, as shown in Figure 8.6.

Figure 8.4 When deep discharge occurs below
3.3 V, the structure transforms from cubic to
tetragonal with a 14% increase in unit cell
volume. The reciprocal space representation
from the convergent beam electron
diffraction pattern shows how the lattice both
expands and rotates. Note the fourfold sym-
metry of the cubic [1 0 0] pattern. The pattern

intermediate between the cubic and tetragonal
structures shows a two-phase structure in
which the volume/symmetry change is
accommodated by a lattice rotation. The
mismatch between the cubic and tetragonal
spinel structures results in a near-5� rotation of
the two unit cells. (Reproduced from Ref. [11].)
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The three-dimensional (3D) elasticity problem must be solved in order to predict
the magnitude of the stresses that would result from the volume misfit between the
inner and outer sphere, which in turn is an approximation of the geometry of an
electrochemically active particle that is partially delithiated, with the interior of the
particle having a larger molar volume than the exterior of the particle. This was
recently established by Christensen and Newman [17], using a very rigorous ap-
proach. Here, the approach of Christensen et al. is extended to include the ideas of
brittle fracture theory introduced by Huggins and Nix [5].
The stress analysis for the volume change of the interior (or exterior) of the

sphere can be carried out using the Eshelby type [18,19] experiment, where it is
considered that a spherical section is removed from the center of the sphere,
creating a spherical cavity. After the spherical section is increased in size, it is
then re-inserted into the cavity. The resulting stresses and strains are assumed to
simulate the physical situation of a misfitting sphere inside a spherical particle.

Figure 8.6 Misfitting sphere of radius a with a concentric
spherical shell of radius b. The stress, Pa, results from the
constraint of the outer sphere on the inner sphere.

Figure 8.5 Deep discharged LiMn2O4 particles with associated
fractured surface layers. Chemo-mechanical stresses develop as a
result of Li-insertion and de-insertion. (Reproduced from
Ref. [11].)
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This problem is greatly simplified for the case of isotropic elastic constants and
spherical symmetry.
The percentage volume expansion of the interior sphere can be expressed as a

change in the radius of a sphere, D, from an initial radius, ri,

DV
V

�100 ¼
4
3 pðr i þ DÞ3� 4

3 pðr iÞ3
h i

4
3 pðr iÞ3

�100 ð3Þ

where it may be seen that D is linearly dependent on ri for a given value of DV/V. The
radial stress, srr resulting from the misfitting center portion of the sphere is
obtained using the spherically symmetric isotropic solution of the equilibrium
elasticity equation [20]:

srr ¼ E
ð1þ nÞð1�2nÞ ð1þ nÞA�2ð1�2nÞB=r3� � ð4Þ

and the radial displacement is given as

ur ¼ Ar þ B=r2 ð5Þ

The constants A and B are integration constants determined by the boundary
conditions, while E and v are the elastic modulus and Poisson�s ratio, respectively.
These equations must be solved for both the interior sphere and exterior spherical
shell; thus, there are four integration constants to be determined by the boundary
conditions. These boundary conditions are: (i) the solution must be bounded (less
than infinity) at the center of the interior sphere; (ii) the stress must be balanced at
the interface between the inner sphere and the outer spherical shell; (iii) the radial
stress is zero at the outer surface of the spherical shell (free surface); and (iv) the
displacements of the inner sphere and external spherical shell must be continuous
across their interface. The solution for the special case of the interior and exterior
materials having the same modulus and Poisson�s ratio is

srr ¼ 2Da2ðb3�r3Þð5b3 þ 2a3Þ E

r3ð4a3n�2a3�b3n�b3Þð3b3 þ 4a3Þ ð6Þ

The solution shows that the radial stresses are linear withD and are plotted for the
outer shell of the particle for two extreme cases in Figure 8.7.
The compressive radial stresses will not lead to the radial crack growth in the

particle that would be analogous to the thin film fracture observed during several
delithiation studies and predicted by Huggins and Nix. However [5], the tangential
stresses – the so-called �hoop stresses� – are tensile in character and are expected
to produce radial cracks within the delithiated surface layer. The elasticity solution
for the hoop stress, syy, for spherical symmetry and for the special case where the
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inner sphere has the same elastic modulus as the outer spherical shell is determined
as

sqq ¼ sff ¼ a2ð5b3 þ 2a3ÞD 2r3ð2nþ 4n2�1Þ þ b3ð2n2 þ n�1Þ
r3ð4a3n�2a3�b3n�b3Þð3b3 þ 4a3Þ ð7Þ

As observed for the radial stress, the hoop stress increases linearly with D. These
tensile stresses act parallel to the spherical surface to cause crack opening andMode
I fracture at the surface of partially delithiated particles.
As may be observed in Figure 8.8, the hoop stresses are not constrained to be

zero at the free surface, and thus may initiate the growth of cracks at the particle
surface as is observed experimentally (see Figure 8.5). Moreover, it is apparent from
Figure 8.8 that the hoop stresses at the surface are greater when the delithiated

Figure 8.7 Compressive radial stress in the outer spherical shell
normalized to the elastic modulus when the outer spherical shell
is delithiated. (a) v¼ 0.33, b¼ 10 mm, a¼ 6.67mm, D¼ 0.66mm.
(b) v¼ 0.33, b¼ 10mm, a¼ 1.1mm, D¼ 0.11m.

Figure 8.8 Tangential tensile stress (hoop stress) in the outer
spherical shell normalized to the elastic modulus when the outer
spherical shell is delithiated. (a) v¼ 0.33, b¼ 10 mm, a¼ 6.67mm,
D¼ 0.66mm. (b) v¼ 0.33, b¼ 10mm, a¼ 1.1mm, D¼ 0.11mm.
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surface layer is thinner (b – a is relatively small) for a given value ofDV/Vof the inner
sphere.
The application of the Griffith brittle crack theory [20] to the misfitting sphere

geometry can be carried out in amanner similar to theHuggins andNix approach [5]
for the planar, thin-film geometry by integrating the local strain energy of the sphere
over the volume of the sphere and comparing this to the energy required to form the
crack. For perfectly brittle fracture, the energy to form a crack is the surface area
of the crack multiplied by the surface energy per unit area (g). When the surface
energy required to form the crack is greater than the available strain energy, then
fracture by crack growth is not energetically favorable. However, when the available
strain energy is greater than the surface energy work required to form the crack, then
the particle may fracture and loss of electrochemical activity may occur. The simpli-
fying assumption is made here that a single crack across the center of the particle
will result in the complete relaxation of the misfit stress. Using this assumption, the
comparison of the strain energy term and the surface energy term as a function of
the particle diameter is shown in Figure 8.9 for some specific ancillary parameters.
The plot indicates that the surface energy term is larger than the strain energy term
until the particle diameter approaches �5 nm. Thus, the plot suggests for these
assumptions that particles less than �10 nm in diameter are unlikely to fracture,
while fracture may initiate when particles are larger than this value. These proposi-
tions are supported by experimental observations that the capacity fade is reduced in
LiMn2O4-based cathodes if the electrode consists of submicron particles [21,22]
(more details on the aforementioned mechanical analysis can be found in Aifantis
and Hackney [23]).

Figure 8.9 The total strain energy as a function of b normalized
with respect to modulus compared to crack surface energy as a
function of b normalized with respect to modulus. This plot is for
the ratio of surface energy to modulus of 10�10m, a¼ 0.67b and
D¼ 0.1a. The cross-over point where the total particle strain
energy becomes greater than the crack surface energy (4pgb2/E)
approximates the particle size at which fracture may initiate.
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The mechanisms of deformation during electrochemical cycling that were
shown in the previous sections produce fracture in the electrode materials. It has
been argued that this fracture process is the result of a volume mismatch between
the lithiated and delithiated materials. Efforts to avoid such loss of mechanical
integrity have focused on reducing the size of the electrochemically active particles.
This avenue of investigation appears to have originated with the studies of Yang
et al. [6], who showed that an increase in cycle life could be correlated with reduced
particle size. Huggins and Nix [5] have rationalized this result by showing that, for
a given volume expansion, there is a critical thickness of a planar, thin-film elec-
trode below which fracture will not occur. In the previous section, experimental
results on the fracture of electrochemically active powder particles in porous
electrodes were presented. Moreover, elasticity theory and the Griffith brittle crack
approach was applied to the spherical geometry approximating active particles in
porous electrodes in order to develop a quantitative framework for particle size
dependence on fracture during electrochemical cycling. It was shown that the
physical basis for this particle size effect is that the particle diameter is less than
the critical crack length for the maximum strain present during the electrochemical
cycle.

8.3
Electrochemical Properties for Nanostructured Anodes

The overall conclusion that can be drawn from the experimental and theoretical
observations of the previous section is that the smaller the dimensions of the
materials that react with Li, the more optimum the electrochemical properties of
the electrode. In this section, therefore, nanostructured anodes, comprising of Sn,
Si, and Bi will be examined.
The driving force for developing nanostructured materials for high cycle life

electrodes is that current commercial Li-ion batteries use graphite as the active
negative electrode material. The problem is that graphite has a very low Li atomic
density at full Li capacity in the carbon intercalation compound (LiC6) [24–28];
hence, the volumetric Li capacity is rather low. It has been known for at least 20
years that certain metals such as Si, Sn and Al [29–34] have capacities between 900
and 4000mA �h g�1 [35] upon the formation of lithium-rich alloys, as they have a
very rich Li intercalation density per host atom (i.e., Li4.4Si, Li4.4Sn), as opposed to
372mA �h g�1 that result from the formation of LiC6 [36]. The drawback, however, is
that duringmaximum Li insertion Si suffers a 310% volume increase [35]; in fact, all
metals that can act as active sites (i.e., Sn, Bi, Si Al) exhibit over a 100% volume
increase after Li alloy formation. As has been discussed, the large values ofDV/Vdue
to the lithiation and delithiation process lead to significant internal stresses within
the individual active particles of a porous electrode, and can result in fracture of the
electrochemically active material when certain energy criteria are satisfied (as shown
in Figure 8.9). As a result of the loss of mechanical integrity, the capacity is signifi-
cantly reduced after the first few charge/discharge cycles. For example, 800 nm Si
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thin films prepared by deposition at room temperature fail after the third electro-
chemical cycle [37]. The fracturing of individual particles is believed to degrade the
electrochemical properties of the electrode because cracking produces an active
material that is no longer in electrical contact with the remainder of the electrode,
and is therefore unable to respond to the applied voltages necessary to recharge or
control the discharge of the battery [36]. Moreover, corrosive agents which are
present in the battery (HF and residual H2O) are believed to attack the surfaces of
the active material and the fracture of individual particles increases the surface area
available to chemical attack. Of course, the problems associated with the high
surface area of active particles also raises concerns about using nanoparticulate
active materials. Therefore, the most effective way to minimize fracture and damage
is not only the use of nanostructured metal anodes [38–40], but also the subsequent
embedment/encapsulation of the nanostructured metals in carbon or other inert
materials [41–46] in order to protect the active site surface and further constrain the
active site expansion.

8.3.1
Nanostructured Metal Anodes

8.3.1.1 Sn and Sn-Sb Anodes at the Nanoscale
Lithiation of Sn to formLi4.4Snproduces a theoretical capacity of 990mA �h g�1, while
the expansion that the Sn undergoes upon Li insertion is 290%. In order tominimize
the effects of this expansion, anodes comprising of Sn nanoparticles (also referred to
as ultra-fine particles) have been constructed, with diameters ranging from 100 to
300 nm [47]. The capacity of these anodes during the first cycle approaches the theo-
retical capacity of 990mA �h g�1, but this decays rapidly and after 20 cycles drops to
220mA �h g�1 [47]. In attempts to reduce this capacity decay, Sb (whichgives a capacity
of 660mA �h g�1 upon the formation of Li3Sb [48]) has been added to the Sn, forming
Sn–Sb alloys. The initial capacity of these Sn–Sbnanoparticles is not as high as that for
pure Sn, but the capacity retention is significantly higher. Among the various such
alloys examined (Sn–30.7%Sb, Sn–46.5%Sb, Sn–47.2%Sb, Sn–58.5%Sb, Sn–80.8%
Sb), the one with a 46.5%Sb content was themost efficient, with a starting capacity of
701mA �h g�1, and a final capacity, after 20 cycles, of 566mA �hg�1. Transmission
electron microscopy (TEM) images of the aforementioned pure Sn nanoparticles
with mean diameter 185nm, as well as of the Sn-46.5at%Sb alloy, with mean
diameter 138nm, are shown in Figure 8.10.

8.3.1.2 Si Anodes at the Nanoscale
The theoretical capacity produced upon the formation of Si4.4Li is 4200mA �h g�1.
However, it has been observed by Li et al. [49] that, after the fifth electrochemical
cycle, the capacity of bulk Si is reduced by 90%. The main reason for this capacity
loss is the pulverization that the Si undergoes due to the 300% expansion it experi-
ences upon the formation of Li alloy. Si at the nanoscale, on the other hand, has
shown to maintain a high capacity after several electrochemical cycles, since the
deformation mechanisms are less severe. Si thin-film electrodes prepared by
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chemical vapor deposition, were able to maintain a 4000mA �h g�1 discharge
capacity for over 10 electrochemical cycles [50]. Furthermore, evaporated Si thin
films (40 nm) have been proven to give stable capacities up to 3000mA �h g�1 for
over 25 cycles [51], while amorphous thin films (100 nm) gave starting capacities
of 3500mA �h g�1 with a stable capacity of 2000mA �h g�1 after 50 cycles [36]
(Figure 8.11b). These results are consistent with the predictions reported elsewhere
[5], which suggested that thin films are more resistant to fracture than bulk materi-
als. According to Ref. [52], smaller capacities than those achieved for thin films, but
still much higher than those given by any other active materials, have been achieved

Figure 8.11 Micrographs showing: (a) nanocrystalline Si clusters
(with 12 nm average diameter) prepared by gas-phase conden-
sation and ballistic consolidation on planar Cu current collectors;
and (b) 100 nm-thick nanostructured thin films of Si prepared by
evaporation onto planar Ni current collectors. (Reproduced from
Ref. [36].)

Figure 8.10 TEM images of pure Sn nanoparticles (a) and
Sn–46.5%Sb alloy nanoparticles (b). (Reproduced from
Ref. [47].)
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for Si nanoparticles of 80 nm diameter. These nanoparticles gave a capacity of
1700mA � h g�1 on the tenth cycle [52]. Elsewhere [53], capacities of 1100mA � h g�1

for nanocrystalline particles of 12 nm average diameter prepared in thin-film form
were achieved, with 50% capacity retention being observed after the 50th cycle.
Figure 8.11a shows nanoclusters of Si, the starting capacity of which was 2400mA
h g�1, although after the 50th cycle their capacity had fallen to 525mA � h g�1.

8.3.1.3 Bi Anodes at the Nanoscale
The last alternative anode material candidate that will be examined is Bi. The
theoretical capacity upon the formation of Li3Bi is 385mA �h g�1 [53,54]. Although
this cannot be compared to the high capacities produced upon the formation of
Li4.4Si or Li4.4Sn, it is of interest to examine the electrochemical cycling properties of
Bi as it allows some general conclusions to be drawn about particle size. Bulk Bi, and
even microscale Bi particles, have a very low cyclability that is attributed to the large
volume expansion of Bi (Bi expands 210% upon maximum Li insertion [54]).
Nanoscale Bi particles have therefore been produced, with an average diameter of
300 nm [54]. In order to constrain their expansion, they were embedded inhomo-
geneously in a graphite-PVDF/HFP SOLEF copolymer (Solvay) which acts as a
binder (Figure 8.12), thus creating a porous electrode structure [54]. The relative
capacity of an anode containing 12% Bi nano particles is reduced to 50% after 10
cycles. This occurs because the Bi agglomerates combine to form dendrites
(Figure 8.12b) [54], which results in a loss of electrochemical activity.
The authors in Ref. [54] observed a morphology change of the Bi particles, where

the agglomerates of Bi particles were transformed into a dendritic structure. The
lack of morphological stability is the result of direct contact between the active metal
and the electrolyte. Such dendrite formation has been also noted for other high-
surface-area electrode materials [47]. In the sequel, therefore, techniques that pre-
vent direct contact of the active site with the electrolyte – and hence result in
improved capacity retention – will be elaborated.

Figure 8.12 Micrographs showing Bi nanoparticles of 300 nm
diameter (a), and dendrite formation after 10 cycles (b).
(Reproduced from Ref. [54].)

8.3 Electrochemical Properties for Nanostructured Anodes j333



8.3.2
Embedding/Encapsulating Active Materials in Less-Active Materials

The previous examples suggest that the capacity loss in cycled electrodes is due to
mechanical and electrochemical instabilities (expansion of active sites and reaction
between electrolyte and active site). Researchers have tried to deal with the large
volume expansions of the high-energy density materials by reducing the diameters
of the active particles below the critical crack length. However, this leads to large
surface areas between the electrolyte and the active material, thereby increasing the
probability of deleterious interactions between the electrolyte and the solid.
The issue of harmful interactions (as shown in Section 8.3.1.3 for Bi) between the
surface of the electrochemically active material and the electrolyte raises serious
concerns about using active particles having nanoscale diameters. This has led to the
idea of developing a nanocomposite approach where the high-energy density mate-
rial (Sn, Si, etc.) has a nanometer length scale, but is surrounded by a matrix of
less-active material (Li2O, FeC, C, etc.) with respect to Li. The composite materials
may have a micron scale diameter, and thus a smaller surface area than a nanoscale
particle, while at the same time nanometer scale active sites may undergo lithiation/
delithiation at largeDV/V, with the possibility of avoiding fracture. This would seem to
provide an ideal compromise between having a small surface area for the composite
particles to prevent harmful interactions with the electrolyte, while at the same time
presenting a nanoscale active particle size within the protective matrix. Thus, the
nanocomposite electrode approach not only reduces the surface area available to
chemical attack, but the nanometer length scale of the active material also increases
the probability that the critical crack length is larger than the particle size, precluding
the possibility for fracture [5]. The electrochemical benefit from dealing with fracture
and electrolyte interaction in this way is that the initial capacity of the activematerial is
retained after continuous electrochemical cycling.
It should be noted that Fuji was the first to patent nanocomposite materials with

an inert matrix containing a nanoscale active material [55]. Investigators at Fujifilm
Celtec [56] developed composite structures based on Li2O–Sn nanocomposites
formed from the initial lithiation of SnO2. The chemical reaction to form these
materials was carried out in an electrochemical cell, where the SnO2 particle in
the positive electrode was cycled versus Li metal, with the first discharge giving
rise to the irreversible conversion of tin oxide (SnO2) to metallic tin (Sn) and lithium
oxide (Li2O) via the reaction [6,56,57]:

4Liþ SnO2!Snþ 2Li2O ð8Þ

This chemical reaction results inmicron-scale particles containing nanoscale Sn
active sites embedded in a relatively inert Li2O matrix. The nanocomposite Sn/
Li2O can then be cycled with the reversible alloying/dealloying of the Sn with Li
[18,19]:

x Liþ þ xe� þ Sn $ LixSn; 0 � x � 4:4 ð9Þ
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This initial study led to several alternative chemistries and configurations, but
almost all approaches relied upon a composite structure consisting of active
material, such as Sn, with a less-active material. Some examples of this approach
are tin oxide glass composites (e.g., SnO2–B2O3–P2O5) [56,58–60], tin intermetal-
lic compounds (e.g., Sn–Fe [61], Cu–Sn [32], Sn–Sb [31], Ni–Sn [62], Sn–Ca [63]),
and tin oxide metal composites (SnO2–Mo). It should be noted here that
Si reacts with Li in the same way as Sn, and therefore Eqs. (8) and (9) can easily
be re-written for Si.

8.3.2.1 Sn-Based Anodes
Anodes comprised of SnO2 nanofibers [64] are synthesized via the template
method [65,66] under which SnO2 is precipitated within the pores of a micropo-
rousmembrane. The template membrane is then burned and subsequently heated
so as to obtain a crystalline structure with the SnO2 nanofibers protruding from the
underlying current collector surface, like the bristles of a brush (Figure 8.13; [64]).
For comparative purposes, Li, Martin and Scorsati [64] synthesized a SnO2 thin-
film electrode with the same SnO2 content as the nanostructured one (this is how
they referred to the nanofiber electrode) shown in Figure 8.13. The thin-film anode
was synthesized in the same manner as the nanostructured anode, but without
using the template membrane on the Pt current collector, such that the resulting
film thickness was 550 nm. In order to compare the two types of anode, they were
continuously cycled (separately). The capacity of the thin-film anode decreased
with increasing numbers of electrochemical cycles; the initial capacity was ap-
proximately 675mA �h g�1, but after 50 cycles it had fallen to 420mA �h g�1.
As shown previously, this is the usual trend observed with the electrochemical
cycling of active materials. Cycling, however, of the nanostructured anode of
Figure 8.13 did not result in a capacity loss but rather a capacity increase. In
Figure 8.14, it can be seen that the initial capacity of the nanostructured anode
was 700mA � h g�1 (much higher than the respective value for the thin film), and

Figure 8.13 (a): SEM image of a nanostructured anode,with SnO2

nanofibers protruding from a Pt collector. (b): TEM image of a
single uncycled SnO2 nanofiber. (Reproduced from Ref. [64].)
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after 50 cycles it had reached a value of 760mA �h g�1. The capacity eventually
stabilized and did not increase further. In particular, it has been possible to
perform 800 cycles on nanostructured SnO2.
It should be noted that similar nanostructured electrodes to those shown in

Figure 8.13 have been synthesized for V2O5 using a 50-nm pore diameter polycar-
bonate template membrane [67]. Again, better performance was achieved for the
nanostructured V2O5 electrode compared to the respective thin-film configuration.
Further information on the use of V2O5 as a cathodic material can be found in Ref.
[68]. It should be noted that nanostructured anodes, fabricated via the template
method, have improved cyclability because the absolute volume expansions of the
nanofibers are small, and the brush-like configuration accommodates the expansion
of each fiber [2,69].
Another method that has been shown to protect the active sites from fracture, and

hence allows for improved cyclability, is illustrated in Ref. [70], where 200 nm Sn
particles were embedded in micron-sized carbon particles. These studies have
demonstrated significant improvements of cycle life relative to pure Sn. A more
recent such study is that by Wang et al. [30], who encapsulated Sn2Sb alloy in C
microspheres, as shown in Figure 8.15. The initial reversible capacity of Sn2Sb alloy
powder was 689mA �h g�1, and after 60 cycles only 20.3% capacity retention was
noted. The initial reversible capacity of Sn2Sb encapsulated in C microspheres was
slightly lower at 649mA �h g�1, but after 60 cycles a retention of 87.7%was observed
(Figure 8.16).
The advanced cyclability of these Sn2Sb encapsulated particles can be attributed to

the following:

. Aggregation between the metal active particles and the electrolyte (to form haz-
ardous dendrites, as illustrated for Bi nanoparticles in Figure 8.12) is avoided as
the C microspheres act as barriers.

. The carbon microsphere acts as a buffering matrix (i.e., as a cushion) which
relieves the volume changes of the active metal during cycling.

Figure 8.14 Comparison of capacity retention between Sn na-
nostructured and Sn thin-film electrodes, at a charge/discharge
rate of 8 C over the potential window of 0.2–0.9 V. (Reproduced
from Ref. [64].)
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. The nanoscale diameters of the Sn particles inhibit crack formation by limiting
the available strain energy for crack formation.

. The C microsphere itself is an active material for additional Liþ ion storage; in
particular, the Li is initially attracted to the active site as it ismore chemically active
with respect to Li, and after maximum Li has been stored there, the C can store
additional Li.

8.3.2.2 Si-Based Anodes
In addition to the aforementioned advantages that C encapsulation of Sn2Sb alloy
offers, Chen et al. [71] have illustrated an additional advantage for spherical nanos-
tructured Si/C composite particles coated with C. (The Si/C nanocomposite is
designed to contain 20wt.% silicon, 30wt.% graphite, and 50wt.% PF-pyrolyzed
carbon.) As seen in Figure 8.17b, after heat-treating the carbon-coated Si/C spherical
particle, hard carbon forms on surface. This hard carbon surface offers additional
electrochemical stability for the following reason. During cycling, the electrolyte

Figure 8.15 SEM images of: (a) Sn2Sb alloy particles; (b) Sn2Sb/C
microspheres (CM/Sn2Sb) synthesized through carbonization at
1000 �C. (Reproduced from Ref. [30].)

Figure 8.16 Comparison of the cyclability of Sn2Sb powder with
Sn2Sb enclosed in C microspheres (Sn2Sb/CM). (Reproduced
from Ref. [30].)
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decomposes on the electrode, forming a solid electrolyte interphase (SEI) passiv-
ation layer on the electrode surface; this layer covers the Si active site, thus affecting
its ability to host Li ions. However, coating the Si/Cwith a hard carbon shell protects
the Si, as the SEI passivation layer forms on the hard carbon shell. Moreover, the SEI
layer on hard carbon is stable and therefore the degradation of the capacity during
cycling is reduced.
The capacity retention of Si/C and carbon-coated Si/C is compared in Figure 8.18.

It can be seen that, after the second cycle the capacity of both electrodes increases.
This implies that a few cycles are required in order to activate the Si/C composite.
Further information on how initial cycling allows the electrochemical kinetics in
Si/C to reach an optimal state can be found in Ref. [72]. The cyclability of nanos-
tructured Si/C is better than that of pure nano Si [73], due to the fact that C buffers
the expansion of Si and therefore minimizes mechanical damage of the Si active
sites, allowing for better electrochemical cycling. The cyclability of carbon-coated
Si/C is even better, however, as the carbon coating offers additional stability, from
both mechanical and electrochemical points of view as was described at the end of
Section 8.3.2.1. The expansion of Si is further minimized, and the Si does not come
in direct contact with the electrolyte.

Figure 8.17 Nanostructured Si/C encapsulated in C. Left: Before
heat treatment. Right: After heat treatment, the carbon coating is
transformed to hard carbon. (Reproduced from Ref. [71].)

Figure 8.18 Comparison of the discharge capacity of spherical
nanostructured Si/C and carbon-coated Si/C. (Reproduced from
Ref. [71].)
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In spite of the continued experimental development of the nanocomposite ap-
proach for active material in porous electrodes, there is evidently little or no progress
concerning the limits of the mechanical integrity of such structures. In the follow-
ing, the specific problem of volume expansion of the active particle within the
inactive (or less-active) matrix is considered. Specifically, fracture of the matrix
associated with stresses induced by the active material volume change will be
examined. This is one of the many issues related to the mechanics of the nano-
composite electrode material concept.

8.4
Modeling Internal Stresses and Fracture of Li-anodes

8.4.1
Stresses Inside the Matrix

Aswas illustrated in the previous sections, nanosized active sites embedded in a less-
active matrix have improved electrochemical properties during cycling. From a
mechanical point of view, this is believed to be due to the fact that: (i) deformation
mechanisms at the nanoscale are less severe and therefore electrochemical connec-
tivity throughout the electrode is better; and (ii) the surrounding matrix minimizes
the expansion of the active sites. In this section, we will show a theoretical analysis
which examines some limits for mechanical integrity of the matrix of nanocompo-
site materials. The framework employed is that of linear elastic fracture mechanics,
as proposed by Dempsey et al. [74]. In order tomodel these active/inactive composite
electrodes, it is assumed that active spherical (or cylindrical) sites are distributed
periodically in an inert matrix, as shown in Figure 8.19. It should be noted that the
analysis that follows is contained in Refs. [75–77].
In Section 8.2 it was shown that, after the first few electrochemical cycles, crum-

bling occurs at the active site surface. If the active sites are surrounded by a matrix it

Figure 8.19 Active sites (shaded) embedded in an inert matrix. A
unit cell can be thought of as an active surrounded by a circular
area of inert material. This is a two-dimensional analogue to the
actual three-dimensional problem.
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can be assumed that fracture occurs at the active site/matrix interface after continu-
ous cycling due to the large active site volume expansions. As the matrix is more
brittle than the active sites, it is assumed that the crumbling occurs inside thematrix,
thereby forming a damage zone (Figure 8.20). As this region is severely damaged it
is assumed to support only radial stresses (all other stress components vanish in that
region), and can therefore be approximated by a number of radial cracks with length
r� a. Furthermore, it should be noted that in Figure 8.20, a and b are the radii of the
Si andmatrix; D is the radial displacement to which the active site would expand to if
it were not surrounded by thematrix, while d is the radial distance thematrix pushes
back as it opposes the active site expansion.
As mentioned in Section 8.2.1, internal stresses are produced in the electrodes

during charging. The general solution for the stress distribution inside a cylindrical
shell that contains a misfitting core is [78]

sr ¼ A
r2

þ 2C ð10Þ

and the corresponding radial displacement inside the shell is

urðrÞ ¼ 1
Eg

�Að1þ ngÞ
r

þ 2Cð1�ngÞr
� �

ð11Þ

where Eg and ng are the elastic modulus and Poisson�s ratio of the shell, while the
constants A and C are found from the boundary conditions. If one assumes that

Figure 8.20 Configuration of unit cell used in analysis, where a
and b are the radii of the active site and matrix, D is the free
expansion of the active site if it were not constrained (by the
matrix), d is the radial distance that the matrix pushes back as it
opposes this expansion, and r is the crack radius.
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the battery system is tightly constrained (i.e., ur (b)¼ 0), and that the displacement at
the core/shell interface is ur (a)¼D� d, then

A ¼ � Egab
2ðD�dÞ

ðb2�a2Þð1�ngÞ
;C ¼ � EgaðD�dÞ

2ðb2�a2Þð1�ngÞ
ð12Þ

D is a known parameter (i.e., it corresponds to a 300% increase for Si) while d is
found in Aifantis-Hackney [75] (by considering the strain energy of the system) as

d ¼ � EgD½a2ð1þ ngÞ þ b2ð1�ngÞ�ðaþ DÞ2ð1�nsÞ
Esa2ða2�b2Þð1�n2gÞ�Eg ½a2ð1þ ngÞ þ b2ð1�ngÞ�ðaþ DÞ2ð1�nsÞ

ð13Þ

Therefore, by inserting Eqs. (8.13) and (8.12), as well as the appropriate material
parameters into Eq. (8.10), one can obtain the elastic radial stress that the matrix
experiences, prior cracking.
Now, we shall examine the energy of the battery system once cracks develop.

Upon maximum Li-insertion, the stress that the Li ions exert inside the active site is
constant, and therefore the pressure that the active site exerts onto the matrix is also
constant and is set equal to p. Similarly, the pressure that is exerted onto the unit cell
under examination by a neighboring cell is constant and set equal to q. It has been
shown [76] that the hoop stress right in front of the crack tip, which is responsible for
crack growth can be expressed as

sqqðrþÞ ¼ pa2

b2
1�3Sðr=bÞ2 þ 2ðr=bÞ3
2ðr=bÞ2ð1�ðr=bÞ3Þ

" #
ð14Þ

where S¼ qb2/(pa2). Based on Ref. [77] the energy released during crack growth can
be written as

GðrÞ ¼ 2ð1�ngÞrs2
qqðrþÞ

nEg
ð15Þ

which in turn allows the stability index to be defined as

k ¼ b
G
dG
dr

ð16Þ

8.4.2
Stable Crack Growth

As long as crack growth is stable, it is possible to continue charging and discharging
the battery since, as explained in Section 8.2.1, the particles that form by cracking
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remain in electrical contact with the electrode and electrochemical cycling can be
performed. Unstable cracking cannot be controlled, however, and this can result in
complete fracture of the anode. So, it is of interest to determine the size of the active
sites that will result in a more stable battery system.
To do this the stability index k is plotted with respect to the crack radius r, for

b¼ 1mm and varying a; in other words, the active site volume fraction is varied. The
various stability behaviors obtained are shown in Figure 8.21. The active sites are
taken to comprise of Si, while the matrix is of soda glass [77].
The more negative the values at which the stability curves start out, the more

stable the system, as a greater energy difference is required for crack growth to
initiate. It can therefore be predicted from Figure 8.21 that smaller active sites
(i.e., smaller active site volume fractions f, where f¼ a3/(b)3), result in more stable
anodes, as crack growth is initiated with greater difficulty for such systems.

8.4.3
Griffith’s Criterion

Based on Griffith�s theory, a crack will continue growing as long as the energy
released (G) during its propagation is greater than the energy (Gc) required to create
the new crack surface. Therefore, by plotting Eq. (15) together with the fracture
energy (Gc) of the matrix material (which is a material constant), the crack radius at
which the two energies intersect can be determined and hence an estimate can be
made of the distance at which crack growth will stop. Thus, in Figure 8.22G is plotted
for various active site volume fractions togetherwithGc. The active sites are taken to be
Si, whereas the matrix is Y2O3. It can be seen that, the smaller the volume fraction of
the active sites, the smaller the distance at which crack growth stops.

Figure 8.21 Stability plots for systems with different active site
volume fractions; the arrows indicate the start of each plot.
(Reproduced from Ref. [77].)
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Hence, it is again predicted that smaller volume fractions of the active sites
are more stable as they allow for less cracking. Furthermore, by plotting G and
Gc, for the same volume fractions (i.e., a¼ 100 nm; b¼ 1 mm) and same active site
materials, but with different matrix materials, it can be predicted which matrix
material allows for the smallest crack propagation distance before cracking
ceases; the results are shown in Table 8.1, where it can be seen that the most
preferable material, based on these considerations, is Y2O3 (that is why it was
used in Figure 8.22). It should be noted that in the construction of Figure 8.22,
the number of radial cracks, n, present had to be assumed, as Eq. (15) suggests.
In order to obtain accurate values, respective experiments must be performed, as
n not only depends on the matrix material but also changes according to r. Due to
a lack of such experimental data, however, and for illustration purposes, it was
assumed here that n¼ 20.

Table 8.1 Distance at which cracking stops.

Matrix material Gc (Jm
�2)

Critical crack radius r at
which cracking stops (nm)

SrF2 0.36 725
ThO2 2.5 450
Y2O3 4.6 425
KCl 0.14 840

Figure 8.22 Griffith�s criterion for an electrode that comprises of
Si active sites and Y2O3 matrix; various active site volume frac-
tions are considered. The arrows indicate the distance at which
crack growth stops. (Reproduced from Ref. [77].)
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From both Sections 8.4.2 and 8.4.3 it was seen that nanosized active sites are
mechanically more stable from a theoretical point of view. This is in qualitative
agreement with the experimental evidence of Section 8.3, according to which na-
nosized active sites have not only a higher capacity but also greater capacity retention
during cycling.

8.4.4
No Cracking

Finally, it is of interest to examine why the SnO2 nanofibers (see Section 8.3.2.1)
comprised of nanosized active Sn and inactive Li2O (Eq. (8.8)), have no capacity loss,
whatsoever, during cycling. It is believed that thismay be due to the fact thatmechani-
cal damage isminimal – that is, no cracking occurs. FromEq. (14), the size of the active
sites that will result in no cracking can be estimated.When the crack radius (r) equals
the radius of the active site (a), it implies that the crack length (r� a) is zero and hence
no cracks are present. Therefore, by defining the outer radius b, and the pressure p in
Eq. (14), and setting r¼ a, it is possible to solve for the a; that is, the active site radius
that will theoretically result in no cracking. It should be noted that, upon fracture,syy

would be equal to the ultimate tensile strength (UTS) of the matrix, and hence the
UTS of various materials is employed for comparison in Table 8.2.
In Ref. [77], the internal pressure p under the self-equilibrated loading case was

found to be

p ¼ D
a2

rEg

r
a
�ð1�ngÞ

2
� 3ð1�ngÞr2
2ðb2 þ brþ r2Þ

" #
þ ðaþ DÞ1�2ns

Es

( )�1

ð17Þ

It can be seen from the data in Table 8.2 that no matter the matrix material, no
cracking will result (in theory) when the active site radius is about 75% of the matrix
radius. It is possible therefore that the size relationship between the Sn and Li2O
particles in the nanofibers may have been about this order, and therefore cracking
was limited, allowing for 100% capacity retention. Further details on the aforemen-
tioned analysis can be found in Ref. [77].

Table 8.2 Size of Si sites that results in no cracking.

Matrix material
Radius a of active site that results
in no cracking when b¼ 1mm

Al2O3 757
B4C 781
BeO 746
WC 745
ZrO2 758
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8.5
Conclusions and Future Outlook

By employing experimental evidence, the advanced electrochemical properties of
active/inactive nanocomposites – which represent the most promising anode mate-
rials for the next generation of Li-ion batteries – were identified. The major drawback
in using materials (e.g., Sn, Si, Bi) that produce very high capacities during the
formation of Li compounds is that they experience over a 200% volume expansion;
as a result, after continuous electrochemical cycling, fracture and mechanical degra-
dation of the anode takes place. As greater mechanical stability corresponds to better
electrochemical contact within the anode, and hence allows for a greater lifetime, the
following two fabrication methods have been developed to prevent fracture:

. A general trend noted for all materials that can be employed as active sites is that
their capacity retention during electrochemical cycling increases significantly
when their dimensions are at the nanoscale. This is attributed to the fact that
deformation mechanisms at the nanoscale are less severe.

. Encasing the nanosized active materials in an inert or less-active with respect to Li
matrix buffers the expansion of the active sites, thus minimizing mechanical
damage and also protecting the active site surface from reacting with the
electrolyte.

By performing amechanical analysis based on linear elastic fracture mechanics, it
was proven – from a theoretical point of view – that nanoscale materials are in fact
more stable. It was also illustrated that theoretical considerations can lead to design
criteria, as the crack stability and fracture of any material system can be predicted.
One drawback, however, in trying to relate theory and experiment, is that the
mechanical properties of the active sites are not known as a function of Li concen-
tration. Also, the fracture properties of matrix materials are not known. Although as
a first approximation it is possible to use the bulk elastic modulus, and Poisson�s
ratio, and some hypothetical matrix materials with known fracture energies, it is
important to have accurate values of the parameters required for the mechanical
formulation at the nanoscale in order to be able to develop a comprehensive study
relating theory and experiment. The theoretical formulation illustrated will then
allow for the development of complete design criteria.
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9
Nanostructured Hydrogen Storage Materials Synthesized by
Mechanical Alloying
Mieczyslaw Jurczyk and Marek Nowak

9.1
Introduction

9.1.1
The Aim of the Research

Today, increases in the world�s population and its economic growth are raising the
energy demand at a dramatic pace [1]. Under the International Energy Agency
scenario of a world population of 10 billion people by 2050, the energy demand
will increase from 13.6 TW in 2002 to 33.2 TW – an additional demand of 20 TW
compared to today. If only 50% of this is to be supplied by nuclear energy, there
would be a call for 10 000 new 1-GW power plants to be built by 2050. The available
uranium resources, however, would only be sufficient to feed this number of con-
ventional fission reactors for 13 to 16 years.
Another possibility is to change towards a sustainable energy future, with a larger

utilization of renewable and carbon-free energy sources. Besides the political will to
make the change, the necessary technologies must be both reliable and available. In
aiming to ensure this situation, materials research must provide the basis for
innovative technical solutions capable of supplying the required energy.
In 1959, Professor Feynman presented his famous idea of nanostructured ma-

terials production [2]. He suggested that a combination of single atoms could lead to
the formation of new, specializedmaterials with unconventional properties. Today, it
is possible to prepare metal/alloy nanocrystals with nearly monodispersive size
distribution. Nanostructures represent key building blocks for nanoscale science
and technology. They are needed to implement the �bottom-up� approach to nano-
scale fabrication, whereby well-defined nanostructures with unique properties are
assembled into functional as well as mechanical properties [3].
During the past few years, interest in the study of nanostructured materials has

been accelerating, stimulated by recent advances in materials synthesis and char-
acterization techniques, and also the realization that these materials exhibit many
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interesting and unexpected properties with a number of potential technological
applications. For example, hydrogen storage nanomaterials are the key to the future
of the storage and batteries/cells industries [4–6].
Since 1996 a research program has been initiated at Institute of Materials Science

and Engineering, Poznan University of Technology, in which fine grained, interme-
tallic compounds were produced by mechanical alloying (MA), high-energy ball
milling (HEBM), hydrogenation–disproportionation–desorption–recombination
(HDDR), or mechanochemical processing (MCP) [6–9]. The mechanical synthesis
of nanopowders and their subsequent consolidation is an example of how this idea
can be realized in metals by the so-called bottom-up approach. Alternatively, other
methods have been developed which are based on the concept of the production of
nanomaterials from conventional bulk materials via a �top-down� approach. The
investigations by severe plastic deformation [e.g., cyclic extrusion compression
method (CEC) or equal channel angular extrusion (ECAE)] [10–13] show that such
a transformation is indeed possible.
Metal hydrides (MH) which reversibly absorb and desorb hydrogen at ambient

temperature and pressure – the so-called �hydrogen storage alloys� – are regarded as
important materials for solving energy and environmental issues. Studies in metal–
hydrogen grew rapidly during the 1970s [14–21], as a result of which many hydride
alloys (TiNi, TiFe, LaNi5) were studied and developed. During the early 1980s, AB2-
type Ti/Zr–V–Ni–Msystems and rare-earth-based AB5-type Ln–Ni–Co–Mn–Al alloys
were investigated. These systems obtained long-life hydrogen storage electrode
alloys, but the Ti/Zr system has a higher capacity. During the late 1980s and early
1990s, the non-stoichiometric AB2 and AB5 systems with improved performance,
such as higher capacity and long cycle life, were developed [18].
The Ni–hydrogen battery came to the market in 1990. The nickel–metal hydride

(Ni-MH) battery, using hydrogen storage alloy as the negative electrode material, has
recently undergone extensive investigation and development because of its advan-
tages such as high energy density and freedom from charge in electrolyte concen-
tration during charge–discharge cycling over the nickel–cadmium (NiCd) battery
[18]. Compared to the NiCd battery, a Ni-MH cell has several advantages, including
almost twice the capacity, no memory effect, and no environmental pollution
problems.
Conventionally, the microcrystalline hydride materials have been prepared by arc

or induction melting and annealing. However, either a low storage capacity by
weight or poor absorption–desorption kinetics in addition to a complicated activa-
tion procedure have limited the practical use of metal hydrides. Substantial im-
provements in the hydriding–dehydriding properties of metal hydrides could pos-
sibly be achieved by the formation of nanocrystalline structures by non-equilibrium
processing techniques such as mechanical alloying or HEBM [5,6,17,18]. In MA,
elemental powdered materials are used as the starting materials, whilst in HEBM
the starting material is an alloy with a desired composition [6].
Mechanical alloying was developed during the 1970s at the International Nickel

Company as a technique for dispersing nanosized inclusions into nickel-based
alloys [22]. During recent years, however, theMAprocess has been used successfully
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to prepare a variety of alloy powders, including powders exhibiting supersaturated
solid solutions, quasicrystals, amorphous phases and nano-intermetallic com-
pounds [22,23]. Indeed, the MA technique has been proved to be a novel and
promising method for alloy formation (Figure 9.1).
The raw materials used for MA are commercially available high-purity powders

that have particle sizes in the range of 1 to 100 mm. During the MA process, the
powder particles are periodically trapped between colliding balls and are plastically
deformed. Such a feature occurs by the generation of a wide number of dislocations,
as well as other lattice defects. Furthermore, the ball collisions cause fracturing and
cold welding of the elementary particles, forming clean interfaces at the atomic
scale. Further milling leads to an increase of the interface number, and the sizes of
the elementary component area decrease from millimeter to submicrometer
lengths. Concurrent to this decrease in the elementary distribution, some nano-
crystalline intermediate phases are produced inside the particles, or at their surfaces.
As the milling duration develops, the content fraction of such intermediate com-
pounds increases, leading to a final product the properties of which are a function of
themilling conditions. It has been shown, that MA has produced amorphous phases
in metals, although differentiation between a �truly� amorphous, extremely fine-
grained material, or a material in which very small crystals are embedded in an
amorphous matrix in so-produced materials, has not been straightforward on the
basis of diffraction basis [23]. Only supplementary investigations with neutron
diffraction can confirm unambiguously that the phases produced by MA are truly
amorphous. The milled powder is finally heat-treated to obtain the desired micro-
structure and properties. Annealing leads to grain growth and release ofmicrostrain.
Nanocrystalline materials exhibit quite different properties from both crystalline

and amorphous materials. This is due to the structure, in which extremely fine
grains are separated by what some investigators have characterized as �glass-like�
disordered grain boundaries. The generation of new metastable phases or materials
with an amorphous grain boundary phase offers a wider distribution of available
sites for hydrogen, and thus totally different hydrogenation behavior. The mecha-
nism of amorphous phase formation by MA is due to a chemical solid-state reaction,
which is believed to be caused by the formation of a multilayer structure during
milling [23].
Recently, it has been shown that MA of TiFe, ZrV2, LaNi5 or Mg2Ni is effective

for improving the initial hydrogen absorption rate, due to a reduction in particle
size and to the creation of new clean surfaces [5,6]. The proper engineering of

Figure 9.1 A schematic cross-sectional representation of the
mechanical alloying process for synthesizing nanometer-sized
powders (SPEX 8000 mixer mill).
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microstructures by using unconventional processing techniques will lead to ad-
vanced nanocrystalline intermetallics representing a new generation of metal hy-
dride materials.
In order to optimize the choice of intermetallic compounds for a battery applica-

tion, a better understanding of the role of each alloy constituent on the electronic
properties of the material is crucial. Semi-empirical models showed that the energy
of the metal–hydrogen interaction depends both on geometric as well as electronic
factors [6,24].
The aim of this chapter is to review the advantages of some nanostructuredmateri-

als, and their applications in electrochemistry. The influence of chemical composition
on the structural properties of nanocrystalline TiFe-, ZrV2-, LaNi5- and Mg2Ni-type
alloys was analyzed. The electrochemical behavior of nanocrystalline hydrogen
storage compounds, under the conditions of their performance in rechargeable
nickel hydride (Ni-MH) batteries, is presented. Finally, the electronic properties of
nanocrystalline alloys are compared to those of microcrystalline samples.

9.1.2
Types of Hydride

Hydrogen reacts with many elements to form hydrides. The binary hydride, a
reaction product, can be of different types:

. ionic hydrides (LiH)

. covalent molecular hydrides (CH4)

. metallic hydrides.

All of the binary hydrides which can be formed by a direct reaction of hydrogen
with the metal are illustrated in Figure 9.2. The densities of the hydrogen in most of

Figure 9.2 Metals which form binary hydrides.
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these metallic hydrides are greater than that of liquid hydrogen (Table 9.1). Most
metallic hydrides are formed with pure hydrogen at room temperature.

9.1.3
The Absorption–Desorption Process

Of primary importance in the hydrogen storage by metal hydrides is the pressure
�plateau� at which the material reversibly absorbs/desorbs large quantity of hydro-
gen. Figure 9.3 represents the hydride formation process as a plot of hydrogen
pressure against the ratio of hydrogen to metal atoms. With increasing hydrogen
pressure, hydrogen dissolves in the metal to form a solid solution, represented by
point a. A hydride phase then precipitates at constant pressure �p�, as determined by
the phase role, until the metal is fully converted to hydride at point b. Finally, the
hydrogen pressure rises further. When the pressure is reduced, there is usually
some hysteresis, such that the plateau pressure on decomposing the hydride is lower
than that during its formation.
For many applications, the plateau pressure should be close to ambient pressure

because this allows the use of lightweight storage containers. The plateau pressure
can be tailored to a specific application through alloying. For example, the plateau
pressure of LaNi5 can be lowered by the addition of a few percent of tin [18].

Table 9.1 Hydrogen densities of some metal hydrides compared with liquid hydrogen.

Compounds PdH0.8 MgH2 TiH2 VH2 Liquid hydrogen

Hydrogen density [atom· 10�22 cm�3] 4.7 6.6 9.2 10.4 4.2

Figure 9.3 Pressure composition diagram of hydrogen in metal.
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9.1.4
Hydrides Based on Intermetallic Compounds of Transition Metals

The group of metallic hydrides is increased in number if, in addition to binary
systems, one also includes hydrides based on intermetallic compounds of transition
metals. Currently, a wide set of alloys composed of rare earth (RE) with nickel (AB5-
type) and alloys of zirconium and vanadium with nickel (AB2-type), as well as
titanium and magnesium with nickel (AB- or A2B-type) are offered for use as
hydrogen storage materials (Tables 9.2 and 9.3).
In all of these alloys, component A is the one which forms the stable hydride.

Component B performs several additional functions:

. it can play a catalytic role in enhancing the hydriding–dehydriding kinetic
characteristics

. it can alter the equilibrium pressure of the hydrogen absorption–desorption
process to desired level

. it can increase the stability of the alloy, preventing dissolution or formation of a
compact oxide layer of component A.

The TiFe, ZrV2 and LaNi5 phases are familiar materials which absorb large
quantities of hydrogen under mild conditions of temperature and pressure. These
types of hydrogen-forming compound have recently proven to be very attractive as
negative electrode material in rechargeable Ni-MH batteries [17–19]. Magnesium-
based hydrogen storage alloys have also been considered as possible candidates for
electrodes in Ni-MH batteries [6,25,26].

Table 9.2 Binary intermetallic compounds and their hydrides.

System Hydrides

AB TiFeH2

AB2 ZrV2H5.5

AB5 LaNi5H6

A2B Mg2NiH3.6

Table 9.3 The properties of alloys offered for use as hydrogen storage materials.

Type of alloy Structure Density [g/cm2] pd [atm] (H/M) max [wt %]

AB5 - LaNi5 CaCu5 6.6� 8.6 0.024� 23 1.1� 1.9
AB2 - ZrV2 MgCu2/MgZn2 5.8� 7.6 10�3� 182 1.5� 2.4
AB – TiFe CsCl 6.5 0.1� 4.1 1.3� 1.9
A2B - Mg2Ni Mg2Ni 3.46 10�5 3.6

pd – equilibrium pressure.
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TiFe and ZrV2 alloys crystallize in the cubic CsCl and MgCu2 structures, and at
room temperature absorb up to 2H per formula unit (f.u.) and 5.5H f.u.�1, respec-
tively. In contrast, LaNi5 alloy crystallizes in the hexagonal CaCu5 structure, and at
room temperature can absorb up to 6H f.u.�1 [18,20]. Nevertheless, the application
of these types of material in batteries has been limited due to slow absorption–
desorption kinetics, in addition to a complicated activation procedure. The proper-
ties of hydrogen host materials can be modified substantially by alloying them to
obtain the desired storage characteristics, such as the correct capacity at a favorable
hydrogen pressure. TiFe alloy is lighter and cheaper than the LaNi5-type material,
and several approaches have been adopted to improve the activation of this alloy. For
example, the replacement of Fe by some amount of transition metals to form a
secondary phase may improve the activation properties of TiFe. On the other hand,
the electrochemical activity of ZrV2-typematerials can be stimulated by substitution,
in which Zr is partially replaced by Ti and V is partially replaced by other transition
metals (Cr, Mn, Ni) [18]. Independently, it was found that the respective replacement
of La and Ni in LaNi5 with small amounts of Zr and Al resulted in a prominent
increase in the cycle life time, without causing much decrease in capacity [18].
Magnesium-based alloys have also been extensively studied during the past few

years [25,26]. The microcrystalline Mg2Ni alloy can reversibly absorb and desorb
hydrogen only at high temperatures. Upon hydrogenation at 250�C, Mg2Ni
transforms into the hydride phase Mg2NiH4. Substantial improvements in the
hydriding–dehydriding properties of Mg2Ni metal hydrides might possibly be
achieved by the formation of nanocrystalline structures [5]. The hydrogen content
in Mg2NiH4 is also relatively high, at 3.6wt.%, but is only 1.5 wt.% in LaNi5H6.
In order to provide storage for hydrogen, the hydride should:

. be able to store large quantities of hydrogen

. be readily formed and decomposed, and have reaction kinetics satisfying the
charge–discharge requirements of the system

. have the capability of being cycled without alteration in pressure–temperature
characteristics during the life of the system

. have low hysteresis

. have good corrosion stability

. have low cost

. be at least as safe as other energy carriers.

9.1.5
Prospects for Nanostructured Metal Hydrides

A few currently available technologies permit hydrogen to be stored directly by
modifying its physical state in gaseous or liquid form. However, these methods
are unable to meet all of the following proposed criteria [15,16]:

. high hydrogen content per unit mass and unit volume

. limited energy loss during operation
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. fast kinetics during charging

. high stability with cycling

. cost of recycling and charging infrastructures

. safety concerns in regular service or during accidents.

Currently, much effort is being expended in the development of hydrogen stor-
age systems, whether nanostructured metals or alloys hydrides, and carbon nanos-
tructures. For vehicle applications, depending on the temperature of hydrogen
absorption/desorption below or above 150�C, the alloy hydrides can be distin-
guished as either high- or low-temperature materials. The principal disadvantages
of alloy hydrides – other than cost – are the lowhydrogen content at low temperature
(e.g., La-based alloys) and the difficulty of reducing the desorption temperature
and pressure of alloy hydrides with high hydrogen storage capacity and fast
rated kinetics? (e.g., Mg-based materials). In order to solve the above-mentioned
problems, the use of composite materials, starting from La- or Mg-alloys, and of
novel catalyzed metal hydrides, has been systematically investigated. Among the
latter group, alanates and other hydrides of light elements (Li, B, Na) have provided
very interesting results, with hydrogen contents reaching 5–6mass% for NaBH4

and up to 18mass% for LiBH2 [15].
Alternatively, the high hydrogen uptake capacity supposed for fullerenes has

stimulated hydrogen scientists to investigate more closely the synthesis of the new
form of carbon [27]. In theory, the hydrogen storage capacity of these new materials
seems rather hopeful, as when one hydrogen atom is joined to each carbon atom
(which is quite probable), there appears the possibility of producing a sorbingmatrix
based on thesematerials which allows a storage of up to 7.7 wt.%H2. This value both
meets and exceeds all of the requirements for this class of material. Thus, seeking
the means to conduct the reversible and complete reaction:

Cx þ x=2H2 $ CxHx ð1Þ

and considering features of structures and properties would allow the application of
materials as systems for hydrogen storage in many fields of engineering and tech-
nologies. Moreover, the absence of materials from this class restrains the wide
application of hydrogen as fuel and energy carrier.
Today, nanostructured metal hydrides represent a new class of materials in

which outstanding hydrogen sorption may be achieved by correct engineering of
the microstructure and surface [4–6]. The case for these materials is extremely
important, because it can be applied to hydrogen storage systems and Ni-MH
batteries. The techniques of MA and HEBM have been successfully used to
improve the hydrogen sorption properties of various metal hydrides. Nanocrystal-
line powder alloys, in contrast to conventional hydrides, readily absorb hydrogen,
with no need for prior activation. These materials show substantially enhanced
absorption and desorption kinetics even at relatively low temperatures. Thus,
nanostructured materials will clearly play an important role in the field of Ni-MH
batteries.
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9.2
The Fundamental Concept of the Hydride Electrode and the Ni-MH Battery

9.2.1
The Hydride Electrode

The interaction of hydrogen and metal M is represented as [21]:

Mþ x=2H2ðgÞ $ MHxðsÞ ð2Þ

where MHx is the hydride of metal M.
Some alloys can be charged and discharged electrochemically. Equation (3)

demonstrates the electrochemical charging and discharging reactions:

Mþ xH2Oþ xe� $ MHx þ xOH� ð3Þ

9.2.2
The Ni-MH Battery

The electrochemical reaction of a Ni-MH cell can be represented by the following
half-cell reactions [19].

9.2.2.1 Normal Charge–Discharge Reactions
During charging, the nickel hydroxide Ni(OH)2 positive electrode is oxidized to
nickel oxyhydroxide NiOOH, while the alloy M negative electrode forms MH by
water electrolysis. The reactions on each electrode proceed via solid-state transitions
of hydrogen. The overall reaction is expressed only by a transfer of hydrogen be-
tween alloy M and Ni(OH)2:

. Nickel positive electrode

NiðOHÞ2 þOH� ¼ NiOOHþH2Oþ e� ð4Þ

. Hydride negative electrode

MþH2Oþ e� ¼ MHþ OH� ð5Þ

. Overall reaction

NiðOHÞ2 þM ¼ NiOOHþMH ð6Þ

9.2.2.2 Overcharge Reactions
In sealed Ni-MH cell, the M electrode has a higher capacity than the Ni(OH)2
electrode, thus facilitating a gas recombination reaction. During an overcharge
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situation, the MH electrode is charged continuously, forming hydride, while the Ni
electrode starts to evolve oxygen gas according to Eq. (7):

. Nickel positive electrode

2OH� ¼ H2Oþ 1=2O2 þ 2e� ð7Þ

. Hydride negative electrode

2Mþ 2H2Oþ 2e� ¼ 2MHþ 2OH� ð8Þ

2MHþ 1=2O2 ¼ 2MþH2O ð9Þ

. Actual (non-ideal) case

H2Oþ e� ¼ 1=2H2 þ OH� ð10Þ

2MHþ 1=2O2 ¼ 2MþH2O ð11Þ

The oxygen diffuses through the separator to the MH electrode, where it reacts
chemically, producing water [Eq. (11)] and preventing a pressure rise in the cell.

9.2.2.3 Over-Discharge Reaction
During the over-discharge process, hydrogen gas starts to evolve at the Ni electrode
[Eq. (12)]. The hydrogen diffuses through the separator to theMHelectrode, where it
dissociates to atomic hydrogen by a chemical reaction [Eq. (13)], followed by a charge
transfer reaction [Eq. (14)], ideally causing no pressure rise in the cell:

. Nickel positive electrode

2H2Oþ 2e� ¼ H2 þ 2OH� ð12Þ

. Hydride negative electrode

H2 þ 2M ¼ 2MH ð13Þ

2OH� þ 2MH ¼ 2H2Oþ 2e� þ 2M ð14Þ

9.3
An Overview of Hydrogen Storage Systems

In view of the promising features of the Ni-MH batteries, a large number of hydro-
gen storage systems have been characterized to date at the present authors�
[6,8,24,28,29]. In addition, MA has been used recently to prepare a nanocrystalline
TiFe-, ZrV2- LaNi5- and Mg2Ni-type alloys (Figure 9.4).
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9.3.1
The TiFe-Type System

Figure 9.5 illustrates a series of X-ray diffraction (XRD) spectra of a mechanically
alloyed Ti–Fe powder mixture (53.85wt.% Tiþ 46.15wt.% Fe) which has been

Figure 9.4 X-ray diffraction spectra of nanocrystalline TiFe (a),
ZrV2 (b), LaNi5 (c) and Mg2Ni (d) alloys produced by mechanical
alloying followed by annealing (TiFe MA for 20 h and heat-treated
at 700�C for 30min; ZrV2 MA for 40 h and heat-treated at 800�C
for 30min; LaNi5 MA 30 h and heat-treated at 700�C for 30min;
Mg2Ni MA 90h and heat-treated at 450�C for 30min).

Figure 9.5 X-ray diffraction spectra of a mixture of Ti and Fe
powders MA for different times in an argon atmosphere.
(a) Initial state (elemental powder mixture); (b) after MA for 2 h;
(c) after MA for 20 h; and (d) heat-treated at 700�C for 30min.
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subjected to milling for increasing times. The originally sharp diffraction lines of Ti
and Fe gradually become broader (Figure 9.5, spectrum b), and their intensity
decreases with milling time. The powder mixture milled for more than 20 h has
been transformed completely to the amorphous phase, without the formation of
other phases (spectrum c). During the MA process, the crystalline size of the Ti
decreases with MA time, and reaches a steady value of 20 nm after 15 h of milling.
This size of crystallites appears to be favorable for the formation of an amorphous
phase, which develops at the Ti–Fe interfaces. Formation of the nanocrystalline alloy
TiFe was achieved by annealing the amorphous material in a high-purity argon
atmosphere at 700�C for 30min (see Table 9.4; Figures 9.4a and 9.5d). All diffraction
peaks were assigned to those of CsCl-type structure with cell parameter a¼ 2.973Å.
When nickel is added to TiFe1�xNix, the lattice constant a increases.
The microstructure and possible local ordering in the TiNi samples was studied

using transmission electronmicroscopy (TEM). The samplemilled for 5 h wasmostly
amorphous, as was apparent from the high-resolution image (Figure 9.6a). The
selected area electron diffraction (SAED) pattern (see inset of Figure 9.6a) contains

Table 9.4 Discharge capacities of TiFe alloy prepared by different
methods on 3rd cycle (current density of charging and
discharging was 4mA g�1).

Microstructure
Processing
method

Lattice constant
a [Å]

Discharge
capacity [mA �h g�1]

Microcrystalline arc melting and annealing* 2.977 0.00
Amorphous MA – 5.32
Nanocrystalline MA and annealing 2.973 7.50

*900�C/3 days.

Figure 9.6 TEM images and electron diffraction patterns (insets)
of the milled TiNi sample. (a) Typical amorphous fragment; (b)
the same region after 25-min exposure to an electron beam; (c)
crystalline grain.
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broad rings at positions expected for TiNi with CsCl structure. There are, however,
additional weakly diffuse rings, most probably from TiO2. The amorphous alloy
was found to be unstable upon exposure to an electron beam and underwent some
crystallization. In the image acquired after a 25-min exposure to the electron beam
(Figure 9.6b), the formation of ordered regions (defined as patcheswith parallel lattice
fringes) may be seen. Accordingly, additional sharp reflections appear in the SAED
pattern (inset to Figure 9.6b). Apart from the prevailing amorphous phase, the
milled sample contained a small amount of crystalline alloy with a CsCl structure
(Figure 9.6c). The lack of any sharp reflections in the XRD pattern suggests that
the amount of crystalline phase is very low, and/or it is formed during the TEM
observations.
The microstructure of the annealed sample is shown in Figure 9.7. An analysis of

high-resolution images (Figure 9.7a and b) revealed the presence of well-developed
crystallites with broad range of sizes from 4nm up to more than 30 nm. The SAED
pattern obtained from the large area (200 mm) (Figure 9.7c) contained sharp rings
which corresponded to a TiNi alloy with CsCl structure.
The amorphization process of the studied materials was also examined using

differential scanning calorimetry (DSC) measurements. XRD studies of MA sam-
ples after heating in DSC showed that the observed large exothermic calorimetric
effects must be attributed to the formation of the ordered compounds as a crystalli-
zation product.
The electrochemical pressure-composition (e.p.c.) isotherms for absorption and

desorption of hydrogen were obtained from the equilibrium potential values of the
electrodes, measured during intermittent charge and/or discharge cycles at constant
current density, by using the Nernst equation [30]. Due to the amorphous nature of
the studied alloys prior to annealing, the hydrogen absorption–desorption charac-
teristics proved unsatisfactory as, compared to nanocrystalline TiFe, the storage
capacity was considerably smaller (Figure 9.8). Annealing causes transformation

Figure 9.7 TEM images (a, b) and electron diffraction patterns
(c) of the annealed TiNi sample. Nanocrystallites of an alloy are
clearly visible in (a) and (b).
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from the amorphous to the crystalline structure, and produces grain boundaries.
Anani et al. [17] noted that grain boundaries are necessary for the migration of the
hydrogen into the alloy. At this point it is worth noting, that although the character-
istics for microcrystalline and nanocrystalline materials are very similar in respect to
hydrogen contents, there are small differences in the plateau pressures. When the
amount of Ni in TiFe1�xNix was increased, the pressure in the plateau region
continued to decrease and the hydrogen storage capacity was increased. The hydro-
genation behavior of the amorphous structure was different from that of the thermo-
dynamically stable, crystalline material. Notably, for amorphous TiFe material, the
plateau totally disappears.
The discharge capacities of the studiedmicrocrystalline, amorphous and nanocrys-

talline TiFe materials are listed in Table 9.4. The discharge capacity of electrodes
prepared from TiFe alloy powder by the application of MA and annealing displayed
a very low capacity (7.50mA �h g�1 at 4mAg�1 discharge current), whereas the arc-
melted electrodes had no capacity [31]. The reduction in powder size, and the creation
of new surfaces, is effective for the improvement of the hydrogen absorption rate.
Materials obtained when Ni was substituted for Fe in TiFe led to a great improve-

ment in activation behavior of the electrodes. It was found that the increasing nickel
content in TiFe1�xNix alloys led initially to an increase in discharge capacity, giving a
maximum at x¼ 0.75 [32]. In the annealed nanocrystalline TiFe0.25Ni0.75 powder, a
discharge capacity of up to 155mA �h g�1 (at 40mAg�1 discharge current) was
measured (Table 9.5). The electrodes which were mechanically alloyed and annealed
from the elemental powders displayedmaximum capacities at around the third cycle
but, especially for x¼ 0.5 and 0.75 in TiFe1�xNix alloy, degraded slightly with cy-
cling. However, this may have been due to the easy formation of the oxide layer
(TiO2) during cycling.

Figure 9.8 Electrochemical isotherms pressure-composition for
absorption (dashed line) and desorption (solid line) of hydrogen
on: (a) amorphous and (b) nanocrystalline TiFe alloys.
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The discharge capacities of the materials studied are listed in Table 9.5. The
discharge capacity of electrodes prepared by the application of MATiFe alloy powder
is very low (Figure 9.9). It is important to note, that the mechanically alloyed TiFe
alloys showed a higher discharge capacity (0.7mA �h g�1) than their arc-melted
counterparts (0.0mA �h g�1). The reduction in powder size, and the creation of
new surfaces, proved effective for the improvement of the hydrogen absorption rate.
Materials obtained when Ni was substituted for Fe in TiFe1�xNix led to a great

improvement in the activation behavior of the electrodes. Again, increasing the
nickel content in TiFe1�xNix alloys led initially to an increase in discharge capacity,
with a maximum at x¼ 0.75 [33].
On the other hand, the discharge capacity of nanocrystalline TiNi0.6Fe0.1-

Mo0.1Cr0.1Co0.1 powder was largely unchanged during cycling (Figure 9.9). The

Table 9.5 Structural parameters and discharge capacities for
nanocrystalline TiFe1�xNix materials (current density of charging
and discharging was 40mA g�1).

x a [Å] V [Å3]
Discharge capacity on 3-rd
cycle [mA � h g�1]

0.0 2.973 26.28 0.7
0.25 2.991 26.76 55
0.5 3.001 27.03 125
0.75 3.010 27.27 155
1.0 3.018 27.49 67

Figure 9.9 Discharge capacity as a function of cycle number of
electrode prepared with nanocrystalline TiFe (a), TiFe0.25Ni0.75
(b), and TiNi0.6Fe0.1Mo0.1Cr0.1Co0.1 (c) (solution, 6M KOH;
temperature, 20�C). The charge conditions were: 40mAg�1; the
cut-off potential versus Hg/HgO/6M KOH was –0.7 V.
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alloying elementsMo, Cr and Co, when substituted simultaneously for iron atoms in
the nanocrystalline Ti(Fe-Ni) master alloy, prevented oxidation of this electrode
material.

9.3.2
The ZrV2-Type System

The nanocrystalline ZrV2 and Zr0.35Ti0.65V0.85Cr0.26Ni1.30 alloys were synthesized
by MA, followed by annealing [34,35]. The electrochemical properties of nanocrys-
talline powders were measured and compared with those of amorphous material.
The behavior of the MA process has been studied using XRD, whereupon the
powder mixture milled for more than 25 h was seen to transform absolutely to
the amorphous phase. The formation of ordered alloys was achieved by annealing
the amorphous materials in a high-purity argon atmosphere at 800�C for 30min
(see Figure 9.4, spectrum b).
Figure 9.10 shows the discharge capacities of the amorphous and nanocrystalline

electrodes as a function of charge/discharge cycling number. The electrode prepared
with nanocrystallineZr0.35Ti0.65V0.85Cr0.26Ni1.30material showed better activation and
higher discharge capacities. This improvementwas due to awell-established diffusion
path for hydrogen atoms along the numerous grain boundaries. The discharge capac-
ities of the studied ZrV2-type materials are listed in Table 9.6. The electrochemical
results showed very little difference between the nanocrystalline andmicrocrystalline
powders, as compared to the substantial differences between these and the

Figure 9.10 Discharge capacity as a function of cycle numbers of
electrode prepared with (a) amorphous and (b) nanocrystalline
Zr0.35Ti0.65V0.85Cr0.26Ni1.30 (solution, 6M KOH; temperature,
20�C). The charge conditions were: 40mAg�1; the discharge
conditions were plotted on; (c) cut-off potential versus Hg/HgO/
6M KOH was �0.7 V.
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amorphous powder. In the annealed nanocrystalline Zr0.35Ti0.65V0.85Cr0.26Ni1.30
powders prepared by MA and annealing, discharge capacities of up to 150mA �hg�1

(at 160mAg�1 discharge current) have been measured [35].
Independently, it has been shown, that the electrochemical properties of hydrogen

storage alloys, which do not contain nickel, can be stimulated by HEBM of the
precursor alloys with a small amount of nickel powders [34]. The ZrV2 and
Zr0.5Ti0.5V0.8Mn0.8Cr0.4 alloy powders have been prepared in this way, after which
it was confirmed that the discharge capacity of electrodes prepared by the application
of ZrV2 and Zr0.5Ti0.5V0.8Mn0.8Cr0.4 alloy powders with 10wt.% nickel powder
addition was impossible to estimate because of the extremely high polarization. In
electrodes prepared by application of high-energy ball-milled ZrV2/Ni and
Zr0.5Ti0.5V0.8Mn0.8Cr0.4/Ni alloy powders with 10wt.% nickel powder, the discharge
capacities were considerably improved, increasing from 0 to 110mA � h g�1 and
214mA �h g�1, respectively (Table 9.7).
The alloy elements such as Ti substituted for Zr and Mn, and Cr substituted for

V in ZrV2/Ni-based materials, greatly improved the activation behavior of the
electrodes. It is worthy of note that annealed nanocrystalline ZrV2/Ni-based pow-
ders have greater capacities (about 2.2-fold) than the amorphous parent alloy
powders. In general, the electrochemical properties are closely linked to the size
and crystallographic perfection of the constituent grains, which in turn are a
function of the processing or grain refinement method used to prepare the
hydrogen storage alloys.

Table 9.6 Discharge capacities of microcrystalline, amorphous
and nanocrystalline Zr0.35Ti0.65V0.85Cr0.26Ni1.30 materials (current
density of charging and discharging was 160mA g�1).

Preparation method Structure type
Discharge capacity
at 18th cycle [mA � h g�1]

arc melting and annealing* Microcrystalline (MgZn2) 135
MA Amorphous 65
MA and annealing Nanocrystalline (MgZn2) 150

*1000�C/7 days.

Table 9.7 Discharge capacities of nanocrystalline ZrV2-type
materials without and with 10wt.% of Ni powder (current density
of charging and discharging was 4mA g�1).

Composition Discharge capacity [mA � h g�1]

ZrV2 0
ZrV2/Ni 110
Zr0.5Ti0.5V0.8Mn0.8Cr0.4 0
Zr0.5Ti0.5V0.8Mn0.8Cr0.4/Ni 214
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9.3.3
The LaNi5-Type System

The properties of hydrogen host LaNi5 materials can be modified substantially by
alloying. It was found that the substitution of Ni in LaNi5 by small amounts of Al,
Mn, Si, Zn, Cr, Fe, Cu or Co altered the hydrogen storage capacity, the stability of the
hydride phase, and also corrosion resistance [18,20,36–41]. In general, in the tran-
sition metal sublattice of LaNi5-type compounds, substitution by Mn, Al and Co has
been found to offer the best compromise between high hydrogen capacity and good
resistance to corrosion [6,18]. During the MA process, the originally sharp diffrac-
tion lines of La and Ni gradually become broader, and their intensity decreases with
milling time. The powder mixture milled for more than 30 h was transformed
completely to the amorphous phase. Formation of the nanocrystalline alloy was
achieved by annealing the amorphous material in a high-purity argon atmosphere
at 700�C for 30min (see Figure 9.4, spectrum c). According to atomic force micros-
copy (AFM) studies, the average size of the amorphous La-Ni powders was of order
of 25 nm (Figure 9.11).
The discharge capacity of an electrode prepared by the application of nanocrystal-

line LaNi5 alloy powder is low (Figure 9.12) [37,38]. It was found that the substitu-
tion of Ni by Al or Mn in La(Ni,M)5 alloy leads to an increase in discharge capacity.
The LaNi4Mn electrode, when mechanically alloyed and annealed, displayed the
maximum capacity at the first cycle, but the discharge capacity degraded strongly
with cycling. On the other hand, alloying elements such as Al, Mn and Co substi-
tuting nickel greatly improved the cycle life of LaNi5-type material (Figure 9.12).
With the increase of cobalt content in LaNi4�xMn0.75Al0.25Cox, thematerial showed
an increase in discharge capacity which passed through a wide maximum for

Figure 9.11 Histogram of a mixture of La and Ni powders me-
chanically alloyed for 30 h under an argon atmosphere.
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x¼ 0.25 [40]. In nanocrystalline LaNi3.75Mn0.75Al0.25Co0.25, discharge capacities of
up to 258mA �h g�1 (at 40mA g�1 discharge current) were measured, which com-
pared well with results reported by Iwakura et al. for microcrystalline MmNi4�xM-
n0.75Al0.25Cox alloys (mishmetal) [41].
The cleanliness of the surface of microcrystalline and nanocrystalline LaNi5-type

alloys was studied using X-ray photoelectron spectroscopy (XPS) and Auger electron
spectroscopy (AES) [37,42]. The element-specific Auger intensities of the microcrys-
talline LaNi4.2Al0.8 sample, as a function of the sputtering time and converted to
depth, are shown graphically in Figure 9.13a.
As can be seen, there is relatively high concentration of carbon and oxygen

immediately on the surface, which may be due to carbonates or to adsorbed atmo-
spheric CO2. The carbon concentration decreases strongly towards the interior of the
sample. At themetal interface itself only oxygen is present, whichmakes it very likely
that only an oxide layer is formed, and no other compounds, the latter growing
apparently with a smaller probability. It was also found that, at the oxide–metal
interface, mainly lanthanum and nickel atoms were present. Taking into account
that the escape-depth of the Auger electron from nickel and aluminum atoms is
about 2 nm, the concentration of these elements on the metallic surface is signifi-
cantly lower compared to the average bulk composition. Therefore, the lanthanum
atoms which segregate to the surface form a La-based oxide layer under atmospheric
conditions. The oxidation process is depth-limited such that an oxide-covering layer
with a well-defined thickness is formed, and by which the lower-lying metal is
prevented from further oxidation. In this way it is possible to obtain a self-stabilized
oxide–metal structure. Very similar behavior was observed for the microcrystalline

Figure 9.12 Discharge capacities as a function
of cycle number of LaNi5-type negative elec-
trodes made from nanocrystalline powders
prepared by MA followed by annealing: (a)
LaNi5; (b) LaNi4Co; (c) LaNi4Mn; (d) LaNi4Al;

(e) LaNi3.75CoMn0.25; (f) LaNi3.75CoAl0.25; (g)
LaNi3.75Mn0.75Al0.25Co0.25 (solution, 6M KOH;
temperature, 20�C). The charge conditions
were 40mAg�1; the cut-off potential versus
Hg/HgO/6M KOH was �0.7 V.
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Co thin films oxidized under atmospheric conditions. From the peak-to-peak
amplitude it is possible to calculate the maximum atomic concentration of oxygen
inside the sample as 2 atom%. The concentration of carbon impurities inside the
sample was below 0.5 atom%. Figure 9.13b shows the element-specific Auger in-
tensities of the nanocrystalline LaNi4.2Al0.8 sample as a function of the sputtering
time, converted to depth. Similar to results obtained for themicrocrystalline sample,
there is a relatively high concentration of carbon and oxygen immediately on the
surface, but the carbon concentration is greatly decreased towards the interior of
the sample. At the oxide–metal interface, only iron impurities and lanthanum
atoms were found to be present. As the escape-depth of the Auger electrons from
nickel and aluminum atoms is about 2 nm, it is concluded that these elements are
virtually absent from the metallic surface. In other words, lanthanum atoms and
iron impurities strongly segregate to the surface, where they form an oxide layer
under atmospheric conditions. The lower-lying Ni atoms form a metallic subsur-
face layer, and are responsible for the observed high hydrogenation rate in accor-
dance with earlier findings. The above segregation process is stronger compared
to that observed for the microcrystalline sample. The presence of a significant
amount of iron atoms in the surface layer of the nanocrystalline LaNi4.2Al0.8 alloy
may be explained by Fe impurities becoming trapped in the MA powders as a
result of erosion of the milling media. The amount of Fe impurities was consid-
erably decreased in the subsurface layer of the sample. From the peak-to-peak
amplitude, the maximum atomic concentration of oxygen was estimated as �2
atom% in the interior of the sample. Similar to results reported for the polycrys-
talline LaNi4.2Al0.8 alloy, the concentration of carbon impurities inside the sample
was below 0.5 atom%.

Figure 9.13 Auger electron spectrum of microcrystalline (a) and
nanocrystalline (b) LaNi4.2Al0.8 alloy versus sputtering time, as
converted to depth. The sample surface is located on the left-
hand side.
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9.3.4
The Mg2Ni-Type System

The magnesium–nickel phase diagram shows two compounds, Mg2Ni and MgNi2.
The first of these reacts with hydrogen slowly at room temperature to form the
ternary hydride Mg2NiH4. At higher temperatures and pressure (e.g., 200�C,
1.4MPa [25]), the reaction is sufficiently rapid for useful absorption–desorption
reactions to occur.
Mechanical alloying is one of main methods used to produce the Mg–Ni alloys

which show great expectation as hydrogen storagematerials [25,43–46]. Subsequent-
ly, Ling et al. [44] noted that HEBM, which gives rise to the creation of fresh surfaces
and cracks, is highly effective for the kinetic improvements in the initial hydriding
properties.
In a series of earlier studies conducted by the present authors, the nanocrystalline

Mg2Ni-type alloys were prepared by MA followed by annealing, whereupon the
powder mixture milled for more than 90h was transformed completely to the amor-
phous phase, without the formation of any other phase. Formation of the nanocrystal-
line alloy was achieved by annealing the amorphous material in a high-purity argon
atmosphere at 450�C for 30min. All diffraction peaks were assigned to those
of the hexagonal crystal structure, with cell parameters a¼ 5.216Å, c¼ 13.246Å
(see Figure 9.4, spectrum d) [25]. According to AFM studies, the average size of
amorphous Mg–Ni powders was of the order of 30nm.
Although, at room temperature, the nanocrystallineMg2Ni alloy absorbs hydrogen,

the desorbtion of hydrogen is minimal. At temperatures above 250�C the kinetics of
the absorption–desorption process improves considerably, and for nanocrystalline
Mg2Ni alloy the reaction with hydrogen is indeed reversible. The hydrogen content
in this material at 300�C is 3.25wt.%. However, upon hydrogenation, Mg2Ni trans-
forms into the hydride Mg2NiHx phase. It is important to note, that between 210 and
245�C the hydride Mg2NiHx phase transforms from a high-temperature cubic struc-
ture to a low-temperature monoclinic phase. When hydrogen is absorbed by Mg2Ni
beyond 0.3H per f.u., the system undergoes a structural rearrangement to the
stoichiometric complex Mg2NiHx hydride, with an accompanying 32% increase in
volume.Theelectrochemical properties of the alloy are improved after the substitution
of some amounts of magnesium bymanganese. The results show that themaximum
absorption capacity reaches 3.25wt.% for pure nanocrystallineMg2Ni alloy, this being
lower than the microcrystalline Mg2Ni alloy (3.6wt.%) due to a significant amount of
strain, chemical disorder, and defects introduced into the material during the
mechanical alloyingprocess.At the same time, increasing themanganese substitution
causes the unit cell to decrease. The concentration of hydrogen in the produced
nanocrystalline Mg2Ni alloys decreases greatly with increasing Mn content. The
hydrogen content at 300�C in nanocrystalline Mg1.5Mn0.5NiH was only 0.65wt.%
(Table 9.8; Figure 9.14).
The Mg2Ni electrode, when mechanically alloyed and annealed, displayed the

maximum discharge capacity (100mA �h g�1) at the first cycle but degraded strongly
with cycling. The poor cyclic behavior of Mg2Ni electrodes is attributed to the
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formation of Mg(OH)2 on them, and which is considered to arise from the charge–
discharge cycles. In trying to avoid the surface oxidation, the effect of magnesium
substitution by Mn or Al in Mg2Ni-type material has been examined, and found this
alloying to greatly improve the discharge capacities. In nanocrystalline
Mg1.5Mn0.5Ni and Mg1.5Al0.5Ni alloys, discharge capacities of up to 241mA �h g�1

and 175mA �h g�1 were measured, respectively [25].

Table 9.8 Structure, lattice parameters, discharge capacities and
hydrogen contents for nanocrystallineMg2Ni-typematerials; data
for parent microcrystalline Mg2Ni alloy were also included for
comparison [15].

Alloy

Structure
and lattice
constants

Discharge
capacity
[mA � h g�1]

Hydrogen
content at
300�C [wt.%]

Mg2Ni hexagonal 100 3.25
nanocrystalline a¼ 5.216Å, c¼ 13.246Å
Mg1.75Mn0.25Ni hexagonal 148 2.50
nanocrystalline a¼ 5.185Å, c¼ 13.097Å
Mg1.5Mn0.5Ni cubic 241 0.65
nanocrystalline a¼ 3.137Å
Mg1.75Al0.25Ni hexagonal 105 1.75
nanocrystalline a¼ 5.193Å, c¼ 13.173Å
Mg1.5Al0.5Ni cubic 175 0.26
nanocrystalline a¼ 3.149Å
Mg2Ni hexagonal – 3.6
microcrystalline a¼ 5.223Å, c¼ 13.30Å

Figure 9.14 Pressure–composition isotherms at 300�C of hy-
drogen desorption from nanocrystalline Mg2�xMnxNi-H alloys.
(a) x¼ 0; (b) x¼ 0.25; (c) x¼ 0.5.
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The surface chemical composition of nanocrystalline Mg2Ni-type alloy studied
with XPS showed a strong surface segregation under ultra-high vacuum (UHV)
conditions of Mg atoms in the MA nanocrystalline Mg2Ni alloy. This phenomenon
might also considerably influence the hydrogenation process in such materials.

9.3.5
Nanocomposites

A new class of electrode materials – nanocomposite hydride materials – is proposed
for anodes in hydride-based rechargeable batteries [47–50]. These materials are
synthesized by the mechanical mixing of two components: a major component
having good hydrogen storage properties; and a minor component used as the
surface activator. The major component was selected among conventional hydride
electrode materials, as alloys of the TiFe-, ZrV2-, LaNi5- and Mg2Ni-type type. The
minor component was usually nickel, copper, palladium or graphite. Until now,
nanocomposite hydride electrodes have shown the following advantages:

. almost complete elimination of the need for initial activation

. an enhancement of the discharge capacity

. a considerable improvement in the stability to charge–discharge at high rates

. an increase in charging efficiency

. a higher resistance to surface degradation during repeated charge/discharge.

In order to improve the electrochemical properties of these as-yet studied nano-
crystalline electrode materials, the ball-milling technique was applied to the TiFe-
type alloys using the nickel and graphite elements as a surface modifiers [49,50]. The
TiFe0.25Ni0.75/M-type composite materials, where M = 10wt.% Ni or C, were pro-
duced by ball-milling for 1 h. Ball-milling with nickel or graphite of TiFe0.25Ni0.75-
type materials is sufficient to considerably broaden the diffraction peaks of TiFe0.25-
Ni0.75 (not shown). Additionally, milling with graphite is responsible for a sizeable
reduction of the crystallite sizes of TiFe0.25Ni0.75/C, from 30nm to 20 nm.
Figure 9.15 shows, graphically, the discharge capacities as a function of the cycle

number for studied nanocomposite materials. When coated with nickel, the dis-
charge capacities of nanocrystalline TiFe0.25Ni0.75 powders were increased. The
elemental nickel was distributed on the surface of the ball-milled alloy particles
homogeneously, the role of these particles being to catalyze the dissociation of
molecular hydrogen on the surface of the studied alloy. Mechanical coating with
nickel or graphite effectively reduced the degradation rate of the electrode materials.
Compared to the uncoated powders, degradation of the coated powders was sup-
pressed. Recently, Raman spectroscopy and XPS investigations indicated that the
interaction of graphite with MgNi alloy occurred at the Mg part in the alloy [36].
Graphite inhibits the formation of new oxide layer on the surface of materials once
the native oxide layer is broken during the ball-milling process.
A similar behavior was observed recently in the case of Mg2Cu-based electrode

nanomaterials [26]. Mechanically alloyed and annealed nanocrystalline Mg2Cu alloy,
displayed the maximum discharge capacity (26.5mA �h g�1) at the first cycle, but
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degraded strongly with cycling (Table 9.9). The poor cyclic behavior of Mg2Cu
electrodes is attributed to the formation of Mg(OH)2 on them, and this is thought
to arise from the charge–discharge cycles. In order to avoid the surface oxidation, the
effect of palladium coating of the Mg2Cu-type material has been examined. The
discharge capacity of coated nanocrystalline Mg2Cu powders with palladium was
improved. The elemental Pd was distributed on the surface of ball-milled alloy
particles homogeneously, the role of these particles being to catalyze the dissociation

Figure 9.15 Discharge capacity as a function of cycle number for
MA and annealed TiFe0.25Ni0.75 (a), in addition to TiFe0.25Ni0.75/
Ni (b) and TiFe0.25Ni0.75/C (c) composite electrodes, Solution,
6M KOH; temperature, 20�C.

Table 9.9 Structure, lattice parameters, discharge capacities and
hydrogen contents for nanocrystalline and nanocomposite
Mg2Cu-type materials.

Material

Structure and
lattice
constants [Å]

Discharge
capacity

[mA � h g�1]

Hydrogen
content
at 300�C

1st cycle 3rd cycle [wt.%]

Nanocrystalline Orthorhombic
Mg2Cu a¼ 9.119(4) 26.5 4.7 2.25

b¼ 18.343(4)
c¼ 5.271(1)

Nanocomposite Orthorhombic/f.c.c.
Mg2Cu/Pd a¼ 9.046(6) 26.3 19.3 1.75

b¼ 18.463(3)
c¼ 5.274(1)/a¼ 3.890(7)
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of molecular hydrogen on the surface of the alloy. Mechanical coating with palladi-
um effectively reduced the degradation rate of the electrode material under investi-
gation. Compared to uncoated powders, degradation of the coated powders was
suppressed (Table 9.9).
In the case of Mg2Cu-type alloys, the capacity of the alloy electrode in relation to

the amount of absorbed hydrogen (wt.%) was calculated based on the input/output
charge. In accordance with the equation: Es¼�0.9325� 0.0291 · log p(H2)/po [18],
the charge of one order of magnitude in hydrogen pressure in the alloy results in a
change in the electrode potential of 29mV. The e.p.c. isotherms determined on the
studied Mg2Cu-type materials are illustrated in Figure 9.16. The isotherms show an
increase in the equilibrium hydrogen pressure, and an increase in the amount of
hydrogen observed for the nanocomposite Mg2Cu/Pd material (curve c) in compar-
ison with the microcrystalline (curve a) and nanocrystalline (curve b) alloys.
Independently, nanocomposite Mg2Ni/Pd and Mg2�xAlxNi/Pd-type hydrogen

storage materials (x¼ 0, 0.5) have been prepared using MA. The effect of MA
processing on Mg-based alloys was studied in detail (Figures 9.17 and 9.18). The
cell parameters of all studied materials are listed in Table 9.10. For Mg1.5Al0.5Ni, the
crystalline phase of a Ti2Ni-type cubic structure is formed (a¼ 3.149Å). The effect of
palladium coating was examined on Mg2Ni- and Mg1.5Al0.5Ni-type materials, and
the discharge capacity of coated nanocrystalline Mg2Ni- and Mg1.5Al0.5Ni-powders
with palladium was improved. The elemental Pd was distributed on the surface
of ball-milled alloy particles homogeneously, the role of these particles being to
catalyze the dissociation of molecular hydrogen on the surface of studied alloy [13].

Figure 9.16 Electrochemical pressure–composition isotherms
for absorption (solid line) and desorption (dashed line) of
hydrogen on microcrystalline Mg2Cu (a), nanocrystalline Mg2Cu
(b) and nanocomposite Mg2Cu/Pd (c). 6M KOH solution; the
charge–discharge conditions were 4mAg�1, and the cut-off
potential �0.700V.
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Mechanical coating with palladium effectively reduced the degradation rate of the
studied electrode material. Compared to the uncoated powders, degradation of the
coated powders was suppressed (Figure 9.19).
The results of X-ray fluorescence (XRF)measurements revealed the assumed bulk

chemical composition of the polycrystalline and nanocrystalline Mg2Ni-type alloys.

Figure 9.18 X-ray diffraction spectra of nanocrystalline
Mg1.5Al0.5Ni- and nanocompositeMg1.5Al0.5Ni/Pd-type hydrogen
storage materials produced by mechanical alloying followed by
annealing (see text for details).

Figure 9.17 X-ray diffraction spectra of nanocrystalline Mg2Ni-
and nanocomposite Mg2Ni/Pd-type hydrogen storage materials
produced by mechanical alloying followed by annealing (see text
for details).
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On the other hand, core-level XPS measurements showed that the surface segrega-
tion of Mg atoms in the MA nanocrystalline samples is stronger compared to that of
microcrystalline thin films. In particular, a strong surface segregation of Mg atoms
was observed for the Mg2Ni/Pd composites. Figure 9.20 shows normalized integral
intensities of Mg, O, Ni, and Pd XPS peaks versus sputtering time as converted to
depth for Mg2Ni/Pd composites. The XPSMg-1 s, Ni-2p3/2, and Pd-3d5/2 peaks were
normalized to the intensities of in-situ-prepared pure Mg, Ni, and Pd thin films,
respectively. The oxygen 1 s peak was normalized to the O-1 s intensity in the MgO
single crystal. Results presented in Figure 9.20 show that Ni and Pd atoms are
practically absent on the composite surface. On the other hand, Mg atoms strongly
segregate to the surface and form a Mg-based oxide layer under atmospheric con-
ditions. The oxidation process is depth-limited such that an oxide-covering layer with
a well-defined thickness is formed by which the lower-lying metal is prevented from

Table 9.10 Structure, lattice parameters and discharge capacities
for nanocomposite Mg2�xAlxNi/Pd-type hydrogen storage
materials (x¼ 0, 0.5).

Material
Structure and lattice
constants [Å]

Discharge
capacity at 1st cycle
[mA � h g�1]

Nanocomposite hexagonal/f.c.c.
Mg2Ni/Pd a¼ 5.254, c¼ 13.435/a¼ 3.8907 305
Nanocomposite cubic/f.c.c.
Mg1.5Al0.5Ni/Pd a¼ 3.171/a¼ 3.8907 240

Figure 9.19 Discharge capacities of nanocrystalline Mg2Ni (a),
Mg1.5Al0.5Ni (b) and nanocomposite Mg2Ni/Pd (c), Mg1.5Al0.5-
Ni/Pd (d) hydrogen storage materials. The current density of
charge–discharge was 4mAg�1.
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further oxidation. In this way, it is possible to obtain a self-stabilized oxide–metal
structure. The lower-lying Ni and Pd atoms form ametallic subsurface layer, and are
responsible for the observed relatively high hydrogenation rate. The surface segre-
gation process of Mg atoms in Mg2Ni/Pd composite is stronger compared to that
observed for theMg2Ni nanocrystalline alloy. Furthermore, no segregation effect has
been observed for the in-situ-prepared microcrystalline Mg2Ni thin films. On the
other hand, the Mg2Ni thin films which are naturally oxidized in air for 24 h show a
small segregation effect of the Mg atoms to the surface.

9.4
Electronic Properties

The application of hydrogen storage alloys as anode materials has focused attention
also on the electronic structure of TiFe, ZrV2, LaNi5 or Mg2Ni, and its modification
mainly by Ni atoms, but also by Al, Co, Cr, and Mo impurities [51–60]. Until now,
several semi-empirical models [61,62] have been proposed for the heat of formation
and heat of solution of metal hydrides, and attempts have been made for justifying
the maximum hydrogen absorption capacity of the metallic matrices.
Recently, the electronic structure of Ti-based systems was studied by the tight-

binding version of the linear muffin-tin method in the atomic sphere approximation
(TB-LMTO ASA) [53]. In the TiFe1�xNix alloys, increasing the content of the Ni

Figure 9.20 Normalized integral intensities of
Mg, O, Ni, and Pd XPS peak versus sputtering
time as converted to depth for Mg2Ni/Pd
composite. The X-ray photoelectron spectros-
copy (XPS) Mg-1 s, Ni-2p3/2, and Pd-3d5/2
peaks were normalized to the intensities of in-
situ-prepared pure Mg, Ni, and Pd thin films,

respectively. The oxygen 1 s peak was normal-
ized to the O-1 s intensity in the MgO single
crystal. The XPS measurements were per-
formed immediately after heating under ultra-
high vacuum conditions (see text), which allow
the removal of adsorbed impurities (mainly
carbonates), excluding a stable oxide top layer.
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impurities extended the valence bands and increased the density of states at the Fermi
level. Similar effects were observed for the TiNi0.6Fe0.1Mo0.1Cr0.1Co0.1 system.
Independently, the electronic properties of microcrystalline and nanocrystalline

TiFe0.25Ni0.75 alloys were studied using XPS [54]. In general, the lattice expansion
associated with Fe substitution by Ni in TiFe1�xNix could cause a narrowing of the
Ni-d sub-band due to a decrease in the Ni–Ni interaction. The above effect is
manifested as a relatively sharp maximum of the valence band [54,63]. Furthermore,
the experimental valence band could also be broader due to the effect of disorder
caused by substitution of Fe by Ni. The shape of the XPS valence band of the
nanocrystalline TiFe0.25Ni0.75 alloy is broader compared to that measured for the
polycrystalline TiFe0.25Ni0.75 sample. This is most likely due to a strong deformation
of the nanocrystals. Normally, the interior of the nanocrystal is constrained and the
distances between atoms located at the grain boundaries are expanded. Further-
more, in the case of MA nanocrystalline TiFe0.25Ni0.75 alloy the Ni atoms could also
occupy metastable positions in the deformed grain. The above behavior could also
modify the electronic structure of the valence band.
The electronic structure of Zr(V-Ni)2-type compounds has also been studied [56].

The Ni impurities cause a charge transfer from the Zr and V atoms to the Ni atom,
the valence band is wider, and the density of electronic states at the Fermi level
decreases by about 30%.
Recently, the effect of substitution at the Ni site on the electronic structure of

LaNi5-type compounds was investigated [57,58,65]. Thus, a very good agreement was
found between experimental results and ab-initio LMTO calculations of the total
density of states (DOS) [57]. The occupied part of the conduction band is dominated
by the Ni-3d states with a non-negligible bonding contribution of the La-5d states.
The main part of the La-5d states is located above the Fermi energy. The XPS signal
at EF is high, and mostly composed of Ni-3d states since the La-5d contribution is
practically negligible [57,64].
The XPS valence band spectrum of microcrystalline LaNi4Al is significantly modi-

fied compared to that measured for the LaNi5. In general, the lattice expansion
associated with nickel substitution by aluminum could cause a narrowing of the
Ni-3d sub-band due to a decrease in the Ni–Ni interaction. The above effect is man-
ifested as a relatively sharp maximum of the valence band. On the other hand, the
width of the valence band of the LaNi4Al1 alloy is greater in comparison with LaNi5
system. This is due to the contribution of the Al s and p sub-bands, which are located
near the bottom of the total valence band [57]. Furthermore, the experimental valence
band could be also broader due to the effect of disorder caused by substitution ofNi by
Al. Additionally, the XPS valence band of the nanocrystalline LaNi4Al1 alloy is broader
compared to that measured for the microcrystalline LaNi4Al1 sample [59].
Binary LaNi5 crystallizes with the CaCu5 structure type in which La occupies site 1

(a) and Ni sites 2(c) and 3(g). The battery electrode material LaNi4Al1 is a substitu-
tional derivative of LaNi5 in which La occupies site 1(a) and Ni and Al sites 2(c) and 3
(g) of space group P6/mmm. Experimental results showed that the La sites do
not accommodate Ni and Al atoms. Furthermore, TB LMTO calculation [57] showed
that the impurity aluminum atoms prefer the 3 g positions in agreement with
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experimental data [64]. However, in the case of MA nanocrystalline LaNi4Al1 alloy
the Al atoms could also occupy metastable (2c) positions in the deformed grain. The
above behavior could also modify the electronic structure of the valence band.
A large number of experimental investigations on Mg–Ni compounds have been

performed to date in relation to their electrochemical properties [25,26,66–68]. The
band structure calculationswere performed for ideal hexagonalMg2Ni-type structures
withP6222 space group. In this structure,magnesiumandnickel atoms eachoccupied
two crystallographic positions: Mg(6i), Mg(6f), Ni(3d), and Ni(3b). The total energy
calculations showed that, in both cases, Mg11/6Al1/6Ni and Mg11/6Mn1/6Ni, the im-
purity atoms,Al andMn, preferred the (6i) position. Al atomsmodify the bottomof the
valence band, which is by about 0.5 eVwider than for theMg2Ni system. In the case of
Mn atoms, 4d electronsmodify the valence band in the range of 3 eV below the Fermi
level (EF), and the value of DOS for E¼EF is higher [25].
The experimental XPS valence bands for nanocrystallineMg2Ni andMg1.5Mn0.5Ni

were studied [24,69]. Similar to the effect of the band broadening observed for the
nanocrystalline TiFe- and LaNi5-based alloys, such a modification has also been ob-
served in the case of theMg2Ni system. The reasons responsible for band broadening
of the nanocrystalline Mg2Ni are as described above for the nanocrystalline FeTi- and
LaNi5-type alloys. It is believed that, also in the case of the nanocrystalline
Mg1.5Mn0.5Ni system, its experimental valence band is broadened compared to that
for a microcrystalline alloy.
The experimental XPS valence bands measured for nanocrystalline Mg2Ni and

Mg1.5Mn0.5Ni are shown in Figure 9.21. The experimental XPS valence bands

Figure 9.21 X-ray photoelectron spectroscopy (XPS) valence
band (Al-Ka) spectra for nanocrystallineMg2Ni andMg1.5Mn0.5Ni
alloys. The XPSmeasurements were performed immediately after
heating under ultra-high vacuum conditions, followed by removal
of a native oxide and possible impurities layer using an ion gun
etching system (see text).
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measured for MA nanocrystalline alloys showed a significant broadening compared
to those obtained by theoretical band calculations. Especially, a clear broadening of
the band is visible when comparing the experimental and theoretical (not shown
here) XPS valence bands for the Mg2Ni alloy. The reasons for this band broadening
of the nanocrystalline Mg2Ni-type alloys are probably associated with a strong de-
formation of the nanocrystals in the MA samples [69]. Normally, the interior of the
nanocrystal is constrained and the distances between atoms located at the grain
boundaries are expanded. Furthermore, the Al and Mn atoms may also occupy
metastable positions in the nanocrystals.
In order to improve the electrochemical properties of the studied nanocrystalline

electrode materials, the ball-milling technique was applied to Mg-based alloys using
graphite and palladium as surface modifiers (Figure 9.22). When coated with graph-
ite or palladium, the discharge capacity of nanocrystalline Mg1.5Mn0.5Ni and
Mg1.5Al0.5Ni powders was increased [66,68]. The elemental graphite was distributed
on the surface of ball-milled alloy particles homogeneously (again, the role of these
particles was to catalyze the dissociation of molecular hydrogen on the surface of the
studied alloy). Mechanical coating with graphite and palladium effectively reduced
the degradation rate of the electrode materials. Compared to that of the uncoated
powders, degradation of the coated powders was suppressed. Recently, Iwakura et al.
[70] have shown that the modification of graphite on the MgNi alloy in the MgNi-
graphite composite is mainly surficial in nature. Both, Raman spectroscopy and XPS
investigations have shown that the interaction of graphite with MgNi alloy occurred
at the Mg region of the alloy. Graphite inhibits the formation of a new oxide layer on
the surface of materials when the native oxide layer is broken during the ball-milling
process.
The experimental XPS valence bands measured for theMg2Ni/Pd andMg2Cu/Pd

composites are shown in Figure 9.23. Those measured for nanocomposite alloys

Figure 9.22 X-ray diffraction spectra of nanocomposite Mg2Ni/C
(a) and Mg2Ni/Pd (b) materials (see text).
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showed a significant broadening compared to those obtained for microcrystalline
Mg2Cu or Mg2Ni alloys [68]. The maximum of the nanocrystalline Mg2Ni valence
band spectrum was located about 1.78 eV closer to the Fermi level than that mea-
sured for nanocomposite Mg2Ni/Pd. The results also showed a significant broad-
ening of the valence bands of the studied nanocomposites compared to those
obtained by theoretical band calculations. Notably, a clear broadening of the band
was visible when compared to the experimental XPS valence band for the nano-
crystallineMg2Cu alloy and nanocompositeMg2Cu/Pdmaterial. The reasons for the
band broadening of the nanocrystalline Mg2Ni and Mg2Cu alloys were probably
associated with a strong deformation of the nanocrystals in the MA samples [42].
Normally, the interior of the nanocrystal is constrained and the distances between
atoms located at the grain boundaries are expanded. The valence band spectra of the
MA samples may also broadened due to an additional disorder introduced during
formation of the nanocrystalline structure.
The strong modifications of the electronic structure of the nanocrystalline Mg2Ni-

type alloy may have significant influences on its hydrogenation properties [24],
similar to the behavior observed earlier for the nanocrystalline FeTi- and LaNi5-type
alloys. It is also believed that, in the case of the nanocrystallineMg1.5Mn0.5Ni system,
the experimental valence band was broadened compared to that measured or calcu-
lated for a polycrystalline alloy (not shown here).
The present theoretical studies will, hopefully, stimulate further experimental

investigations that may lead to a full understanding of the electronic properties of
these technologically important hydrogen storage materials.

Figure 9.23 X-ray photoelectron spectroscopy (XPS) valence
band (Al-Ka) spectra for Mg2Cu/Pd (a) and Mg2Ni/Pd
(b) nanocomposites. The XPS measurements were performed
immediately after heating under ultra-high vacuum conditions,
followed by removal of a native oxide and possible impurities
layer using an ion gun etching system (see text).
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9.5
Sealed Ni-MH Batteries

The cyclic behavior of the some nanostructured alloy anodes was examined in a
sealed HB 116/054 cell (according to the International standard IEC no. 61808,
related to the hydride button rechargeable single cell) [71]. The mass of the active
material was 0.33 g. In order to prepare MH negative electrodes, alloy powders were
mixed with 5wt.% tetracarbonylnickel, and the mixture was pressed into tablets that
were placed in a small basket made from nickel nets (as the current collector). The
diameter of each tested button cell was 6.6mm, and the thickness 2.25mm. The
sealed Ni-MH cell was constructed by pressing the negative and positive electrodes,
polyamide separator and KOH (r¼ 1.20 · 10�3 kgm�3) as the electrolyte solution.
The battery with electrodes fabricated from nanocrystalline materials was charged at
a current density of i¼ 3mAg�1 for 15 h and, after a 1-h pause, discharged at current
density of i¼ 7mAg�1 down to 1.0 V. All electrochemical measurements were
performed at 20� 1�C.
In order to study the quality of the active TiFe0.25Ni0.75 and TiNi as electrode

materials in the Ni-MH battery, the overpotential dependence on the current density
(i¼ 10, 20, 40 and 80mAg�1) was recorded at 15 s of anodic and cathodic galvano-
static pulses (Figure 9.24). It can be seen that the anodic and cathodic parts of the
nanocrystalline electrodes are almost symmetrical with respect to the resting poten-
tial of the electrode. It may also be concluded that fast rates can be achieved for all of
the studied electrodes.
Figure 9.25 shows the discharge capacities of sealed button cells with electrodes

prepared from nanocrystalline Ti-based alloys as a function of discharge cycle num-
ber. Among TiNi-type materials, the highest discharge capacities were found for

Figure 9.24 Overpotential against current density on activated
nanocrystalline: (a) TiFe0.25Ni0.75; and (b) TiNi electrodes, at 15 s
of anodic and cathodic galvanostatic pulses.
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TiFe0.25Ni0.75 alloy. It is of interest to note that that the sealed battery using the
nanocrystalline TiFe0.25Ni0.75 alloy had almost the capacity of the polycrystalline
(Zr0.35Ti0.65)(V0.93Cr0.28Fe0.19Ni1.0) counterpart [72].
Independently, it was found that the discharge capacities of sealed button batteries

with electrodes prepared from the nanocrystalline La(Ni,Mn,Al,Co)5 powders had
slightly higher discharge capacities than the negative electrodes prepared from
microcrystalline powders.

9.6
Conclusions

In conclusion, nanocrystalline TiFe-, ZrV2-, LaNi5- and Mg2Ni-type alloys synthe-
sized by MA can store hydrogen reversibly to form hydride, and then release hy-
drogen electrochemically. Mechanical alloying represents a suitable procedure for
obtaining nanocrystalline hydrogen storagematerials with high capacities and better
hydrogen sorption properties. Currently, there are twomain advantages ofMA in the
synthesis of hydrogen storage powders:

. It can be used to alloy elements with vastly different melting temperatures (e.g.,
Mg, Ni, or Cu), which is not easily achieved by conventional techniques such as
arc or induction melting.

. It is a mature powder synthesis technique that can easily be scaled up from the
laboratory to industry (e.g., from a few grams to several tons of powder).

Figure 9.25 Durability of the sealed button cells with negative
electrodes made from nanocrystalline Ti-based alloys:
(a) TiFe0.25Ni0.75; (b) TiNi; (c) TiNi0.875Zr0.125; (d) TiNi0.6Fe0.1-
Mo0.1Cr0.1Co0.1; (e) NiCd alloys. The mass of the active material
was 0.33 g.
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The hydrogen storage properties of nanocrystalline ZrV2- and LaNi5-type pow-
ders prepared by MA and annealing show no major differences from those of melt
casting (microcrystalline) alloys. On the other hand, the nanocrystalline TiFe- and
Mg2Ni-type hydrides show substantially enhanced absorption characteristics
which are superior to those of conventionally prepared materials. The properties
of nanocrystalline electrodes were attributed to the structural characteristics of the
compound as a result of MA. At present, the Ni-MH battery represents a key
component for advanced information and telecommunication systems. The input
materials for these high-tech Ni-MH batteries would be nanostructured hydrogen
storage alloys.
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10
Nanosized Titanium Oxides for Energy Storage and Conversion
Aurelien Du Pasquier

10.1
Introduction

Titanium dioxide (TiO2) is a mass-produced ceramic (4 · 106 tons per year [1]) used
in a variety of applications in our daily lives, from toothpaste to paint pigments. It is
also used, for example, as a catalyst, a photocatalyst, and in gas sensors and optical
coatings. For a more complete review of its applications, the reader is referred to
Diebold�s review of TiO2 surface science [2]. Here, we shall only focus on the
electrochemical applications that involve nanosized TiO2. The three polymorphs
of TiO2 are rutile, anatase, and brookite. Rutile and anatase (Figure 10.1) are the two
phases of industrial interest. Phase transformation from anatase to rutile normally
occurs above 450 �C [3]. Reaction of TiO2 with lithium sources such as LiOH,
Li2CO3, or LiNO3 leads to the lithium titanate spinel Li4Ti5O12.
A common starting material for all applications described in this chapter is the

nanosized TiO2 anatase. Hence, the nano-TiO2 syntheses of industrial significance
will first be described, followed by its conversion to Li4Ti5O12, and finally its applica-
tions in batteries and solar cells.

10.2
Preparation of Nanosized Titanium Oxide Powders

10.2.1
Wet Chemistry Routes

The hydrolysis of TiCl4 in water yields anatase nanoparticles with traces of rutile.
The TiCL4/H2O volume ratio controls the crystallinity and particle size. Powders
with up to 250m2 g�1 BET surface area and 12 nm crystallite size can be obtained
with 1:50 TiCL4/H2O volume ratio [4]. Nanosized TiO2 can also be prepared simply
by the hydrolysis of sol–gel precursors such as titanium tetraisopropoxide (TTIP) in
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pure water at 70 �C, followed by drying at 100 �C. Powders of very high BETsurface
area (750m2 g�1) can be obtained, but they are a mixture of brookite and anatase
phases [5]. The phase mixture is not an issue for application such as photocatalytic
decomposition of organic pollutants in water, but does limit the efficiency of these
powders in dye-sensitized solar cells, where pure anatase phase is preferred.
Altair Nanotechnologies has developed a hydrometallurgical process for the pro-

duction of ultrafine or nanosized titanium dioxide from titanium-containing solu-
tions, particularly titanium chloride solutions [6]. The process involves total evapo-
ration of the solution, above the boiling point of the solution and below the temper-
ature where there is significant crystal growth. Chemical control additives may be
added to control the particle size, with nanosized elemental particles being formed
after calcination. The titanium dioxide can be either anatase or rutile. Following
calcination, the titanium dioxide is milled to liberate the elemental particles and
provide a high-quality nanosized TiO2 with a narrow particle size distribution.
The aqueous titanium chloride solution is generally comprised of water, hydro-

chloric acid, titanium oxychlorides, and titanium chlorides. The solutions may
vary widely in composition with respect to the hydrochloric acid and titanium
contents. The solution is further converted to a titanium oxide solid in a process
involving total, controlled evaporation of the solution and the formation of a thin

Figure 10.1 Anatase and Rutile TiO2 structures.
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film of titanium dioxide. This process is conducted above the boiling point of the
solution and below the temperature where there is significant crystal growth. The
water and hydrochloric acid are vaporized and the hydrochloric acid may be
recovered.
The titanium oxide is next calcined at an elevated temperature to induce and

control crystallization. The concentration and type of chemical control agent, as well
as the calcination conditions, determine the desired crystalline form and crystal size
of the ultrafine titanium dioxide.
Following calcination, the titanium dioxide is milled or dispersed (e.g., in a spray-

dryer) to yield a final nanosized or ultrafine titanium dioxide having a narrow particle
size distribution. The advantages of the process according to the invention include a
superior high-quality ultrafine titanium dioxide due to the narrow particle size
distribution, readily controlled physical and chemical characteristics, and low cost
processing.

10.2.2
Chemical Vapor Deposition

The oxidation of TiCl4 vapor – which is also known as the �chloride� process in the
titania industry [7] – is a gas-phase preparative method or a chemical vapor deposi-
tion (CVD) method in which all reactants undergo gas- or vapor-phase chemical
reactions to form powders. TiCl4 is a low-cost inorganic precursor which can be
oxidized or hydrolyzed to prepare TiO2 powders, according to:

TiCl4ðgÞ þ O2ðgÞ!TiO2ðsÞ þ 2Cl2ðgÞ ð1Þ

The production of nanoparticles is favored by the increase in the equilibrium
constant that occurs at a higher reaction temperature. The reaction temperature is
typically in the range of 1400 to 1500 �C, which requires a preparation temperature
of 900 �C. Under these conditions, anatase TiO2 is obtained.

10.2.3
Vapor-Phase Hydrolysis

One drawback of the CVD �chloride� route is the high preparation temperature,
which may cause rapid reactor corrosion. Vapor-phase hydrolysis occurs naturally in
the chloride process, according to the reaction:

TiCl4ðgÞ þ 2H2OðgÞ!TiO2ðsÞ þ 4HClðgÞ ð2Þ

Although the hydrolysis of TiCl4 is sometimes attached to the oxidation route, it
mainly acts as a nucleation agent [8]. However, it is known that TiCl4 hydrolysis
yields finer TiO2 particles at lower temperature. Degussa has developed a fumed
TiO2 synthesis process which is a variant of vapor-phase hydrolysis using a hydrogen
flame.
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Degussa P25 is the reference TiO2 photocatalyst against which all other TiO2

nanomaterials are compared. It consists of mixtures of about 80% anatase/20%
rutile TiO2 nanoparticles of 20 nm average crystallite size and 50m2 g�1 BETsurface
area.

10.2.4
Physical Vapor Deposition

Nanophase Technologies has patented an arc plasma method known as physical
vapor deposition (PVD) for the synthesis of nanocrystalline materials, including
TiO2 [9]. The system includes a chamber, a non-consumable cathode shielded
against chemical reaction by a working gas (not including an oxidizing gas, but
including an inert gas), a consumable anode vaporizable by an arc formed between
the cathode and the anode, and a nozzle for injecting at least one of a quench and
reaction gas in the boundaries of the arc. In this process, nanosized TiO2 is prepared
from a Ti anode and oxygen as the reaction gas.

10.3
Other TiO2 Nanostructures

Besides TiO2 nanospheres, other TiO2 nanostructures of potential interest for energy
storage and conversion have been prepared.Most of these structures can be converted
to titanium spinel by lithium treatment. There are several routes for accessing specific
TiO2 morphologies: TiO2 nanotube arrays can be obtained by Ti anodization in
presence of a fluoride-based solution [10–13], in a method similar to that for alumi-
num anodization (see Chapter 1). Another common method of mesoporous nanos-
tructures preparation is the sol–gel self-assembly in the presence of block copolymer
templates [14–16].When spheres are used as template, honeycomb-like structures can
be obtained [17–21] (Table 10.1).Hydrothermal synthesis conditions can also be tuned
towards the synthesis of nanowires [22,23], nanoflakes [24], or nanobelts [25] (Table
10.2).

10.4
Preparation of Nano-Li4Ti5O12

Nanosized Li4Ti5O12 (n-LTO) has been prepared, using solid-state chemistry, by
Amatucci et al. [26] from flash annealing of a nanosized (32 nm) TiO2 anatase
precursor in the presence of LiNO3. These authors obtained particle diameters of
less than 100 nm for annealing times less than 1000 s (Figure 10.2). Guerfi et al. [27]
also prepared n-LTO by solid-state reaction of nanosized TiO2 anatase with lithium
carbonate. Ball milling and jar milling in the presence of carbon were investigated
for mixing the precursors. Zaghib et al. prepared nanocrystalline Li4Ti5O12 by high-
energy grinding of themicrocrystalline spinel using a ball mill, obtaining particles of
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600 nm in size. However, the electrochemical performance was not significantly
different among their materials [28].
In a sol–gel route developed by Graetzel et al. [29], nanocrystalline Li4Ti5O12

(spinel) was prepared from lithium ethoxide and Ti(IV) alkoxides as the starting
reagents. The optimized materials contained less than 1% of anatase as the main
impurity and, depending on the synthetic conditions, they exhibited Brunauer–
Emmett–Teller (BET) surface areas of 53 to 183m2 g�1. Another sol–gel route has

Table 10.1 TiO2 nanostructures obtained by Ti anodization, and templated sol–gel synthesis.

Description SEM Preparation References

Nanotubes
array

Ti Anodization
in presence
of HF

[10–13]

Mesoporous
array

Self-assembly
of sol-gel
precursor and
block
copolymer

[14–16]

Honeycomb
array

Templated
sol–gel
synthesis in
presence
of polystyrene
spheres

[17–21]
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Table 10.2 TiO2 nanostructures obtained by hydrothermal reactions.

Description SEM Preparation Reference(s)

Nanowires Hydrothermal
reaction between
NaOH and TiO2,
followed by acid
washing and heating
at 400 �C.

[22,23]

Nanoflakes
array

Sol–gel synthesis
from titanium
tetraisopropoxide
with hydrothermally
induced phase
separation

[24]

Nanowires
and nanobelts

TiCl4 hydrolysis
in microemulsion

[25]
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been proposed by Shen et al. [30], starting from tetrabutyl titanate and lithium
acetate in isopropyl alcohol. The particle size of 100 nm was calculated from X-ray
diffraction (XRD) spectra. A polyol-mediated preparation of n-LTO from titanium
tetraisopropoxide and lithium oxide in ethylene glycol was proposed by Kim et al.
[31]. Remarkably, small particle diameters of 5 nm were obtained when a tempera-
ture of 320 �C was used for annealing.

10.5
Nano-Li4Ti5O12 Spinel Applications in Energy Storage Devices

An important report detailing the spinel oxide Li1+xTi2–xO4 (0 < x < 1/3) was
published by Deschanvers et al. in 1971 [32]. Murphy et al. published the initial
reports on the use of Li4Ti5O12 as lithium intercalation material in 1983 [33]
Since the early 1990s, this material has been electrochemically characterized by

Colbow et al. [34], Ferg et al. [35], and Ohzuku et al. [36]. Among the various
members of the series, Li4Ti5O12 is semi-conducting, and exhibits Li-insertion
electrochemistry. The formal potential of Li insertion is 1.55–1.56V for Li4Ti5O12

[37,38]. This material accommodates one mole of Liþ with a theoretical capacity of
175mAhg�1, based on the mass of the starting host material. It is one of the few Li
intercalation materials that accommodates lithium ions without any lattice expan-
sion. This results in an excellent cycle-life in batteries because no electrochemical
grinding occurs during the charge and discharge reactions. Furthermore, it was
demonstrated that a reduction in LTO crystallite size resulted in a significant in-
crease in discharge rate capability (Figure 10.3). A novel spinel Li4Ti5O12 with
nanotubes/nanowires morphology and high surface area has been prepared using
a low-temperature hydrothermal lithium ion-exchange processing from hydrogen

Figure 10.2 Primary particle size as determined by field emission
scanning electron microscopy for Li4Ti5O12 fabricated by flash
annealing for various times before quenching.
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titanate nanotubes/nanowires precursors. A superior rate capability over Li4Ti5O12

nano powders is claimed, although the report [39] did not provide a comparison of
both materials.

10.5.1
Asymmetric Hybrid Supercapacitors

In 2001, Amatucci et al. reported a nanocrystalline Li4Ti5O12 exhibiting a very
promising charging rate and stability in a hybrid cell with a supercapacitor-like
activated carbon counter electrode [40]. This new type of device was named a
non-aqueous asymmetric hybrid supercapacitor (NAH) [41], as it truly combines
a battery faradaic reaction on the anode with a capacitive double-layer adsorption on
the cathode (Figure 10.4). The two advantages of this approach were: (i) a higher
energy density than supercapacitors because the n-LTO constant discharge voltage
raises the device average voltage (Figure 10.5); and (ii) a greater cycle-life than
conventional batteries because of the absence of lattice expansion on the anode
and an absence of intercalation reaction on the cathode (Figure 10.6). The resulting
devices had an energy density of 11W �h kg�1 packaged in 500F prototypes, and a
cycle-life of over 100 000 cycles [42]. This device structure has been patented and is
owned by Rutgers University.
Variants of this device have been investigated for increasing specific energy

density. One variant involves the use of conjugated polymer pseudocapacitive
cathodes such as poly(flurorphenylthiophene) [43] or poly(methylthiophene)
[44]. However, in both cases, the better energy density is traded for lower

Figure 10.3 Percentage capacity retention at various rates for
Li4Ti5O12 of various sizes as fabricated by flash annealing at
various times, tested versus Li metal anodes.
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cycle-life because the cathode charge and discharge pseudocapacitive mechanism
involves the intercalation–deintercalation of counter-ions in the conjugated poly-
mer structures, a charge storage mechanism which is less reversible than pure
double-layer capacitance.

Figure 10.4 Scheme showing the configuration of a NAH cell
composed of an activated carbon positive electrode and an in-
tercalation electrode traditionally utilized in non-aqueous EDLC
and Li-ion battery chemistry, respectively.

Figure 10.5 Three electrode voltage profiles of anode, cathode
and device for n-LTO/activated carbon asymmetric hybrid
supercapacitor.
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10.5.2
High-Power Li-Ion Batteries

The coupling of micron-sized Li4Ti5O12 anode with lithium LiMn2O4 cathodes was
initially proposed by Abraham et al. [45] in a poly(acrylonitrile)-based gel electrolyte.
More recently, Kavan and Graetzel reported on the Li-insertion activity of a nano-
sized spinel Li4Ti5O12 prepared via a sol–gel route [29]. A thin-film electrode
(2–4mm) prepared from nanocrystalline Li4Ti5O12 exhibited excellent activity toward
Li insertion, even at a charging rate as high as 250 �C. The relationship between BET
specific surface area and charge rate capability was well established (Figure 10.7).
Plastic �Bellcore-type� batteries have been built with plasticized PVDF-HFP n-

LTO anodes and Celgard microporous polyolefin separators, with acetonitrile, LiBF4
2M electrolyte. When coupled with standard Li-ion battery cathodes, such as LiCoO2

or LiMn2O4, the n-LTO anodes produce Li-ion batteries of �50W �h kg�1, very fast
charging rates (20C or 3min), high specific power (>2000Wkg�1) (Figure 10.8),
and excellent cycle-life (>10 000 cycles) [46] (Figure 10.9).
Such high-power Li-ion batteries have other advantages of safety (no risk of Li-

plating) and better rate capability than graphite at low temperature [an absence of
any solid electrolyte interface (SEI) passivation layer] that make them attractive for
use in electric and hybrid-electric vehicles. Currently, these applications are under
development by companies such as Altair Nanotechnologies [47]. This new-type of
Li-ion battery differs from those using graphite anodes in several aspects, notably
that nitrile solvents can be used instead of carbonates because they are stable at the
1.5 V versus Liþ/Li anode voltage. For instance, high-conductivity and low-viscosity
solvents such as acetonitrile [48], methoxypropionitrile [49] or methoxypropionitrile
[50] enable high power capability and better rate capability than carbonates at low

Figure 10.6 Comparative cycle-life of Li-ion battery, carbon/car-
bon supercapacitor and n-LTO/activated carbon asymmetric
hybrid supercapacitor.
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Figure 10.7 Charge capacity of Li4Ti5O12 materials with varying
surface areas at a 250C charging rate. The charge capacity was
determined from galvanostatic chronopotentiometry with cut-off
voltages of 3 and 1V. The nominal charge capacity was deter-
mined from slow cyclic voltammetry at scan rates of 1mV s�1,
and/or from charging at 2 �C. Electrolyte solution: 1M LiN
(CF3SO2)2 1 EC/DME �1:1 (v:v). (From Ref. [29].)

Figure 10.8 Ragone plot of a n-LTO/65%//LiCoO2-10% activated
SuperP cell of matching ratio 1.2.
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temperature. A second benefit is that an absence of Li-plating risk enables the design
of Li-ion batteries with excess cathode capacity, which is an easy way of improving
the device�s cycle-life. Finally, the absence of passivation reactions on the anode can
suppress any redox-shuttle aging mechanisms responsible for cathode passivation
or dissolution. Hence, green and low-cost cathode materials such as LiMn2O4 can
achieve better cycle-lives by using n-LTO anodes rather than graphite anodes.

10.6
Nano-TiO2 Anatase for Solar Energy Conversion

10.6.1
TiO2 Role in Dye-Sensitized Solar Cells

Nanosized TiO2 has been used with great success in dye-sensitized solar cells
(DSSCs) [51], and is also used in photoelectrolysis electrodes [52]. Unlike the case
of semiconductors used for solid-sate solar cells, the functions of light harvesting
and charge transport are separated. This considerably relaxes the purity require-
ments for the semiconductor, resulting in large saving costs for the solar cell
manufacturing process. TiO2 is a wide bandgap semiconductor (3.2 eV) which does
not absorb any visible light. In order to become photoactive in the visible spectrum, it
must be sensitized by a monolayer of dyes. TiO2 sensitization by N-methylphena-
zinium ion for solar energy conversion was proposed in 1978 [53], but the power
conversion efficiency was low and the dye unstable. The breakthrough studies
of Graetzel and O�Reagan in 1991 [54] combined the use of large surface area,

Figure 10.9 Discharge capacity versus cycle number for n-LTO/
55% LiCoO2-20% activated SuperP cell of matching ratio 1.67
(galvanostatic cycling at a 20C charging rate; charge-discharge
rate between 1.6 and 3.0 V).
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nanosized anatase TiO2 with more stable Ru-based dyes [55]. The larger surface area
of TiO2 considerably increased the power conversion efficiency compared with
micron-sized TiO2.
The operating principle of DSSCs is summarized in Eq. (10.3–10.6). The dye

transitions to the excited state upon photon absorption [Eq. (10.3)]; the electron is
then injected from the dye in the conduction band of TiO2 [Eq. (10.4)]. The dye is
then regenerated by reduction from iodide ions which form triodide [Eq. (10.5)], and
the triodide is reduced back to iodide at a platinum counter electrode [Eq. (10.6)]:

Dyeþ hn!Dye� ð3Þ

Dye� þ TiO2 !DyeþTiO2 þ e� ð4Þ

Dyeþ þ I�!Dyeþ 1=3I3
� ð5Þ

I3
� þ 2e�ðPtÞ!3I� ð6Þ

Later, Graetzel and colleagues demonstrated a promising 10.4% power conversion
efficiency (Z) by using a panchromatic black dye [56]. A comparative study of
anatase- and rutile-based DSSCs has shown that anatase is the most photoactive
phase [57]. The morphology of the rutile phase was found to lower dye coverage and
decrease interparticle connectivity, thus slowing electron transport. It has also been
found that the addition of micron-sized TiO2 crystals to the nano-TiO2 electrodes
increases the haze factor, which results in a better light harvesting and increased
power conversion efficiency. Using this concept, DSSCs with Z-values up to 11.1%
have been demonstrated [58].
As in all types of solar cell, Z is expressed as:

h ¼ Isc�Voc�FF
Pin

ð7Þ

This is a function of four parameters, where Isc is the short-circuit current, Voc is the
open-circuit voltage, FF is the fill factor, and Pin is the incident light power. The
nature of electron transport in TiO2 has a direct impact on the short-circuit current,
as will be reviewed below.

10.6.2
Trap-Limited Electron Transport in Nanosized TiO2

Electron transport in the TiO2 electrode proceeds via diffusion and a trapping–
detrapping mechanism [59]. Trap location has recently been demonstrated to occur
mostly at the surface of the TiO2 nanoparticles, by studying the relationship between
the photoinduced electron density and the TiO2 electrode roughness [60]. The
electron chemical diffusion coefficient in mesoporous TiO2 is linked to the density
of traps by the relationship [61]:
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D ¼ C1N tot
�1=anðð1=aÞ�1Þ ð8Þ

where Ntot is the total trap density, n is the photoinduced electron density, C1 is a
constant independent from particle size, and a is a dispersive parameter (0 < a<1)
which appears in the distribution of waiting times that an electron spends in a trap
[62]. Therefore, improved electron transport in TiO2 electrodes is achieved by an-
nealing at 450 �C, which causes necking of the nanoparticles and better percolation.
Other TiO2 morphologies such as TiO2 nanotube arrays [63] have also been investi-
gated to improve electron transport (Figure 10.10). However, the maximum power
conversion efficiency of 4.7% has been limited by a lower dye adsorption than TiO2

nanoparticles films. Furthermore, it was found that faster electron transport also
causes faster electron back-transfer, for example, electrical losses by recombination
with the dye [64].

10.6.3
Electron Recombination in Dye-Sensitized Solar Cells

In TiO2 DSSCs, electron recombination with the dye cation is several orders of
magnitude slower than the electron injection rate, which results in an electron
injection yield close to unity. However, electron back-transfer to the dye is only one
order of magnitude slower than dye cation regeneration by reduction with I� from
the electrolyte. Under a high applied bias voltage or high illumination conditions,
the accumulation of thermalized electrons in the TiO2 conduction intraband states
results in a faster recombination with the dye cation (Figure 10.11). This in turn
prevents dye regeneration because the dye is reduced faster by TiO2 electrons than it
is by I� ions. This results in a decrease in photocurrent and fill factor, causing a loss
in power conversion efficiency.

Figure 10.10 Lateral and top views of TiO2 nanotube array
formed by anodization. (From Ref. [63].)
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The kinetics of dye electron injection and recombination in TiO2 can bemeasured
using nanosecond transient absorption spectroscopy [65]. In this method, the decay
of transient absorption of the dye under pulsed laser excitation is attributed to a
recombination of the electrons injected into the metal oxide conduction band with
the dye cation when no I-/I3

� is present in the electrolyte [66]. It has also been shown
that surface lithium intercalation in TiO2 electrodes reduces the electron diffusion
rate at the surface, simultaneously reducing the electron recombination rate [67].

10.6.4
Preparation of Flexible TiO2 Photoanodes

The low-temperature preparation of TiO2 photoanodes for dye-sensitized solar cells
represents a challenge of major industrial significance from a low-cost manufactur-
ing perspective. Not only does it result in energy savings during the deposition
process but, more importantly, it enables the use of flexible substrates such as
indium tin oxide coated poly (ethylene terephthalate) (ITO/PET) which are required
for high-throughput roll-to-roll manufacturing process. Furthermore, such sub-
strates add the advantages of lighter weight and impact resistance. In the case of
ITO/PET, themaximum annealing temperature is limited to 150 �C by the substrate
melting. This is not sufficient to cause necking of the TiO2 nanoparticles, which
results in poor adhesion to the substrate and poor interparticle connection. Low-
temperature annealing of TiO2 electrodes without additives has yielded devices with
Z¼ 1.22% [68]. Several strategies have been devised to overcome this problem, and
the most successful will be reviewed below.

Figure 10.11 Schematics of electron transfer
pathways in TiO2 dye-sensitized solar cells.
Under illumination, the excited state of the dye
(S*) causes ultrafast (kinj) electron injection
into the conduction band states of TiO2. The
injected electron subsequently thermalizes with

electrons accumulated in conduction band/in-
traband states of the TiO2 (ktr/kdetr). The ox-
idized dye cation is re-reduced by back-transfer
of electrons accumulated or photoinjected in
the TiO2 conduction band/intraband states
(kcr¼ charge recombination). (From Ref. [65].)
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10.6.4.1 Sol–Gel Additives
Konarka Technologies (Lowell, MA, USA) has developed a low-temperature roll-to-
roll coating process for TiO2 dye-sensitized solar cells. An examination of the patent
literature [69,70] suggests the use of poly(n-butyl) titanate as a linear polymeric
linking agent for TiO2 nanoparticles reacting at temperatures ranging from 100 to
200 �C. This material has the advantages of acting both as a binder and a surfactant
during the film coating and drying steps; subsequently it converts to pure TiO2

which interconnects the TiO2 nanoparticles.
In the present authors� laboratory, titanium tetraisopropoxide (TTIP) has been

used as an efficient cross-linking additive to Degussa P25 TiO2 colloidal suspensions
in methanol. In this way, a Z-value of 3.55% under 48mWcm�2 was obtained after
doctor-blade deposition on ITO/PET substrates and annealing at 130 �C for 30min
(Figure 10.12; Table 10.3). A similar approach, combined with preheating of the TiO2

nanoparticles and ultra-violet (UV)-ozone treatment of the TiO2 electrodes, was
recently reported by Zhang et al. [71]. The UV-ozone treatment favored the elimina-
tion of any organic byproducts which remained in the electrode. Solar-to-electric
energy conversion efficiencies of 4.0% and 3.27% have been achieved for cells with
conductive glass and plastic film substrates, respectively. Scanning electron micros-
copy (SEM) observations of the TiO2 films in the presence of TTIP demonstrate
necking of the nanocrystals which appear fused together when large amounts of
TTIP are used (Figure 10.13).

Figure 10.12 Current–voltage (I–V) characteristics of DSSC cells
on FTO substrates with various amounts of titanium isoprop-
oxide additive, in the dark and under 101mWcm2 AM 1.5G
illumination.
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10.6.4.2 Mechanical Compression
Hagfeldt and coworkers from the Ångström Solar Center in Uppsala, Sweden [72]
originally proposed a pressing technique that consisted of statically or continuously
pressing powder films of TiO2 (Degussa P-25) onto flexible electrodes (ITO/PET). A
typical pressure for preparing efficient solar cells is 1000 kg cm�2 for a few seconds.
When this method is used, further annealing of the photoanodes does not produce
any improvement in power conversion efficiency. With ITO/PET substrates, the
overall cell efficiency (active area 0.32 cm2) was 4.9% at 10mWcm�2. Because of
the series resistance losses in the conducting plastic layer (ITO/PET, sheet resis-
tance: 60O sq�1), a Z-value of only 2.3% was reached under 100mWcm�2 illumi-
nation. Durrant et al. [73] used the samemethod, but built the devices with a polymer
electrolyte based on NaI/I2 in poly-(epichlorohydrin-co-ethylene oxide), and obtained
Z¼ 5.3% at 10mWcm�2 and Z¼ 2.5% at 100mWcm�2.

10.6.4.3 Metallic Foils
In order to use flexible substrates and high-temperature annealing of TiO2 electro-
des, a promising alternative strategy consists of using flexible metal foils as
photoanode substrates, and illuminating the cells through a transparent Pt-coated
ITO/PET counter electrode. The metals should have a work function close to TiO2

(�4.3 eV) to provide ohmic contacts, and good corrosion resistance to the

Table 10.3 Photovoltaic parameters of DSSC cells on FTO and
ITO/PET substrates with various annealing temperatures and
48.7mWcm�2 illumination.

Sample h [%] FF Isc [mA cm�2] Voc [mV] Rs [W�cm2] Rp [W�cm2]

FTO, 450 �C 4.01 0.56 4.53 767 50 519
FTO, 130 �C 4.10 0.63 4.37 723 52 782
PET, 130 �C 3.55 0.48 4.84 747 84 693

Figure 10.13 SEM images of TiO2 films prepared at room
temperature on ITO/PET with molar ratios TTIP:TiO2 of (a) 0.36
and (b) 0.036. (From Ref. [71].)
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iodine/triodide redox electrolyte. Promisingmetals in this respect include Zn,W, Ti,
and stainless steel [74]. Another advantage of this approach is that it is better suited
for large-area solar cells, where the sheet resistance of FTO can increase the device
series resistance. An efficiency of 4.2% under 100mWcm�2 incident power has
been reported with nanocrystalline-TiO2 film on ITO/SiO2/stainless steel [75]. More
recently, TiO2 electrodes with optimized thickness were prepared on Ti foils, sin-
tered at 500 �C, and flexible dye-sensitized solar cells with 7.2% efficiency under
100mWcm�2 AM 1.5 incident power were reported (Figure 10.14) [76]. (Note: AM
1.5 is the ASTM standard spectrum for solar simulators, mimicking the solar
conditions in North America on the ground and corresponding to a solar illumina-
tion at a tilt angle of 37 � facing the sun.) It should be noted however that, in both
cases, the flexible devices were tested with liquid electrolytes.

10.7
Conclusions

Nanosized TiO2 anatase is the starting material for two important applications in
energy storage and energy conversion. Currently, several companies are producing
this material at low cost, and the concept that it may soon play a major role in new
batteries for electric and hybrid vehicles, as well as low-cost solar cells, it indeed
exciting. These properties make nanosized TiO2 the ideal candidate for coupling the
two functions of energy conversion and energy storage at the materials level. How-
ever, such an enterprise is not straightforward, as it appears that lithium ions play
opposite roles in the key processes involved in photovoltaic energy conversion and
energy storage. In the anatase structure used for DSSCs, Li intercalation reduces the

Figure 10.14 Current–voltage (I–V) characteristics of a 7.2%
efficient flexible DSSC on Ti substrate and glass. The irradiation
was AM 1.5 (100mWcm�2). (From Ref. [76].)
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electron diffusion coefficient, but the effect is slow and affects only the surface.
However, when the TiO2 anatase phase is converted to lithium titanium spinel, it
becomes inactive in a dye-sensitized solar cell, as the electron diffusion rate becomes
too slow in comparison with electron trapping and recombination rates. Conversely,
TiO2 anatase can be used as a reversible lithium intercalation host, although the
lower lithium diffusion coefficient makes it unattractive for such an application, and
the lithium titanium spinel is preferred. Both types of device are still in need ofmore
stable electrolytes in order to deliver their promise of performance in practical
devices. In both, the Li4Ti5O12-based battery and DSSCs, the record performances
that made those devices famous have been obtained with acetonitrile-based electro-
lytes. Although the very low viscosity and high dielectric constant of acetonitrile are
unmatched by any other solvent, the high volatility and potential toxicity mean that it
is a poor choice for commercial products. Solvents with lower vapor pressures are
required in order to enable the high-temperature operation of the batteries, and
solid-state electrolytes are required for DSSCs in order attain 10-year lifetimes. This
area of active research into DSSCs [77] will, in time, lead to further developments in
the outstanding performance of nanosized TiO2 and Li4Ti5O12 for use in consumer
products.
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11
DNA Biosensors Based on Nanostructured Materials
Adriana Ferancová and Ján Labuda

11.1
Introduction

Following the discovery of novel materials with unique physical and chemical
properties, their introduction into the construction of high-performance biosensors
remains the subject of much interest to the scientific community. Previously, low
sensor-to-sensor reproducibility and rather poor signal stability have negatively
affected the mass production of biosensors and their commercial use [1]. Today,
however, nanotechnology plays a major role in the development of biosensors [2],
with recent advances having allowed the use of a relatively new group of materials –
nanomaterials – as transduction matrices and electrode materials for both chemical
sensors and biosensors [3].
Nanoscience and nanotechnology involve the synthesis, characterization, explo-

ration, manipulation and utilization of nanostructured materials, which are charac-
terized by being at least one dimension smaller than 100 nm. Individual nanos-
tructures involve clusters, nanoparticles, nanocrystals, quantum dots, nanowires
and nanotubes, whilst collections of nanostructures involve arrays, assemblies, and
superlattices of individual nanostructures [4,5].
The construction of electrochemical DNA biosensors is based on the immobili-

zation of single-stranded DNA (ssDNA) or double-stranded DNA (dsDNA) onto the
surface of, or in the bulk of, a working electrode. The working principle is based on
the detection of specific interactions, such as DNA hybridization and association
interactions with low-molecular-weight compounds (drugs, risk chemicals), in ad-
dition to the structural damage of DNA. During recent years, nanoparticles and
carbon nanomaterials such as carbon nanotubes, nanofibers, fullerenes and dia-
monds (Figure 11.1) have begun to be used widely in the preparation of DNA
biosensors. Indeed, their conjugation with DNA has been the subject of much
research interest, such that nanoparticles have now found applications in novel
electronic devices, drug delivery systems, biomaterials, and biomedicine [6–8].
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The main aim of applying nanomaterials to electrochemical DNA biosensors is to
improve the immobilization of DNA molecules, as well as to enhance molecular
recognition and signal transduction events [9]. Although the primary advantage of
nanostructured materials is their large surface area, the chemical modification of
these materials, by enzymes and electroactive molecules (mediators, markers), has
led to significant improvements in electrochemical sensing.

11.2
Nanomaterials in DNA Biosensors

11.2.1
Carbon Nanotubes

Carbon nanotubes (CNTs) were discovered in 1991 as multi-walled carbon nano-
tubes (MWNTs) [10], and in 1993 as single-walled carbon nanotubes (SWNTs) [11].

Figure 11.1 Structures of selected nanomaterials. (A) Single-
walled carbon nanotube; (B) multi-walled carbon nanotube; (C)
fullerene C60; (D) diamond.
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Since that time, they have undergone intensive investigations and have been iden-
tified for many applications in different areas of science and technology [12]. The
unique physical-chemical properties of CNTs, such as sorption properties, electron
transfer and conductivity, renders them of great interest for applications in analytical
sciences (for reviews, see Refs. [13,14]). Typically, CNTs demonstrate an excellent
biocompatability [15] and offer an environment which is suitable for the immobili-
zation of biological components. Therefore, they are also widely used in the con-
struction of sensors and biosensors (Figure 11.2) [16–24].
CNTs are formed by rolled-up plates consisting of hexagons of carbon atoms. By

comparison,SWNTs(Figure11.1A)consistofasingleCNTwithatypicaldiameterinthe
range of 0.4 to 2 nm and a length up to fewmicrometers. TheMWNTs (Figure 11.1B),
whichareformedfromseveralconcentricCNTs,havediameterswhichnormallyexceed
2nm, while the lengths may be more than 10mm [25].

11.2.1.1 Electronic Properties and Reactivity of CNTs
The electronic properties and reactivity of CNTs play important roles in their appli-
cation as biosensors. The electrochemical properties of porous SWNTs in the form
of sheets of papers in aqueous and non-aqueous solutions were studied using
electrochemical methods, electrochemical impedance spectroscopy, and an electro-
chemical quartz crystal microbalance [26–28]. The conductivity of CNTs depends on
their structure [29]. For example, MWNTs are regarded as metallic conductors,
whereas in the case of SWNTs the problem of conductivity is more difficult. SWNTs
may possess different chirality, depending on the angle at which the graphite plate is

Figure 11.2 Configurations of carbon nanotube (CNT) integra-
tion in the electrochemical sensors. (A) Individual single-walled
CNT (SCWNT); (B) electrode surface modifiers: non-oriented
(left) and oriented (right) CNTs; (C) composites with non-
oriented (left) and oriented (right) CNTs. (Reproduced from Ref.
[20] with kind permission of Elsevier.)
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rolled up. Chiral nanotubes have metallic properties, whereas arm-chair and zig-zag
nanotubes have the properties of semi-conductors.
The reactivity of nanotubes increases with a decrease in nanotube diameter, and

also depends on their chirality. This property of nanotubes can be affected by their
functionalization, doping, or pre-treatment. One widely used method is the purifi-
cation of the nanotubes with mineral acids such as HNO3 or H2SO4 (or mixtures
thereof) [30,31], which causes not only shortening but also an opening of the nano-
tube ends. Acid pretreatment also enables the CNTs� sidewalls or tips to be functio-
nalized with hydroxyl, carboxyl and carbonyl groups, which can be further modified.
The main problem in the manipulation and application of CNTs is their insolu-

bility in aqueous and also polar media. In such an environment, CNTs have a
tendency to coagulate due to hydrophobic interactions and strong attractive van der
Waals forces between the nanotubes. However, CNTs can be dispersed by using a
variety of methods [32–34]:

. oxidative acid treatments (refluxing in diluted HNO3)

. non-covalent stabilization in non-polar organic solvents (e.g., dimethylformamide;
DMF), using surfactants (sodium dodecyl sulfate; SDS, Nafion) and g-cyclodextrin

. covalent stabilization (by glucose, DNA, enzymes).

11.2.1.2 CNT–DNA Interaction
In recent years, an investigation of the interactions of various macrobiomolecules
with CNTs has attracted much interest. An understanding of these interactions is
important for many applications, such as the preparation of the DNA biosensors.
Several groups have investigated the interaction of CNTs and DNA by using a

theoretical approach to demonstrate two types of interaction: (i) insertion into the
wide nanotube (Figure 11.3A); and (ii) wrapping around the narrow nanotube
(Figure 11.3B) [35,36]. Song et al. [37] proposed biomolecule-functionalized SWNTs
(base-functionalized SWNTs) which may be used as bio-nanomaterials possessing
self-assembly properties due to the hydrogen bond interactions between the purine
and pyrimidine bases, as occurs in native DNA. The interaction of zig-zag and arm-
chair SWNTs with DNA showed that any local atomic structural distortion on
SWNTs caused by sidewall functionalization can alter the electronic structure of

Figure 11.3 Simulations of CNT interactions with a single-
stranded DNA oligomer consisting of eight adenine nucleobases
(numbered 1 to 8). (A) Insertion of a DNA oligonucleotide into
the wide CNT. (B) Wrapping DNA around the narrow CNT. (From
Ref. [35] with kind permission from Elsevier.)
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the nanotube. By using molecular dynamics simulations it was also shown that, in
an aqueous environment, the ssDNAmolecule could be inserted spontaneously into
the CNTs [38]. Both, the van der Waals and hydrophobic forces were found to be
important for this interaction. These results were verified experimentally in a spec-
troscopic investigation in which Pt-labeled DNA was encapsulated inside MWNTs
[39]. According to the theoretical simulations, the nucleosides are able to interact
with CNTs in vacuum, and in the presence of an external gate voltage [40]. Fluores-
cence microscopy measurements showed that single MWNTs incorporated into the
membrane may also function as a channel for the transport of DNA of appropriate
size [41].
Surface-enhanced infrared adsorption spectroscopy was used to study the inter-

action of DNA with SWNTs [42,43]. Vibration modes of the DNA–SWNTs complex
showed structural changes in DNAwhich could be interpreted as A–B transition and
stabilization of the DNA structure in some DNA fragments. The proposed model of
the DNA–SWNT interaction was based on wrapping of the DNA molecule around
the CNT. It was also found that DNA may help to disperse CNTs and alter their
electrical properties [44–46].
Covalently linked DNA–SWNTs adducts were prepared and studied using X-ray

photoelectron spectroscopy (XPS) [47]. These adducts were stable, and bound DNA
molecules were accessible for hybridization and showed high specificity towards
complementary sequences. The results indicated that the DNA oligonucleotides
were chemically bound to the exterior of SWNTs, and neither wrapped around nor
inserted into the nanotube. The conclusion was that these adducts might have a role
in the development of highly selective and reversible biosensors.

11.2.1.3 CNTs in DNA Biosensors
DNA molecules are widely used to functionalize CNTs, either covalently or non-
covalently [48,49]. The CNTs in DNA biosensors may serve as the electrode modifier
for an enhanced immobilization of DNA on the electrode surface or, when modified
with electroactive markers or enzymes, they may significantly improve the DNA
recognition and transduction events. These actions may, in turn, be used as an
ultrasensitive method for electric biosensing of DNA [48,50].

Carbon Pastes Carbon nanotubes can be incorporated into the electrode in the
form of a paste, in similar fashion to a simple carbon paste electrode (CPE). This
approach combines the advantages of the CNTmaterial with the attractivity of the
carbon paste, and provides the feasibility to incorporate different substances, low
background currents, easy renewal, and composite nature [51]. As a binder, tradi-
tional substances such as bromoform [52], mineral oil [51,53] or nujol [54] can be
used. Teflon was also reported as a binder in a CNT/Teflon composite [55]. The CNT
paste electrodes (CNTPE) exhibit excellent electrochemical catalytic properties
towards biologically active materials, and this enables studies to be conducted of
the electrochemical behavior of biomolecules such as DNA [56].
DNA can be immobilized on the surface of CNTPEs, prepared by mixing MWNT

powder and mineral oil in the ratio 60:40, by the electrically stimulated adsorption
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from its solution in acetate buffer. It has been shown that the CNTPE is a suitable
tool for adsorptive strippingmeasurements of trace levels of nucleic acids, and it also
provides an enhanced signal of guanine oxidation. Moreover, free guanine can be
adsorbed at CNTPEs under certain conditions at which no adsorption is observed at
conventional CPEs. The interaction between nucleic acids and CNTPEs hasmainly a
hydrophobic character.
Another means of immobilizing DNA is to mix it with the CNTs and binder [57].

In this way, a DNA biosensor which was very sensitive for dopamine was con-
structed, with a dopamine detection limit of 2.1· 10�11mol L�1. DNA may also be
immobilized on the electrode surface by means of entrapment in the conducting
polymer, using electrochemical polymerization. Because of its many attractive prop-
erties (good ion-exchange capacity, strong adsorptive capability, good conductivity),
polypyrrole (ppy) is often used [58]. In this respect, several methods can be used for
DNA immobilization, including simple adsorption or covalent binding within
amino groups on the ppy surface as well as entrapment in the electropolymerized
ppy. A DNAprobe is employed as the counter anion in the polymer matrix due to its
negative charge. In order to prepare the DNA biosensor with high sensitivity and
selectivity, ssDNA was incorporated into the electropolymerized polypyrrole on the
surface of a MWNTpaste electrode [59]. The biosensor was prepared by covering the
MWNTpaste electrode with a ppy film which had been electropolymerized during a
repetitive cyclic voltammetric scans in a solution containing pyrrole and DNA
oligonucleotide. This biosensor was used for the electrochemical detection of DNA
hybridization using ethidium bromide as an electrochemical indicator.
Simple adsorption was used to immobilize ssDNA onto an MWNT-modified

screen-printed carbon electrode (SPCE) [50]. Cyclic voltammogram of the
ssDNA/MWNT/SPCE showed two peaks which could be attributed to the oxidation
of guanine and adenine residues of ssDNA (Figure 11.4). A negative shift of both

Figure 11.4 Cyclic voltammograms of (a) MWNT/SPCE and (b)
ssDNA/MWNT/SPCE in 0.1M phosphate buffer solution, pH
5.5 at 50mV s�1. (From Ref. [50] with kind permission of
Elsevier.)
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peak potentials indicated that ssDNA could be oxidized more easily at MWNT/SPCE
than at pre-treated glassy–carbon electrode (GCE) (þ0.8 V for adenine, þ1.1 V for
guanine [60]). This method allowed for an indicator-free detection of ssDNA via
signals of guanine.
SPCE were modified with SWNTs dispersed in DMF and covalenty immobilized

DNA [61]. The new detection protocol combined the advantages of the recognition
ability of protein and the electrochemical activity of DNAwas found. Changes in the
intrinsic signal of DNAweremonitored using bindingDNA to single-strand binding
protein. Described protocol offers the electrochemical label-free detection of the
DNA hybridization. The adsorption ofMWNTs – or amixture ofMWNTs andDNA–

onto the surface of SPCEwas also described [62]. For this, twomeans ofmodification
were used, namely layer-to-layer coverage and composite (mixed) coverage. For the
first approach, the MWNTs suspension was cast onto the electrode surface and, after
drying, the DNA layer was added. The basic electrochemical characteristics of the
prepared electrodes were obtained by using the signals of a [Co(phen)3]

3þ marker,
[Fe(CN)6]

3� present in solution and the guanine moiety; these signals were com-
pared to those obtained with electrodes modified by other nanostructured materials
(montmorillonite and hydroxyapatite). The MWNTs were shown to greatly enlarge
the surface area, and this resulted in higher electrochemical signals than in case of
other modifiers and the unmodified electrode (Figure 11.5). Thus, a composite
coverage of the electrode surface by a mixture of MWNTs and DNA appears to be
much more effective, most likely due to a better access of DNA by the marker
particles within the nanostructured film.
Impedance spectroscopic measurements showed good sensitivity for the detec-

tion of DNA damage. The biosensor was used successfully to detect DNA damage
caused by tin(II) and arsenic(III) compounds [63]. Compared to the simple DNA
biosensor, the MWNTs effectively enlarged the signal of the electrochemical DNA
marker [Co(phen)3]

3þ and provided a suitable detection window for observing the
damage to DNA. Both, MWNTs and MWNTs mixed with gold nanoparticles (GNPs)
were dispersed in SDS solution and DMF [64]. When the composite and layer-to-layer

Figure 11.5 Comparison of the differential pulse voltammetric
signals of [Co(phen)3]

3+ measured at different electrodes. Con-
ditions: 5 · 10�7M [Co(phen)3]

3+ in 5· 10�3M phosphate buffer
pH 7.0, accumulation 120 s in open circuit.
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electrode coverages were tested, the results showed that SDS led to a good dispersion
ofMWNTs in anaqueousmedium. In comparison to simpleMWNTs,GNPs–MWNTs
nanohybrids showed no significant change in the biosensor properties. The DNA–
MWNTs biosensorwas successfully applied to the detection of damage toDNAcaused
by a berberine derivative, thus proving that suchDNAbiosensorsmay in general act as
effective chemical toxicity sensors.

Solid Electrode Modification CNTs effectively enlarge the transducer surface area
and offer a good environment for DNA immobilization on glassy–carbon and metal
electrodes. Several methods of CNT and DNA immobilization were utilized. Very
often, pre-treated CNTs (using mineral acids or ultrasonication) in the form of
dispersion are simply cast onto the electrode surface to form a CNT film. For
example, a MWNT dispersion prepared by means of surfactant dihexadecyl-hydro-
gen-phosphate (DHP) was cast onto the surface of a GCE [65]. This electrode showed
strong electrocatalytic activity towards the oxidation of adenine, guanine which was
evident from the remarkable enhancement in peak current and lowering of the
oxidation potential (Figure 11.6A). A very good adsorptive ability of the MWNT-
modified electrode was observed. Moreover, in the case of dsDNA detection, no
electrochemical response was observed at the bare GCE; however, at the MWNT-
modified GCE, some well-defined oxidation peaks which were attributed to the
oxidation of guanine and adenine content of DNA were observed, notably after
2min accumulation (Figure 11.6B). These authors also highlighted several advan-
tages of the scheme, including direct detection, high sensitivity, rapid response,
excellent reproducibility, and extreme simplicity.
Another method of preparing DNA–CNTs biosensors is to use a self-assembly

approach. This enables the electrode surface to be easily functionalized by forming a
highly organized and well-defined monolayer film. The flexibility for designing

Figure 11.6 (A) Comparison of cyclic voltam-
mograms (CV) of guanine (G) and adenine (A)
at: (curve a) DHP/GCE; (curve b) bare GCE;
(curve d) MWNT-DHP/GCE. Curve (c) shows
CV in blank solution at MWNT-DHP/GCE. (B)
Comparison of cyclic voltammograms of

dsDNA at: (curve a) bare GCE; (curve b) DHP/
GCE; (curve c) MWNT-DHP/GCE; and (curve
d) MWNT-DHP/GCE after 2min accumulation.
(From Ref. [65] with kind permission of
Springer Science and Business Media.)
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different head groups of monolayers by large numbers of electroactive or electro-
inactive functional groups makes this method especially useful for the preparation
of biosensors [66–68]. On finding that DNA may guide the assembling of SWNTs,
the process was studied using atomic forcemicroscopy (AFM) [69]. The SWNTswere
functionalized with complementary chains, ssDNA1 and ssDNA2, and the hybrid-
ization of ssDNA1–SWNTs with ssDNA2–SWNTs was performed such that the
hybridized dsDNA–SWNTs product was observed (Figure 11.7). Subsequently,
well-defined branched structures were identified, while much looser and more
randomly distributed structures were observed in solutions containing unfunctio-
nalized SWNTs or ssDNA–SWNTs. This method can be used in the construction of
desired nanoscale architectures of SWNTs for various electrical and molecular
sensing applications.
DNA may also play the role of linker to control the self-assembly of SWNTs when

preparing electronic devices [70]. Both, the Au contacts and SWNTs are modified
with ssDNA by means of thiol-groups, after which hybridization between the com-
plementary ssDNA chains takes place (Figure 11.8). Thismethod permits the simple
production of hundreds of devices with high yields, while themeasured currents are
larger by two orders of magnitude than values reported for direct metal–SWNTs
contacts.
Self-assembled MWNTs can be also produced using direct growth on Au sub-

strates by using the chemical vapor method [71]. It was first shown that the nano-
tubes grew vertically to Au substrate, after which the carboxylic acid groups could
be introduced onto the MWNTs surface to enable an immobilization of the DNA
probe by forming covalent amide bonds. The prepared biosensor was applied to
detect the hybridization process between the DNA probe and target DNA, using
methylene blue as an electrochemical indicator. The self-assembled MWNT-based

Figure 11.7 Schematic representation of the formation process
of the self-assembling of dsDNA-SWNTs. (From Ref. [69] with
kind permission of Elsevier.)
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biosensor showed a higher hybridization efficiency in comparison to the random
MWNT-based biosensor.
The self-assembly method can be used to immobilize not only CNTs but also

the DNA probe [72]. A thiolated ssDNA probe was attached to a Au–CNT hybrid
(Figure 11.9), whereupon the hybrid was shown to be a compatible heterostructure
for the self-assembly of thiolated DNA where gold nanoparticles served as the
anchoring sites. The immobilization process was monitored using electrochemical
impedance spectroscopy and voltammetry. The biosensor obtained was able to
recognize the complementary and mismatched hybridization events by means of
the catalytic oxidation of guanine using [Ru(bpy)3]

3þ as the redox-active mediator.
The hybridization event was enhanced in the presence of mercaptohexanol, which
also displaced non-specifically adsorbed DNA.
The covalent interaction of DNA molecules and CNTs was also employed in the

construction of biosensors. Both, gold electrodes [73] and GCEs [74] were modified

Figure 11.8 Schematic representation of DNA-mediated
deposition of SWNTs between two gold electrodes. (From Ref.
[70] with kind permission of Elsevier.)

Figure 11.9 Schematic illustration of self-assembly of thiolated
oligonucleotides onto Au–CNT hybrid. (From Ref. [72] with kind
permission of Elsevier.)
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by dropping the MWNT suspension onto the electrode surface, and drying. Calf-
thymus DNA was then immobilized on the MWNTs via a diimide-activated amida-
tion between carboxylic acid groups on the MWNTs and amino groups on the DNA
bases. An interaction between immobilized DNA and a molecule such as ethidium
bromide [73], as well as a hybridization reaction using daunomycin as an interca-
lative indicator [74], were investigated electrochemically.
Carbon nanotubes are also able to grow directly on graphite electrodes [75].

Following the modification with ethylene diamine, dsDNA can be electrochemically
immobilized onto the surface. Here, electrostatic forces can help attach the DNA to
the MWNT-modified gold electrode by means of a cationic polyelectrolyte [76]. The
DNA biosensors were used to determine the presence of low-molecular-weight
molecules such as promethazine hydrochloride [75] and chlorpromazine hydrochlo-
ride [76], both of which are able to intercalate into DNA.
A mixture of MWNT dispersion and DNA solution was cast onto the surface of

platinum electrode, and allowed to evaporate to dryness [77]. The DNA/MWNT layer
obtained in this way was very stable. By incubating the DNA/MWNT-modified
electrode in cytochrome c solution, it was immobilized uniformly due to electrostatic
interactions between the negatively charged DNA/MWNT layer and the positively
charged cytochrome c. Moreover,MWNTs played the key role in promoting the redox
process of cytochrome c.
A GCE was modified with a random dispersion of bamboo-type CNT (BCNT),

and compared with bothmodified SWNTs and unmodifiedGCEs [78]. A dispersion
of CNTs was cast onto the electrode surface and allowed to dry by evaporation. DNA
was adsorbed from solution using an applied electric potential, after which
the oxidation of guanine and adenine bases of DNA was evaluated to compare all
three electrodes. The much higher peak currents for both guanine and adenine
(Figure 11.10) indicated that BCNTs have a far higher number of electroactive sites
than do SWNTs.

Figure 11.10 Comparison of differential pulse voltammetric
signals of adenine and guanine bases at bare GCE, SWNT/GCE,
and BCNT/GCE. (From Ref. [78] with kind permission of
Elsevier.)
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Carbon nanotubes were also immobilized on the surface of electrode with
the help of cyclodextrins (CDs). These compounds can effectively enhance the
dispersion of CNTs [79,80] and immobilize them by an entrapment within the
polymer [81]. The ability of CDs to form supramolecular complexes is well recog-
nized, as they are known to serve as efficient molecular receptors. A composite
containing both CDs and CNTs offers the advantages of both materials. Thus,
complexes between CDs and CNTs were studied using nuclear magnetic reso-
nance (NMR) or Raman spectroscopy, and evidence of an intermolecular interac-
tion between g-CD and SWNTs was thus found [79]. It was also shown that SWNTs
could be solubilized by threading with large-ring CD (Z-CD) [80]. Many applica-
tions of the CD/CNT film-coated electrodes for the determination of biological
and other organic molecules, including dopamine and epinephrine [82], thymine
[83], dopamine [84] or rutine [85], have been reported. In addition, a DNA recog-
nition process was also reported. The modified graphite electrode was prepared by
casting the mixture of MWNTs and b-CD onto the surface and evaporating to
dryness [86,87]. The sensor was then applied to determine free guanine
and adenine levels. In the case of DNA determination, well-defined peaks of
guanine and adenine moieties were found after 60 s accumulation at an open
circuit. In addition, it was shown that b-CD at the electrode surface could serve as
a filter membrane [87].
Conducting polymers have also been used advantageously in the preparation of

DNA biosensors, as they can enhance the chemical compatibility of CNTs as well as
their solubility. One of the most extensively used polymers is polypyrrole (ppy),
which can be generated electrochemically and deposited onto the conducting sur-
faces. The main advantage of a prepared ppy film is its uniformity and possibility of
controlling the film thickness and morphology by an applied current or potential
[88]. The ppy film can be deposited from neutral pH, with two of its main features
being good conductivity and the contribution to a sufficient stability of the biosen-
sors. However, whilst many applications of ppy in the design of DNA biosensors
have been reported, few applications have been determined for CNT-based DNA
biosensors.
For these studies, two approaches were used. In the first method, the GCE was

modifiedwith a suspensionofMWNTs functionalizedwith carboxylic groups.Theppy
film doped with DNA oligonucleotide was then formed using electropolymerization
from the solution containing pyrrole and DNA [89,90], with electrochemical
impedance being used to detect hybridization. Trapping of the DNA oligonucleo-
tide in the ppy film allowed the ssDNA to hybridize target DNA sequences more
easily. In the second method, the ppy film doped with MWNTs was prepared on
the surface of the GCE by electropolymerization from the solution containing
pyrrole and MWNTs [91]. The film was covered with the DNA probe conjugated
with magnetite nanoparticles to form the DNA hybridization biosensor.
An alternative polymer which may be used for DNA–CNTs biosensors is that of

chitosan, a cationic polymer which is able to enhance CNTs dispersion [92]. Chitosan
also forms a suitable environment for further simple modification and the efficient
immobilization of biomolecules [93]. The properties of composite of CNTs and
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chitosan were studied using microscopic methods and X-ray diffraction (XRD) [94].
DNA is effectively immobilized on the polycationic polymer film of chitosan by
means of electrostatic attractions, with non-specific DNA adsorption being avoided
by using a high ionic strength [95]. The chitosan–MWNTs solution was spread
uniformly on the surface of the graphite electrode and evaporated to dryness
[96]. The DNA was then immobilized on the surface of the modified electrode by
simple adsorption from solution. As a cationic polymer, chitosan can adsorb anionic
chemicals such as CNTs containing carboxylic groups. Therefore, CNTs may be
dispersed uniformly in aqueous solutions of chitosan, thus enhancing the stability of
the CNTs solution. The formation of DNA/chitosan–CNTs film was confirmed by
monitoring the [Fe(CN)6]

3�/[Fe(CN)6]
4� redox couple.

In order to modify the properties of CNTs, they can be doped with various
materials, such as metal nanoparticles, redox mediators, and polymers. These con-
jugates offer a combination of the properties of bothmaterials used, which results in
a synergistic effect. DNAwas immobilized on the electrode modified with aMWNT/
nanoporous ZrO2/chitosan composite film to form the DNA biosensor [97]. The
nanoporous ZrO2 and MWNTs were shown to have a synergistic effect on the redox
behavior of daunomycin. Due to the effectively enlarged surface area and good
charge-transport characteristics, an increased ssDNA loading quantity and enhanced
detection sensitivity for the DNA hybridization were observed.
Carbon nanotubes can be also used as carriers of nanoparticle tracers, such as

CdS [98] and Pt nanoparticles [99,100], for the detection of DNA hybridization.
Wang et al. demonstrated a method for amplifying the electrical detection of DNA
hybridization [98]. For this purpose, the CNTs side walls were covered with CdS
nanocrystals by means of hydrophobic interactions. A major enhancement of the
stripping-voltammetric signal of CNT-loaded CdS tags in comparison to single CdS
tracer was subsequently observed (Figure 11.11).
The MWNTs suspension was mixed with the Pt solution and the resulted mixture

was cast onto the surface of the GCE [100]. After drying, the electrode was incubated
in DNA solution to immobilize the DNA probe. When the electrochemical proper-
ties of the modified electrode were studied using cyclic voltammetry, the results
indicated a larger effective surface of the MWNT/Pt-modified electrode than that of

Figure 11.11 Stripping-voltammetric cadmium hybridization
signals obtained using a single CdS tracer (a) and with CNT-
loaded CdS tags (b). (From Ref. [98] with kind permission of
Elsevier.)
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the Pt- or MWNT-modified electrodes. A high selectivity of the MWNT/Pt-based
hybridization assay was also observed.

11.2.2
Fullerenes

Fullerene and its derivatives represent a class of carbon materials which is begin-
ning to attract much interest in many fields of science. The biological properties
and activity of fullerenes and their derivatives, such as DNA cleavage, anti-viral
activity, electron-transfer, are well known and have been highlighted [101,102].
Until now, the analytical applications of fullerenes have not beenwidely recognized
[103]. However, their unique structure and properties – which are similar to those
of CNTs –make them an attractive material for use as sorbents or chromatographic
stationary phases. In addition, in the development of chemically modified sensors
and biosensors, the deposition of fullerenes onto various substrates may also be of
interest with regards to the decreased resistivity of electrode materials.
Fullerenes (see Figure 11.1C) are closed-cage carbon molecules with pentagonal

or hexagonal rings. Their electrocatalytic properties and applications in the prepa-
ration of chemically modified electrodes have been widely reviewed [104,105].
Fullerene-modified electrodes demonstrate useful electrocatalytic properties for
both chemical and biochemical reactions [104], and consequently they may be used
as electron-transfer mediators in biosensors. For example, C60:g-CD was found to
mediate electron transfer to DNA, showing two-way activity towards DNA [106]. In
this case, the GCE was modified with complex C60:g-CD by simple adsorption. As
this complex was soluble in water, the modified surface was covered with Nafion in
order to prevent leaching of the C60:g-CD layer. This electrode had good stability and
reproducibility; moreover, in the absence of C60 no redox wave corresponding to
DNA was found.
The interaction between C60 derivatives and DNA was investigated by using

a DNA-modified gold electrode [107]. As the C60 derivative is non-electroactive, the
[Co(phen)3]

3þ/2þ redox pair was used as an electroactive indicator to study this
interaction. The kinetics of binding and dissociation were studied using cyclic
voltammetry, whereupon the binding targets of the C60 derivatives were found to
be the major groove of the double helix and the phosphate backbone of dsDNA.
An ITO electrode was used to study a C60-derivative/porphyrin/DNA complex

deposited on the electrode surface by polymerization of 3,4-ethylenedioxythiophene
[108]. A porphyrin derivative was shown to bind to DNA as an intercalator, and both
the fullerene and porphyrin derivatives were seen to be entrapped by the DNA
scaffold. The DNA-modified electrode was used for the electrochemical detection
of 16S rDNA extracted from Escherichia coli [109]. Here, the DNA probe was
immobilized onto a fullerene-impregnated screen-printed electrode which was
first activated by exposure to air plasma. A good enhancement of the signal of
[Co(phen)3]

3þ due to the incorporation of fullerene was observed. In addition, the
DNA biosensor was also capable of detecting target oligonucleotides in the presence
of mismatching oligonucleotides.
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11.2.3
Diamond and Carbon Nanofibers

11.2.3.1 Diamond
Although diamond (see Figure 11.1D) is known as a �superhard� material, it has – in
similar fashion to the above-mentioned carbon materials – unique electrochemical
properties that are of interest in the preparation of modified electrodes. The basic
electrochemical properties of diamond films as electrodes, studied by electrochemical
and impedance spectroscopy measurements as well as electrode kinetics, have been
reviewed by Pleskov [110]. The practical applications of diamond electrodes as detec-
tors for chromatographic and flow-injection methods are also described.
Diamond is usually doped with an acceptor to enhance its electrochemical proper-

ties. The electrochemical behavior of three carbon surfaces – boron-doped diamond
(BDD), glassy carbon (GC), and pyrolytic graphite (PG) – were compared and dem-
onstrated for the electrochemical oxidation of 4-nitrophenol [111]. An investigation of
ferrocyanide redox behavior has shown that the charge-transfer resistance and capaci-
tive currents ofBDDare lower than those ofGCandPG. In addition, the best detection
limit, repeatability and reproducibility were obtained with the BDD electrode.
As diamond has a good biocompatability [112], its surface can be modified with

biomolecules. The covalent immobilization of DNA on diamond was investigated
using diffuse reflectance infrared spectroscopy [113], while several other investiga-
tors have used XPS and impedance spectroscopy to investigate DNA-modified dia-
mond thin films [114–117]. A high stability and sensitivity of the DNA-modified
diamond, as well as properties useful for the detection of DNA hybridization events,
were also observed. Chips based on diamond produced by chemical vapor deposition
(CVD) were covered with DNA using a solidification technique which enables DNA
to be bound vertically to the substrate [118]. Subsequently, the amount of oligonu-
cleotide on the CVD diamond chips was shown to be higher than on silicon chips, an
outcome that may be beneficial for developing microarray-type DNA chips for DNA
diagnostics.
DNAhybridizationbiosensorsbasedontheBDDfilmwerepreparedonaSisubstrate

and covered, using electropolymerization, with a thin layer of polyaniline/poly(acrylic
acid) composite [119]. TheDNAprobewas immobilized by incubation of the sensor in
DNA solution. The carboxylic groups in the polymeric filmwere found to act as active
sites for covalent binding of the DNA probe. Non-specific adsorption of DNA onto
polymeric film was not observed, however, and the DNA biosensor showed an appro-
priate stability and selectivity to DNA sensing. The BDD film electrode with a low
background current was used to study the electrochemical behavior of native and
thermally denatured fish DNA [120]. Two well-defined peaks corresponding to the
oxidation of guanine and adenine residues were observed on cycling voltammogram
of the thermally denatured DNA. In addition it was found that, in the presence of
cytosine, the guanine peak was decreased, which indicated an interaction of cytosine
withdenaturedDNAviahydrogenbonds.Itwasalsoshownthat thecationicporphyrins
could stabilize the denatured DNA by intercalation and ionic interactions.
An aminophenyl-modified BDD electrode was covered with cross-linker and thiol-

modified DNA oligonucleotide probe [121]. The presence of a DNA probe was
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confirmed by DNA hybridization using fluorescein-labeled complementary/
non-complementary target DNA oligonucleotides. Electrochemical AFM measure-
ments were used to characterize the DNA functionalized and hybridized surfaces,
and to show that both closed and dense DNA films were obtained. The BDD
electrode was also used as a high-performance liquid chromatography (HPLC)
detector for the detection of purines and pyrimidines [122]. Well-defined oxidation
peaks of cytosine and thymine were observed due to a wide potential window of the
BDD electrode, and both low detection limits and high sensitivity and stability were
also reported. Subsequently, the electrode was successfully applied to the determi-
nation of 5-methylcytosine in a DNA sample after HPLC analysis; acceptable recov-
eries of approximately 95% was achieved, with good reproducibility.

11.2.3.2 Carbon Nanofibers
Carbon nanofibers represent another form of intensively studied carbon material
[123]. For example, they are not only attractive materials for catalysis [124], but their
unusual electrochemical properties [125,126] also attracts interest for use as novel
electrode materials in electrochemical applications [127]. Vertically aligned carbon
nanofibers have been shown to be useful for applications in chemical sensors and
biosensors [128], and several uses in enzyme [129] and DNA biosensors [130] have
been reported. In the latter situation, the nanofibers surface were modified with
amino groups to bind the thiol-modified DNA probe [131], and the biosensor was
used to recognize fluorescently labeled target DNA complementary to the immo-
bilized probe.
Vertically aligned carbon nanofibers were also covalently modified with DNA,

using photochemical and chemical methods [132]. Both, excellent specificity and
reversibility were observed in recognizing complementary and non-complementary
sequences. The carbon nanofibers were found to possess an enhanced surface area,
in addition to an approximately eight-fold higher amount of hybridized DNA in
comparison with GCEs. Vertically aligned carbon nanofibers were also modified
with DNA through the carboxylic groups on nanofibers, and used for the direct
physical introduction and expression of exogenous genes in mammalian cells [133].
Transcriptional accessibility of DNA was investigated using polymerase chain reac-
tion and in-vitro transcription.

11.2.4
Clays

Clays are minerals which belong to the group of phyllosilicates, and their application
in chemical sensors has been widely reviewed [134–136]. Clays can act as ion-
exchangers, and therefore can serve as useful materials in the preparation of modi-
fied electrodes [137]. The ion-exchange properties of different clays incorporated
into CPEs were investigated using electrochemical methods [138,139]. Because of
their adsorption properties, clays can also serve as a component of biosensors, and
many applications of clays in enzyme electrodes have been described [136]; applica-
tions in DNA biosensors are still very rare, however.
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A modified CPE was prepared using a sodium montmorillonite (MMT) as the
modifier [140]. The electrode was used to investigate the electrochemical behavior
and determination of guanine. TheMMT-modifiedCPE showed better electron-trans-
fer in comparison to unmodified CPE, resulting in an increase in the guanine peak
current as well as lowering the oxidation overpotential. Carbon paste-based screen-
printed electrodes were modified with unmodified MMT and modified montmoril-
lonite (MMTmod) in two ways [62]: (i) MMTor MMTmod dispersed in polyvinylalco-
hol was cast onto the electrode surface and, after drying, covered with a DNA layer
(layer-to-layer covering); and (ii) the mixture of MMT or MMTmod dispersion and
DNA solution was cast onto the electrode surface and allowed to evaporate to dryness
(composite covering). Voltammetric signals of the [Co(phen)3]

3þ marker, guanine
residue and [Fe(CN)6]

3� were used to evaluate the prepared DNA biosensors. The
results showed that the composite covering was more effective because of better
access of DNA to the marker particles within the nanostructured films of enhanced
active surface area. A comparison of the MMTand MMTmod modifiers showed that
the latter exhibit a higher efficiency than the former, due to an increased interlayer
distance in the nanomaterial.

11.2.5
Metal Nanoparticles

Metal nanoparticles (NPs) are clusters of a few hundred to a few thousand atoms
that are only a fewnanometers long [141]. They are known as �dye� compounds and,
due to their unique physical properties (which include a high surface-to-bulk ratio
based on their small size) they are of major interest for sensing [142]. Among the
various NPs, metallic gold and silver are the most often used materials for the
preparation of nanoparticles.
Gold nanoparticles (GNPs) can be prepared either electrochemically or non-

electrochemically via chemical reduction (usually reduction of Au(III) from
HAuCl4�3H2O to Au(0) using NaBH4), which often produces colloidal gold [143].
Colloidal gold consists of octahedral units of gold homogeneously dispersed in the
liquid phase. GNPs can be modified with biomolecules such as oligonucleotides or
proteins, and are frequently used to label DNA oligonucleotides and to enhance the
sensitivity of the detection of DNA hybridization events [144–146]. Bymodifying gold
withDNA,asignificantstabilizationofthegoldcolloidwasobserved,whichrepresentsa
prerequisite for furtherbiochemical and/ormolecular–biologicalmanipulations [147].
GNPs are hydrophobic, and therefore must be modified in order to become water-
soluble (hydrophilic), then they may be attached to biological molecules. The attach-
mentofoligonucleotidestothesurfaceofGNPscanbeperformedbysimpleadsorption,
via biotin–avidin linkage and via thiol–gold bonds. Such nanoparticles can be used as
quantitation tags, as well as encoded electrochemical hosts [146].
Quantum dots (QDs) are also nanostructuredmaterials known as zero-dimensional

material [148]. A quantumdot is a location that can contain a single electrical charge, a
single electron. The presence or absence of an electron changes the properties ofQDs,
and they can then be used for several purposes, including information storage or as
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transducers in sensors. QDs are semi-conductor nanocrystals that are roughly spheri-
cal in shape, with diameters between 1 and 12nm. Because of their reduced size, QDs
behave differently from bulk solids due to the quantum-confinement effects that are
responsible for their remarkably attractive properties. Due to the availability of pre-
cursors and the simplicity of crystallization, CdS and CdSe are normally used for the
preparation of QDs. Yet, QDs can be prepared by several methods based on pattern
formation (colloidal self-assembled pattern formation by surfactant micellation), or-
ganometallic thermolysis or electrochemical deposition. They can also be modified
with DNA or proteins by simple adsorption, linkage via thiol groups, electrostatic
interaction, and covalent linkage via streptavidin–biotin bonds.
Due to its ultrahigh surface area, colloidal gold can be used advantageously to im-

prove the immobilization of DNA on the electrode surface. Electrochemical DNA
hybridization biosensor based onbinding events betweenEscherichia coli ssDNAbind-
ingprotein (SSB) and ssDNAconjugated toGNPswas prepared [149]. The recognition
ability of SSB and the electrochemical properties of GNPs, streptavidin-coated beads
and biotin-modified CPE were studied, and a specific discrimination of streptavidin-
coated beads towards mismatched and non-complementary DNA sequences was ob-
served. The GNPs enabled a lowering of the detection limits to 2.17· 10�12mol L�1.
The effect of GNPs on the interaction between the DNA and [Co(phen)3]

3þ was
investigated [150]. For this, GNPs of different size were assembled onto the surface
of gold disc electrodes through dithiol molecules, and the DNA biosensor was
prepared by casting the DNA solution onto a GNP-modified surface. Subsequently,
the concentration of DNA adsorbed onto the electrode surface was found to depend
on the GNP size. The DNA biosensor was tested in aqueous solution, as well as a
non-aqueous environment containing acetonitrile, and well-developed redox peaks
of [Co(phen)3]

3þ were obtained in both media. By increasing the GNP size, a
decrease in not only the concentration of the DNA adsorbed onto the GNP-modified
surface but also as in the redox currents of [Co(phen)3]

3þ, was observed.
A DNA hybridization biosensor was prepared by the immobilization of target

DNA onto colloid GNPs self-assembled on the cysteamine monolayer-modified gold
electrode [151]. The GNPs significantly enlarged both the electrode surface and the
amount of immobilized ssDNA. The oligonucleotide probe was modified with silver
nanoparticles that were released after the hybridization process. The electrochemical
signal of solubilized Ag(I) in the case of one complementary oligonucleotide se-
quences was much higher than that at the oligonucleotide sequences containing the
single-base mismatch. An anodic stripping voltammetric determination resulted in
the detection limit of the target nucleotide falling to 5 · 10�12mol L�1.
The target ssDNA was immobilized on the surface of GCE by the formation of

stable electrostatic complex with chitosan [152]. The hybridization reaction was
conducted by immersing the prepared biosensor into the medium of the GNP-
modified DNA probe. Following hybridization, the electrochemical signal of the
GNPs was enhanced by their modification with the silver particles (Figure 11.12A).
Moreover, the sensitivity of the biosensor was increased by about two orders of
magnitude due to the silver enhancement. This biosensor was successfully applied
to the recognition of an oligonucleotide sequence from the target with single nu-
cleotide mismatches (Figure 11.12B).

426j 11 DNA Biosensors Based on Nanostructured Materials



An electrodeposited DNA membrane doped with GNPs was prepared on the
surface of a GCE [153]. The catalytic activity of this biosensor towards the oxidation
of norepinephrine (NE) wasmonitored, and the biosensor was used to determineNE
concentrations in the presence of ascorbic acid.
A GCE modified with a poly-2,6-pyridinecarboxylic acid film was further modified

with GNPs by a combination of electrodeposition and adsorption of nanogold [154].
The ssDNA probe was then immobilized onto the modified electrode by adsorption

Figure 11.12 (A) Schematic diagram of silver-
enhanced colloidal gold electrochemical de-
tection of DNA hybridization. (B) Differential
pulse voltammetric response for dsDNA de-
tected by monitoring the silver after hybrid-
ization of GNPs-labeled DNA oligonucleotides

with complementary oligonucleotides (a), with
oligonucleotides containing single-base mis-
match (b) and with non-complementary oli-
gonucleotides (c). (From Ref. [152] with kind
permission of Elsevier.)
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from its solution, and the hybridization process was detected using electrochemical
impedance spectroscopy. The difference in surface electron transfer resistance in [Fe
(CN)6]

3�/4� solution measured on the DNA probe biosensor, and that on the hybrid-
ized electrode, was used for the evaluation. Hybridization of the DNA probe with
complementary DNA was found rapidly to increase the surface electron transfer
resistance, and the prepared biosensor was used to determine the sequence-specific
phosphinothricin acetyltransferase gene, with a detection limit of 2.4· 10�11mol L�1.
An electrical DNA hybridization device based on GNPs attached to oligonucleo-

tide probes and closely spaced interdigitated electrodes was reported [155]. The
oligonucleotide probe was attached in the gap between two microelectrodes, and
hybridization of the target DNA and the second nanoparticle-coupled probe brought
the GNPs into the gap. Follow-up silver deposition resulted in a conductivity signal
only when DNA hybridization took place.
Quantum dots can also act, in similar manner to GNPs, as labels for the detection

of DNA hybridization. For example, by attaching PbS, CdS and ZnS to various
detection probe sequences, and subsequently stripping the labels at various poten-
tials, the different target sequences can be detected and quantified (Figure 11.13)
[146]. Similarly, multiplexed immunoassays of proteins with measurements of dif-
ferent antigens can also be performed.

11.3
Conclusions

In the ongoing development of biosensors, the use of nanotechnology and nanoma-
terials has raised new possibilities of controlling the properties of transducers, of
matrices for the immobilization of biomolecules, and of markers, indicators, and
other important building components. Many applications of biosensors for analyte
determination have highlighted the use of nanomaterials, with a clear lowering of
detection limits (Table 11.1). In particular, theminiscule dimensions of nanomaterials

Figure 11.13 Schematic ofmultiple detection of DNA. P01, P02, P03
are DNA probes connected to QDs; T1, T2, T3 are DNA targets
hybridized with corresponding DNA-capturing probes (P1, P2,
P3). (From Ref. [146] with kind permission of Elsevier.)
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enable theminiaturizationof biosensors, thepreparationofnanoelectrode arrays [156]
and offer new environmental, biomedical and in-vivo applications [7,140,157,158].
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12
Metal Nanoparticles: Applications in Electroanalysis
Nathan S. Lawrence and Han-Pu Liang

12.1
Introduction

Nanotechnology has recently come to the forefront of analytical chemistry. A large
number of nanomaterials – specifically nanoparticles exhibiting differing properties
– have found a wide range of applications in various analytical methodologies [1].
The small size of nanoparticles (typically 1 to 100 nm) means that they exhibit
unique chemical [2–4], physical [5–8], and electronic properties [9] that are distinctly
different from those of bulk materials, and as such they have attracted considerable
attention. This interest is highlighted by the substantial worldwide governmental
funding in this area, creating enormous scientific activity. Numerous review articles
and books on nanomaterials have witnessed the tremendous growth in the study and
application of nanomaterials (e.g., Refs. [10–13]).
Considering the properties of these nanoparticles, it is relatively easy to see that

an emerging area is their use in electroanalysis and electrochemical-based sensors
[14–20]. Even a brief examination of the literature shows that there has been large
growth in this area, whereby traditional macroelectrodes are being replaced with
their nanoparticle analogues. The predominant advantages of using nanoparticle-
modified electrodes compared to typical macroelectrodes is their large effective
surface area, increased mass transport, high catalytic activity, and the ability to exert
control over the local environment at the electrode surface [17].
Probably the most important application of metal nanoparticles is their use in

chemical catalysis. Several reviews relating to catalysis, based on metal nanoparti-
cles have highlighted their important role [21–23]. The small size of the particle
endows them with a high surface area, providing more active sites to catalyze the
reaction. It has long been speculated that metal nanoparticles exhibit significant
improvement in detection and catalytic capabilities due to the increase in both their
surface area and their ability to electronically interact with reactant molecules.
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A schematic representation of a nanoparticle-modified electrode is shown in
Figure 12.1a, while a scanning electron microscopy (SEM) image of a metal nano-
particle-modified surface is shown in Figure 12.1b. As mentioned above, this type
of electrode can offer a high surface area in comparison with a planar macroelec-
trode, and coupling this increase with the high catalytic activity of the particle
(which lowers the overpotentials of redox species) means that such a set-up might
act as a more selective and sensitive electrochemical sensor. Furthermore, such
electrodes are cost-effective; typically, noble metal macroelectrodes such as gold,
platinum, and palladium are expensive in comparison to manufactured nanopar-
ticles, which is of course a significant advantage for the development of commer-
cial sensors.
Metal nanoparticles are usually prepared via reduction of the correspondingmetal

precursor in the presence of a surface stabilizer (capping agent), for example phos-
phines, thiols, polymers, and amines [23–25]. Apart from the capping agents� ability
to stabilize and disperse nanoparticles, tailoring of the capping agent can enrich the
particles� chemistry further [14,15]. For example, it can introduce functional groups
which may be redox active, catalytic, bioactive, or act as selective recognition sites.
Thus, these tailored nanoparticles have found use in a variety of applications,
ranging from bioelectronic [14–17], electronic wiring [26,27], optoelectronic
[19,28] and sensoric applications [29].
In this chapter, we review the use of metal nanoparticles in electroanalysis, the

aim being to produce an outline of the key areas in which each metallic nanoparticle
is currently used. A summary of the current applications of each nanoparticle in
electroanalysis is provided in Table 12.1. This highlights the analytes which have
been detected, and gives a brief summary of how the nanoparticle has been utilized
in their detection, either via a direct analytical signal or in conjunction with en-
zymes, as in the case of biosensors (for more detail, see Chapter 11). Within the
chapter it will be shown that a major step in developing these sensors is the
immobilization of the particles to the underlying inert conductive substrate; hence,
these procedures are given suitable attention throughout the chapter.

Figure 12.1 (A) Schematic representation of a nanoparticle-
modified electrode. (B) An SEM image of a typical metal
nanoparticle-modified surface.
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Table 12.1 A comparison of the linear ranges and limits of
detection achieved for a variety of analytes with a range of
nanoparticles.

Nanoparticle/
Reference Analyte Methodology Dynamic range LoD

Au [37] H2O2 Biosensor 0.05–30.6mM 0.02mM
Au [38] Glucose Biosensor 0.001–1.0mM 0.69mM
Au [39] Glucose Biosensor 0.02–5.7mM 8.2mM
Au [40] Glucose Biosensor Up to 60.0mM 3.0mM
Au [41] H2O2 Biosensor 0.005–1.4mM 0.401mM
Au [42] NADH Biosensor Up to 5mM 5nM
Au [44] H2O2 Biosensor 2–24mM 0.91mM
Au [45] H2O2 Biosensor 0.008–15.0mM 2.4mM
Au [46] H2O2 Biosensor 0.01–7.0mM 4.0mM
Au [47] Catechol Biosensor 2–110mM 0.32mM
Au [47] Phenol Biosensor 2–110mM 0.60mM
Au [47] p-Cresol Biosensor 2–55mM 0.18mM
Au [48] Cholesterol Biosensor 0.075–50mM 5nM
Au [49] H2O2 Biosensor 0.0025–0.5mM 0.48mM
Au [51] H2O2 Biosensor 0.1–1mM N/A
Au [52] Cholesterol Biosensor 10–70mM N/A
Au [53] Nitrite Biosensor 0.3–700mM 0.1mM
Au [54] Rabbit

immunoglobulin G
Immuno 6.4–3200 fM 1.6 fM

Au [55] Hepatitis B Immuno 4–800 ngmL�1 1.3 ngmL�1

Au [56] Paraxon Immuno 1920mg L�1 12mg L�1

Au [57] DNA DNA N/A 10�11M
Au [58] DNA DNA 0.51–8.58 pM N/A
Au [59] DNA DNA N/A 1.2mM
Au [60] DNA DNA 0.050–10 fM 10 fM
Au [62] DNA DNA 6.9–150.0 pM 2.0 pM
Au [63] Promethazine DNA 20–160mM 10mM
Au [63] Chlorpromazine DNA 10–120mM 7mM
Au [65] Dopamine Direct 2.5–20mM 0.13mM
Au [65] Ascorbic acid Direct 6.5–52mM N/A
Au [66] Epinephrine Direct 0.1–200mM 60nM
Au [67] Glucose Direct Up to 8mM N/A
Au [69] As(III) Direct 0.09–4 ppm 0.09 ppb
Au [70] As(III) Direct 1–5mM 5ppb
Au [71] As(III) Direct N/A 6nM
Au [72] As(III) Direct 0.005–2.5mM 0.0096 ppb
Au [73] As(III) Direct Up to 15 ppb 0.25 ppb
Au [74] Cr(III) Direct 0.1–0.4mM N/A
Au [75] Nitrite Biosensor 0.1–9.7mM 0.06mM
Pt [80] H2O2 Direct 0.0005–2mM 7.5 nM
Pt [80] Acetylcholine Direct N/A 2.5 fM
Pt [80] Choline Direct N/A 2.3 fM
Pt [82] H2O2 Direct 0.00064–3.6mM 0.35mM
Pt [83] Glucose Biosensor 0.5–5000mM 0.5mM
Pt [84] Glucose Biosensor 1–25mM 1mM

(Continued)
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Nanoparticle/
Reference Analyte Methodology Dynamic range LoD

Pt [85] Glucose Biosensor 0.1–13.5mM 0.1mM
Pt [86] Glucose Direct 2–14mM 1mM
Pt [87] Thrombin Nucleic Acid N/A 1nM
Pt [88] Dopamine Direct 3–60mM 10nM
Pt [89] cholesterol Biosensor 0.01–3mM N/A
Pt/Fe [90] Nitrite Direct 0.0011–1.1mM 0.47mM
Pt/Fe [91] Nitric oxide Direct 0.084–7800mM 0.018mM
Pt/Fe [92] Uric acid Direct 0.0038–1.6mM 1.8mM
Pt [93] As(III) Direct N/A 2.1 ppb
Ag [103] Hydroquinone Direct 0.003–2mM 0.172mM
Ag [104] H2O2 Biosensor 0.0033–9.4mM 0.78mM
Ag [105] DNA DNA 8–1000 nM 4 nM
Ag [106] H2O2 Direct 5–40mM 2.0mM
Ag [107] Hypoxanthine Direct 1.0–100mgmL�1 1.0mgmL�1

Ag [108] Thiocyanate Direct 0.5–400mM 40nM
Ag [109] Brilliant cresyl blue Direct 10–210mM N/A
Ag [110] H2O2 Biosensor 0.001–1mM 0.4mM
Ag [111] H2O2 Biosensor 0.003–0.7mM 1mM
Ag [112] Nitrite Biosensor 0.2–6.0mM 34.0mM
Ag [113] Nitric oxide Biosensor 1–10mM 0.3mM
Hg/Ag [114] Cysteine Direct 0.4–13mM 0.1mM
Pd [122] Methane Direct 0.125–2.5% in air 0.125%
Pd [123] Hydrazine Direct 31–204mM 2.6mM
Cu/Pd [126] Hydrazine Direct 2–200mM 0.27 nM
Pd [127] Glucose Biosensor Up to 12mM 0.15mM
Cu [130] Nitrate Direct N/A 1.5mM
Cu [131] Alanine Direct 5–500mM 24nM
Cu [132] Nitrate Direct 1.2–124mM 0.76mM
Cu [133] Amikacin Direct 2–200mM 1mM
Cu [134] H2O2 Direct Up to 200mM 0.97mM
Cu [135] Nitrite Direct 0.1–1.25mM 0.6mM
Cu/SnO2 [136] H2S Direct N/A 20 ppm
Cu [138] Nitrite Direct 0.05–30mM 0.02mM
Cu [146] Oxygen Direct 1–8 ppm N/A
Cu [148] Glucose Direct Up to 26.7mM N/A
Cu [149] Catechols Direct Up to 200mM 3mM
Cu [149] Dopamine Direct Up to 300mM 5mM
Cu [150] Glucose Direct Up to 500mM 250 nM
Cu [151] Halothane Direct 10–50mM 4.6mM
Cu/Au[153] DNA DNA 0.015–5 nM 5 pM
Ni [172] Hydrogen sulfide Direct 20–90mM 5mM
Ni [173] Glucose Direct 0.05–500mM 20mM
Ni [173] Fructose Direct 0.05–500mM 25mM
Ni [173] Sucrose Direct 0.10–250mM 50mM
Ni [173] Lactose Direct 0.08–250mM 37mM
Ni [174] Acetylcholine Direct 4.46–22.30mM N/A
Co3O4/Ni [175] Carbon monoxide Direct 10–500 ppm N/A

Table 12.1 (Continued)

438j 12 Metal Nanoparticles: Applications in Electroanalysis



12.2
Electroanalytical Applications

12.2.1
Gold Nanoparticles

Gold nanoparticle-based biosensors have received considerable attention over the
past few years, due mainly to the nanoparticles� biocompatibility and ease with
which they can be functionalized [30–36]. Among published reports, two variations
of biosensor are predominant. Figure 12.2 illustrates, schematically, a biosensor in
which a mediator species that is capable of catalyzing the oxidation or reduction of
the products from the enzyme reaction, is first deposited onto the macro-electrode

Nanoparticle/
Reference Analyte Methodology Dynamic range LoD

Co3O4/Ni [175] Hydrogen Direct 20–850 ppm N/A
NiFe2O4 [176] Liquefied Petroleum Gas Direct Up to 25 ppm in air N/A
Fe [188] Humidity Direct 5–98% N/A
Fe/In [188] Ozone Direct N/A 30 ppb
Fe [191] Glucose Biosensor 0.006–10mM 3.17mM
Fe [192] Glucose Biosensor Up to 20mM N/A
Ir [205] Glucose Biosensor Up to 12mM N/A

LoD, Limit of detection.

Figure 12.2 (A) Schematic representation of a nanoparticle-
based mediator biosensor along with the corresponding
detection mechanism.

Table 12.1 (Continued)
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surface. The nanoparticles are then adsorbed onto the mediator-electrode surface
upon which the enzyme is finally immobilized [37–40]. The detection mechanism
for the biosensor is also outlined in Figure 12.2. In these cases, it was found that the
presence of the nanoparticles enhanced the sensitivity of the sensor. This enhance-
ment was attributed to the increased concentration of enzyme upon the sensor
surface due to the larger active surface area at the nanoparticle immobilized layer.
A second biosensor has also been developed in which the mediator is no longer

required. In this case, the nanoparticles are directly attached to the electrode surface
via certain immobilization procedures (for example, thiol-terminated sol–gels [41,42],
amine–cysteamine linkages [39,43], and thiol films [44]). The enzyme is then attached
to the nanoparticle layer. In this way it is the nanoparticle which can catalytically
oxidize or reduce the products of the enzyme reaction. It can be foreseen that these
biosensors offer significant construction simplicities compared to themediator-based
sensors. Examples of proteins and enzymes to be attached to Au nanoparticles to be
used in such sensors include horseradish peroxidase [37,41,45,46], tyrosinase [47],
cholesterol oxidase [48], myoglobin [49] glucose oxidase [38–40,50], microperoxidase
[51], cytochrome P450scc [52], and hemoglobin [43,53].
The ability of Au to undergo facile surface modification by a host of compounds

means that immunosensors and DNA sensors have also been constructed (for
further details, see Chapter 11). In the case of immunosensors the surface is
modified with a specific antigen or antibody; examples include anti-rabbit immu-
noglobulin G [54], the hepatitis B surface antibody [55], or paraoxon antibodies [56].
In order to immobilize DNA, either the Au surface or the DNA strands are typically
modified with specific functionalities [57–62]. Once the DNA is immobilized it can
be used in the detection of DNA and a variety of other analytes, including phe-
nothioazine-based drugs [63], uric acid, and norepinephrine [64].
Although a large number of sensors utilizingAunanoparticles requiremodification

of the nanoparticle surface, there are analytes which can be detected directly at the
nanoparticle layer. In these cases the interaction of Au with the analyte is utilized in a
productive manner. A major task in bioanalysis is resolving and determining the
concentrations of neurotransmitters in the presence of ascorbic acid, due to their
similar redox potentials at bare unmodified electrodes. It has been found that Au
nanoparticles can successfully and selectively determine dopamine in the presence of
ascorbate. In this case, the oxidation potential of the ascorbic acid was found to shift to
lower potentials due to the high catalytic activity of Au nanoparticle, whilst the elec-
trochemical reversibility of dopamine improved significantly [65]. In addition, a nano-
Au electrode has been applied to the sensing of epinephrine, when the Au electrode
was found to enhance its electrochemical response, due to the increased surface area
of the nano-Au electrode compared to a conventional planar electrode [66]. It was
shown above that glucose oxidase, when immobilized on Au nanoparticles, can be
utilized for both variations of biosensor. However, under alkaline conditions glucose
can be directly oxidized and therefore detected at Au and Au/Ag alloy nanoparticle
layers [67,68]. This direct oxidation techniquemust be used cautiously within authen-
tic samples due to the large range of oxidizable interferents within such samples, and
hence only niche applications have been investigated. It can be foreseen, however, that
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further applications will be possible when the direct detection techniques are used in
conjunction with analytical separation techniques.
The strong interaction of gold with either arsenic or chromate has been utilized in

the sensing of these compounds [69–74]. Arsenate As(III) is a common pollutant in
river waters in the Third World, and therefore its detection is important. The ability
of both surface-bound and electrodeposited Au nanoparticles to interact and accu-
mulate As(III) has been used in the determination of the latter, either directly in the
sample [69–72] or using an end-column detector unit [73]. Gold nanoparticles have
also been used in the detection of nitrite, where the nanoparticles are modified with
hemoglobin [75], and for the direct oxidation of nitric oxide [76,77].
At this point it is worth mentioning a further novel use of nanoparticles which,

although slightly beyond the scope of this chapter, is of interest to the analytical
chemist. In this case, gold nanoparticles are used in conjunction with chip-based
capillary electrophoresis, not for detection, but to aid in separation. It was found that
incorporation of the Au nanoparticles into the microchannel improved selectivity
between solutes and increased the efficiency of the separation, with both resolution
and plate numbers of the solutes being doubled in the presence of nanoparticles [78].

12.2.2
Platinum Nanoparticles

Platinum, like gold, is one of the most extensively studied metals in electrochemistry
due to its relative chemical inertness and its ability to provide reasonable solvent
windows such that oxidation, reduction and electron-transfer rates [79] can be studied.
Furthermore, platinum – unlike carbon – has been shown to catalyze the redox
chemistry of several compounds. Its ability to catalyze both the oxidation and reduc-
tion of H2O2 has meant that the Pt nanoparticles provide sensitive H2O2 detectors. In
this case the nanoparticles were successfully deployed by the modification of carbon
film electrodes [80,81], carbon fiber ultramicroelectrodes [82] and carbon nanotubes
(CNTs) [83]. The fact that H2O2 is the product of several enzymatic reactions means
that Pt nanoparticles will play a key role in potential electrochemical biosensors.
An example of such systems is the detection of glucose via the glucose oxidase

enzyme. This enzyme has been shown to be easily absorbed onto Pt, Pt nanoparticle-
doped carbon films [80] and CNTs [83–85], and even onto synthesized ordered Pt-
nanotubular arrays [86]. All of these have been demonstrated as effective glucose
sensors. Figure 12.3a shows a typical transmission electron microscopy (TEM)
image of a Pt nanoparticle-embedded carbon film [80], whereby the dark spots
correspond to the Pt nanoparticles and the light areas relate to the carbon film.
From this it can be clearly seen that nanoparticles with diameters of 2.5 nm can be
prepared. Figure 12.3b shows, graphically, a comparison of the voltammetric re-
sponse of the Pt nanoparticle-embedded carbon film (responses a and c) with that of
a planar platinum electrode (responses b and d) in the presence (responses a and b)
and absence (responses c and d) of 1mM H2O2. It can be clearly seen that the
platinum nanoparticle layer produces a lower oxidation potential than that of the
planar electrode, indicating a faster electron transfer rate at the nanoparticle layer.
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In an analogousmanner to the gold nanoparticles discussed above, the relative ease
of functionalization of the Pt particlesmeans that it is possible to prepare nucleic acid-
modified Pt nanoparticles. These act as catalytic labels for the amplified electrochem-
ical detection of DNA hybridization, and in aptamer/protein recognition [87].
The direct detection of several important species has been achieved using Pt

nanostructures. These include dopamine [88], cholesterol [89], nitrite [90], nitric
oxide [91], uric acid [92], and As(III) [93]. With the advantages of high surface area
and activity, Pt nanostructures allow sensitive and low detection limits in compari-
son with a Pt bulk electrode. For example, an approximately one order of magnitude
lower detection limit with a Pt nanoparticles-embedded carbon film electrode has
been observed compared to a planar platinum electrode [80]. Furthermore, nano-
porous platinum oxide has been investigated as a hydrogen ion/pH probe. These
oxide nanostructures have been found to exhibit a near-Nernstian behavior over a
wide pH range, between 2 and 12 [94]. A second platinum nanoparticle-based pH
sensor to be developed relied upon the ability of the nanoparticle to be easily coated
with the pH-sensitive poly(quinoxaline) species [95].
Until now, the majority of investigations utilizing the properties of Pt nanostruc-

tures have been dedicated to studying methanol oxidation, formic acid oxidation,
and oxygen reduction [96–99]. These, rather than for electroanalytical purposes, are
examined in an attempt to develop alternative fuel cell energy resources to those
used traditionally today.

12.2.3
Silver Nanoparticles

In its pure state, silver has the highest thermal and electrical conductivity of all metals,
it is highly stable in air andwater, and it ismore abundant than gold. These properties
mean that it is of interest to the electroanalytical community. Indeed, silver has not

Figure 12.3 (A) A TEM image of a platinum nanoparticle-
embedded graphite carbon film. (B) The cyclic voltammetric
response comparing the signal obtained at the platinum
nanoparticle-embedded graphite carbon film (a, c) and a planar
platinum electrode (b, d) in the absence (c, d) and presence (a, b)
of 1mM H2O2. (From Ref. [80].)
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only been used as the sensing component of electrochemical sensors, but it can often
be found as the integral component of a reference electrode. The stability of the Ag/
AgCl redox couplemeans that this couple is often used as an inexpensive alternative to
the saturated calomel electrode used is a vast number of electrochemical systems.
Furthermore, like gold, the ability of silver to chemically adsorb species onto its surface
means that immobilization of the particles is relatively facile.
The attachment of silver nanoparticles to the sensing surface has received consid-

erable attention. Probably themost facilemethod is via electrochemical techniques, in
which silver ions in solution are electrochemically reduced onto the electrode sub-
strate, to form either colloidal [100] or dispersed nanoparticles [101]. In these tech-
niques careful control of both the deposition potentials and times are required to
produce the nanoparticles layer. Chemical methods in which the nanoparticle is
essentially tethered to the electrode surface have also been used. Such examples are
the attachment of silver nanospheres and nanorods to indium tin oxide (ITO) [102]; in
this case the attachment was successful without the need for a bridging reagent. Such
electrode modifications were found to improve the redox behavior of the ferro/ferri-
cyanide redox couple compared to the bare ITO electrode. Typically, silver nanopar-
ticles have been covalently immobilized onto Au electrodes through either cystamine
or cysteine linkers [103,104]. A novel method for the fabrication of DNA biosensors
has been developed bymeans of self-assembling colloidal Ag to a thiol-containing sol–
gel network in analogousmanner to theAuparticles discussed above [41,42]. The thiol
groups of the sol–gel initiator served as binding sites for the covalent attachment to the
gold electrode surface and silver nanoparticles [105].
Once immobilized, the silver nanoparticles can either be used in the direct

determination of analytes, or as the template in a biosensor. The high catalytic
activity of the Ag surface has allowed it to be used in the direct determination of
hydroquinone [103], hydrogen peroxide [106], hypoxanthine [107], thiocyanate [108],
and brilliant cresyl blue [109].
A host of biosensors have also been developed in which the enzyme is directly

attached to the silver nanoparticles. These sensors have allowed for the indirect
detection of hydrogen peroxide, using either horseradish peroxidase [104,110] or
myoglobin [111], and in the sensing of nitrite or nitric oxide using hemoglobin-
modified electrodes [112,113].
Before moving onto assess the capabilities of palladium nanoparticles in electro-

analysis, it is of interest to note that silver nanoparticles have been used in conjunc-
tion with mercury electrodes. In this case, a mercury film electrode was deliberately
doped with silver nanoparticles to enhance the detection of cysteine. It was shown
that the electrode layer strongly adsorbed cysteine whilst catalyzing the electrode
reaction of cysteine more efficiently than a mercury film alone [114].

12.2.4
Palladium Nanoparticles

Palladium is inert in both air and water, and is therefore a strong candidate to
be used in electroanalysis. Palladium nanoparticles have been influential in
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understanding the electrochemical response of the well-known palladium/hydrogen
system. Pd undergoes a highly specific interaction with hydrogen, as hydrogen
atoms have a high mobility within the Pd lattice and therefore can diffuse rapidly
through the metal. The reduction of hydrogen ions has been studied extensively at
palladium macroelectrodes [115–117], with hydrogen atoms being found to absorb
into the Pd lattice. This is a so-called �dissolution adsorption mechanism� in which
Hþ ions first adsorb onto the Pd surface, and are subsequently reduced to form
adsorbed hydrogen atoms (Had). These adsorbed hydrogen atoms finally diffuse into
the bulk Pd such that they lay underneath the first few atomic layers of Pd atoms,
thus forming absorbed hydrogen (Hab). At macroelectrodes, only a single oxidative
wave is observed which encompasses both the oxidation of Hab and Had to Hþ.
Recently, however, it has been shown that the use of electrodeposited and
homogenously synthesized Pd nanoparticles, allows the oxidation of both the Had

and Hab to be deconvoluted [118–120] such that two oxidative waves are observed
(see Figure 12.4). In this case, nanotechnology has provided an insight into the
oxidative process: the ability to form Pd nanoparticles upon Au nanoparticles pro-
vides a uniquemethodology to control the nanoparticles size and structure such that
the Pd/Hydrogen interaction can be manipulated. It was found that careful control
of the concentration of Pd salts within the synthesis solutions allowed manipulation
of the surface coverage of Pd upon the Au, and hence the electrochemical signal.
Figure 12.5 shows the X-ray diffraction (XRD) patterns of a range of Au/Pd samples
in which the H2PdCl4 concentration was decreased from sample 1 to 7. It can be
clearly seen that the peaks of Pd decrease, whilst those of Au increase as theH2PdCl4
concentration is lowered. Figure 12.6 shows typical TEM images of the various
samples, and clearly demonstrates that the thickness of Pd shell – that is, Pd

Figure 12.4 Typical cyclic voltammetric responses (scan rate¼
0.1 V s�1) obtained at Au/Pd dispersed layer (solid line) and a
planar palladium macroelectrode (dashed line) when placed in
1M H2SO4.
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coverage – gradually declines with decaying H2PdCl4 concentration. In order to
examine the structure of the bimetallic nanoparticles, high-resolution (HR) TEM is
normally used.
Figure 12.7 shows the HRTEM images of an Au/Pd sample. This high magnifi-

cation allows the structure of the Pd deposit to be observed, and may in future
provide a means of understanding the nucleation/growth mechanism of these
particles. These images show that the nanoparticles with an irregular surface are
the Au/Pd core-shell nanoparticles, with the smaller Pd particles being deposited as
flat (shown within the white ellipse) rather than spherical material. The characteri-
zation techniques utilized in Figures 12.5 to 12.7 are essential in understanding the
structure of the nanoparticles although,when examining their chemical properties,
electrochemistry provides a niche insight. Figures 12.8a and b show, graphically,
the cyclic voltammetric (scan rate¼ 0.1 Vs�1) response of both the bare Au nano-
particles and the Au/Pd particles when dispersed on a boron-doped diamond
(BDD) electrode and placed in 1M H2SO4. In Figure 12.8 it can be clearly seen
that, at high Pd surface coverage (sample 1), two oxidative processes are observed,
with lowering of the Pd coverage (sample 7) resulting in a single oxidative wave.
This was rationalized as follows: lowering of the H2PdCl4 concentration in the
starting solution produceswell-dispersedflat, Pd nanoparticles on theAu. These Pd
nanoparticles have a large surface area onto which the hydrogen atom can adsorb.
As the surface coverage decreases, the ratio of sites on which the hydrogen atoms
can either adsorb or absorb increases, and hence the analytical signal can be

Figure 12.5 The X-ray diffraction (XRD) patterns of Au/Pd core-
shell nanoparticles at different stages by deliberately decreasing
the volume of H2PdCl4 in the feed solution. (From Ref. [120].)
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Figure 12.6 Typical high-magnification TEM
image of: (a) Sample 2; (b) Sample 3; (c)
Sample 5; (d) Sample 6; and (e) Sample 7. (f) A
low-magnification TEM image of Sample 7.

(Sample numbers relate to those given in the
XRD patterns of Figure 12.5) Scale bar in
(a–e)¼ 20 nm; scale bar in (f)¼ 100 nm. (From
Ref. [120].)

Figure 12.7 Typical high-resolution transmission electron mi-
croscopy (HRTEM) images of two Au/Pd co-shell structures.
Scale bars¼ 5 nm. (From Ref. [120].)

446j 12 Metal Nanoparticles: Applications in Electroanalysis



manipulated. The electrodeposited nanoparticles [118,119], along with Pd meso-
wire arrays [121], have been subsequently used in the detection of hydrogen gas.
Due to the strong interaction of Pd with hydrogen it is not surprising to see that Pd
nanostructures have been reported to exhibit highly sensitive responses to other
hydrogen-rich compounds such as methane [122] and hydrazine [118,122–126].
The incorporation via electrodeposition of Pd onto CNT films offers advantages in

the deployment of these particles in electroanalysis. It can be envisaged that the
increased electroactive surface area intrinsic in the CNT layer will further enhance
analytical signals. To this end, a novel glucose sensor has been developed in which
both Pd nanoparticles and glucose oxidase are co-deposited onto the CNT layer; in
the presence of glucose, the Pd efficiently oxidizes and reduces the newly generated
hydrogen peroxide [127].
Electrodeposited mesoporous Pd films on Pt microdiscs have been found to act as

pH microsensors. The newly generated film is first electrochemically loaded with
hydrogen such that it forms two phases of palladium hydride. Once formed, the
potentiometric response of the electrode was examined over a wide pH range. A
highly stable and reproducible Nernstian response was observed over the pH range
between 2 and 12. [128]
Efforts have also been directed towards the synthesis and characterization of

bimetallic nanostructures. These architectures represent a highly interesting class
of materials exhibiting improved catalytic properties, which are postulated to result
from both electronic and structural effects of the bimetal. For instance, Cu/Pd
nanoparticles exhibit enhanced electrocatalytic activity in the detection of hydrazine
[126], whilst Pd/Fe has a higher catalytic performance than pure Pd catalysts for
oxygen reduction [129].

Figure 12.8 Cyclic voltammetric response of
various Au/Pd core-shells structures [ (a)
samples 1–4; (b) samples 4–7] in which the
palladium concentration is decreased in the
feed solution from samples 1 to 7 (samples
numbers relate to those given in the XRD

patterns of Figure 12.5), when dispersed on a
boron-doped diamond (BDD) electrode and
placed in 1M H2SO4. The Pd loading for each
sample was 0.28mg. Also shown is the re-
sponse of the bare Au nanoparticles [dashed
lines in (a)]. (From Ref. [120].)

12.2 Electroanalytical Applications j447



12.2.5
Copper Nanoparticles

The ease of oxidation of copper means that pure copper nanoparticles are virtually
impossible to produce – which is the reason why the majority of analytical techni-
ques deploy copper oxide nanoparticles. These can be prepared in a variety of
manners, ranging from classical electrodeposition [130–132], incorporation of the
particles into screen printed, carbon paste [133–135] and tin oxide [136,137] films.
More elaborate processes include the development of cysteine-stabilized colloidal
copper using either the Brust method [138], reverse micelles [139], microemulsions
[140], or radiation techniques [141].
The most common protagonists to be detected using copper macroelectrodes are

carbohydrates [142], amino acids [143], and nitrogen oxides [144,145], all of which
have been shown to produce catalytic responses. The detection process at each is
found to depend on the conditions of the copper species. In alkaline conditions,
copper oxide nanoparticle-modified electrodes have been successfully used in the
determination of amino acids, with little or no electrode passivation. This was
attributed to a unique CuO/Cu2O redox catalyst mechanism [131]. Copper nanopar-
ticle-modified electrodes have also been used in the detection of nitrate [130,132],
amikacin [133], hydrogen peroxide [134], nitrite [135,138], oxygen [146], glucose
[147,148], and various catechol derivatives [149].
Copper nanoparticles have also been co-deposited with CNTs to provide

enhanced detection of amino acids compared to both CNTs and the copper particles
alone [150]. This construction couples the larger surface area inherent in CNT
layers with the enhanced catalytic activity of the copper nanoparticles and edge
plane sites in the CNT. Furthermore, rather than deliberately mixing the copper
particles and CNTs, it has been shown that if, during the production of the CNT,
copper is present then the �impurities� found within the CNT can catalyze the
oxidation of halothane [151].
The responses of solid-state gas sensors have also been improved by the incorpo-

ration of these particles into the sensing layer [136,137]. It was found initially that a
thin, uniformly distributed CuO layer deposited on a SnO2 substrate showed
enhanced sensitivity towards H2S detection with fast response times achievable at
a relatively low operating temperature (150 �C) compared to SnO2 alone [152].
Reducing the layer thickness – and eventually the size of copper oxide particle –

to the nanoscale was shown to further enhance the performance of the sensor. The
SnO2–CuO-nanosensor produced a highly sensitive response towards the gaseous
species at a lower temperature compared to the thin-film sensor [136,137].
The ability of copper to form alloys has been put to significant use in the devel-

opment of bimetallic nanoparticles. Examples include the development of a Cu/Au
alloy nanoparticle as oligonucleotide labels for the electrochemical detection of DNA
hybridization [153] and Cu/Pd nanoparticles for the enhanced electrocatalytic de-
tection of hydrazine [126]. It was also shown that the electrodeposition of silver and
copper produced bimetallic particles with two archetypes [154]. Although, to date,
the Ag/Cu structures have not been used for electroanalysis, these unique bimetallic
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materials may offer some advantages to the two metallic particles when used
separately.

12.2.6
Nickel Nanoparticles

The chemical stability of nickel electrodes and the formation of its oxide layers has
been studied in depth. Several reports have been devoted to understanding the
passivation phenomena and to the study of composition of the oxidation films of
nickel in aqueous media (e.g., Refs. [155–157]). The formation of a nickel hydroxide
film under alkaline conditions has been achieved in different ways: either via po-
tentiostatic [158,159], potentiodynamic [160,161], or galvanostatic [162,163] anodic
sweeps, or by the cathodic electrochemical deposition of Ni salts in alkaline solution
[164]. Due to the nature of these oxide layers it is not surprising that nickel and
nickel-based oxides are important materials in nickel-containing batteries, as well as
in a wide range of technological applications, including electrochromic devices,
water electrolysis, electrosynthesis, and fuel cells [155,156].
The synthesis and immobilization of nickel nanoparticles is therefore important

in defining the structure of the particle and the form of the oxide layer which is
present. Naturally, classical electrochemical deposition has been utilized to form Ni
particles [165] as well as Ni and Cu nanowire arrays [166], although other techniques
such as precipitation [167–169] and reverse microemulsions have also been devel-
oped [170,171].
Analytical uses of Ni have been developed, electrodeposited nickel oxide was

found to catalyze the detection of hydrogen sulfide [172], sugars [173], and acetyl-
choline [174]. The incorporation of these oxide nanoparticles into Co3O4 porous sol–
gel films, NiFe2O4 spinels and platinum catalysts has also aided in the determination
of carbon monoxide [175], liquefied petroleum gas [176] and hydrogen [177],
respectively.
One common non-analytical electrochemical application of Ni nanoparticles is

their use in rechargeable batteries [178]. In this case, it was shown that nickel
hydroxide with nano-sized, well-crystallized particles exhibited a high electrochemi-
cal capacity of up to 380–400 mA�h g–1, with an excellent rate-capacity performance
and long-term stability during repetitive electrochemical cycling.
Another new product to be developed is that of Ni-filled CNTs. Although, to date,

no analytical uses have been reported for these materials, the tubes were shown to
produce a magnetic field of 2 T at a temperature of 2 K, which is an improved
ferromagnetism compared to bulk Ni [179].

12.2.7
Iron Nanoparticles

Iron oxide nanoparticles are an influential species in both industrial and environ-
mental processes, and can occur in a range of forms including colloids, in oceans
and groundwater [180], and as sludge in water and mineral processing. Naturally
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occurring processes involving Fe2O3 nanoparticles include direct electron transfer
[181], surface adsorption of trace metals and organic matter [182], photoexcitation,
and the photochemically induced transfer of electrons [183,184]. It is therefore
important to understand the redox chemistry of these particles before they can be
used in analytical tools. The direct electrochemistry of both adsorbed and solution-
based Fe2O3 nanoparticles has been studied, with the redox chemistry being found
to depend heavily on the pH of solution. This is expected due to the various iron
oxides which can be formed as the pH of solution is altered [185].
Unsurprisingly, pure Fe nanoparticles have found little application within electro-

analytical sensors due to the ease of oxidation of the particle surface. Nonetheless,
iron oxide nanoparticles have been utilized in a diverse array of sensors, primarily as
humidity sensors [186–188]. Although these are slightly beyond the scope of tradi-
tional electroanalytical sensors, they deserve a mention. In these cases the iron oxide
was immobilized either in a sol–gel [186], a polypyrrole film [187], or on sepiolite
powder [188]. Subsequently, the resistance of each sensor was found to vary accord-
ing to the humidity. Other solid-state systems consisting of iron oxide nanoparticles
in conjunction with various species have been used for the determination of ozone
[189], and also in the catalytic oxidation of methanol [190].
As with virtually all of the metal nanoparticles discussed above, glucose sensing

via its direct association with glucose oxidase has been achieved due to the ability of
Fe2O3 to directly and electrocatalytically oxidize hydrogen peroxide [191,192]. In fact,
it has been shown that the ability of CNTs to catalyze such oxidation is not due to the
edge plane graphite defects within the CNT, but rather to the presence of Fe na-
noparticles inherent from the synthesis process [193].

12.2.8
Nanoparticles of Other Metallic Species

Other metallic nanoparticles to be synthesized which have found limited applica-
tions in electroanalysis include ruthenium, rhodium, and iridium. When ruthe-
nium nanoparticles were used in the electrochemical reduction of oxygen, the
results showed that reduction take place by a multi-electronic charge transfer
process with the formation of hydrogen peroxide [194]. Although this technique
has not yet been used for sensing oxygen, a solid-state oxygen sensor based on a
Ru–carbon nanocomposite film has been investigated. In this case, Ru nanopar-
ticles (diameter ca. �5–20 nm) were dispersed in an amorphous carbon matrix,
and the conductivities associating to the interface charge transfer between the
Ru–carbon composite electrode and the Y2O3-stabilized ZrO2 electrolyte were
shown to be 100- to 1000-fold higher than that of Pt electrodes [195]. Although
limited applications of Ru nanoparticles in electroanalysis have been reported, it
has been shown that bimetallic Ru/Pt nanoparticle layers catalyze methanol
oxidation (e.g., Refs. [196–199]).
Iridium nanoparticles, which are usually found in the form of iridium oxide, have

been synthesized in a variety of ways, either as nanorods [200], as particles using sol–
gels [201], or as colloidal suspensions containingmixedmetal oxides [202]. Although
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several iridium structures have been prepared, their electroanalytical applications to
date have primarily been in biosensors, due to their ability to catalytically oxidize and
reduce hydrogen peroxide [203–206].
Although rhodium nanoparticles have found little application in electrochemical

sensors, their ability to catalyze the reduction of nitrate [207] and oxidation of
methanol and ethanol [208] provides some promise that they may soon find niche
markets within electrochemical sensing.

12.3
Future Prospectives

The abundance of nanoparticles currently used in electroanalytical chemistry is clear
from the content of this chapter. Indeed, given the large number of reports available
on the analytical utility of metal macroelectrodes in electroanalysis, it can be
foreseen – with relatively little forethought – that these systems will be studied at
the nanoparticle layer, doubtless with significant enhancements in sensitivity due an
increased electroactive surface area. As further studies of the nanotechnology and
novel methods used to fabricate these nanostructures are undertaken [209–211], the
application of such particles in electroanalysis will become increasingly predomi-
nant. Coupled with the growth in nanoparticle fabrication, it may be anticipated that
the catalytic ability of nanoparticles, and the ease by which their surface can be
chemically modified, will aid in their application to electroanalysis. The main chal-
lenge in developing these sensors will be to produce uniformly dispersed nanopar-
ticle layers on the underlying substrate. Although this chapter has highlighted some
of these procedures, emphasis must be placed on methods of preparing reproduc-
ible, stable, and low-cost sensors for practical applications. If these initial problems
can be overcome, then the growth of nanoparticle-based electrochemical sensors will
depend on their ability to tailor the particles� surface and structure for any analyte. In
this way, the nanoparticle may be used to capture an analyte of interest before
catalyzing its detection.
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peroxide 450
electrochemical anodizing technique 126
electrochemical capacitors (ECs) 168
electrochemical deposition 255
electrochemical detachment method 81
electrochemical double layer capacitors

(EDLC) 140
electrochemical impedance spectroscopy

(EIS) 85, 251, 303, 308, 411
electrochemical methods 118
– anodic approach 118
– cathodic approach 118
electrochemical plating method 245
electrochemical quartz crystal microbalance

method 411
electrochemical step edge decoration (ESED)

4, 251
electrodeposited nanowires
– physical properties of 231
electrodes
– CD film-coated 420
– electrochemical cycling 320
– fullerene-modified 422
electron-beam assisted deposition (EBAD)

techniques 235
electron-beam lithography (EBL) systems 171,

189, 191
electronic-grade cold-rolled annealed

polycrystalline (EG-CRA) 311
electron probe microanalysis (EPMA) 20
embedding active materials 334
encapsulating active materials, see embedding

active materials
end-column detector unit 441
energy dispersive X-ray (EDX) analysis 228,

308
equal channel angular extrusion (ECAE) 350
equilibrium elasticity equation 327
ex-situ electron probe (X-ray)

microanalyzer 285
extended X-ray absorption fine structure

(EXAFS) 164

f
Faraday’s constant 47
Faraday’s law 218
fast Fourier transform (FFT) 74
ferri cyanide redox couple 443
ferrocene dicarboxylic acid 201
ferro cyanide redox couple 443
field effect transistor (FET) 260
field emission scanning electron microscopy

(FESEM) images 147, 205
film anisotropic nanostructure 170
flexible TiO2 photoanodes
– preparation of 401
fluoride-containing oxalic acid electrolyte 7
focused ion beam (FIB) lithography 52, 196

g
giant magnetoresistance (GMR)

phenomenon 160, 212
glass–carbon electrode (GCE) 416
glow discharge optical emission spectroscopy

(GDOES) 20
gold nanoparticle (GNP) 415, 425
grazing incident X-ray scattering (GIXS) 164
Griffith brittle crack theory
– application of 329
Griffith’s criterion 342

h
high-energy ball milling (HEBM) 350
highly oriented pyrolytic graphite (HOPG) 4,

251
high-performance liquid chromatography

(HPLC) 424
high-power Li-ion batteries 396
high-resolution ion beam lithography 190
high-velocity oxy-fuel (HVOF) 301
holographic optical lithography 139
honeycomb alumina 128
human serum albumin (HSA) 194, 207
hydride
– covalent molecular hydrides (CH4) 352
– ionic hydrides (LiH) 352
– metallic hydrides 352
hydrogenation–disproportionation–

desorption–recombination (HDDR) 350
hydrogen storage systems
– overview of 358
hydrothermal synthesis 123

i
impedance spectroscopy measurements 415
individual alumina nanotube (ANT) 130
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inert gas condensation and in-situ warm
compress (IGCWC) 312

in-situ spectroscopic ellipsometry 85
Institute of Materials Science and

Engineering 350
International Energy Agency 349
in-vitro hydroxyapatite 123
ion beam-assisted deposition (IBAD) 235
ion-sensitivefield effect transistor (ISFET) 260
iron nanoparticles 449

k
Konarka technologies 402

l
Langmuir–Blodgett film 4
LaNi5-type system 366
laser-assisted direct imprinting 6
lateral microstructuring technique 138
lateral stepwise anodization (LSA)

configuration 130
light-emitting diode (LED) 141
lithography patterning technique 3
low-molecular-weight molecules
– chlorpromazine hydrochloride 419
– promethazine hydrochloride 419
low-pressure chemical vapor deposition

(LPCVD) 91

m
Macdonald’s model 26
magnetic forcemicroscopy (MFM), see scanning

thermal profiling (STP)
magnetic multilayered nanowire arrays
– electrodeposition of 222
magnetic nanowires 147
– arrays 231
magnetohydrodynamic (MHD) effects 159
mechanical alloying (MA) 350
mechanically activated field-activated pressure

assisted synthesis (MAFAPAS) 300
mechanochemical processing (MCP) 350
membrane-templating methods 213
– drawback of 5
mercaptopropionic acid (MPA) 258
mesoporous thin film (MTF) 5
metal hydrides (MH) 350
metal–organic chemical vapor deposition

(MOCVD) 91, 205
micro electro mechanical systems (MEMS)

187
microfilm resistor fabrication 126
molecular beam epitaxy (MBE) 212

molecular-beam lithography 267
multi-walled carbon nanotube (MWNT) 410

n
nanocomposite electrode
– approach 334
nanocomposite hydride materials 371
nanocrystalline material
– behavior of 292
nanoelectrode 188
– based on chemically modified surface 249
– considerations for choosing 189
– electrochemical aspects of 248
– using top-down approach 190
nanofabrication techniques 145, 188
nano-imprint lithography (NIL) 3, 189, 199,

200
nanosecond transient absorption

spectroscopy 401
nanosized titanium oxide powders
– preparation of 387
nanosphere lithography (NSL) 3, 53
nanostructured field-emission cathodes 124
nanostructured metal anodes 331
nanostructured metal hydrides
– prospects for 355
nanowire-based electronic devices 213
nanowire-based gas sensors 253
negative nanoimprint lithography (N-NIL) 201
Nernst equation 360
nickel–cadmium (NiCd) battery 350
non-aqueous asymmetric hybrid

supercapacitor 394
non-high-resolution techniques 205
normal stepwise anodization (NSA)

configuration 130
nuclear magnetic resonance (NMR) 420

o
one-dimensional (1D) quantum

phenomena 213
on-line inductively coupled plasma (ICP) 297
open-circuit processes 118
organic light-emitting diode (OLED) 141
over-discharge reaction 358

p
Permalloy layers 160
phenothioazine-based drugs 440
phosphinothricin acetyltransferase gene 428
photoelectrocatalysis 121
photolithographic techniques 195
photonic crystals 95, 137
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photon scanning tunneling microscopy
(PSTM) 1

physical vapor deposition (PVD) technique 6,
211, 390

Pilling–Bedworth ratio (PBR) 45
planar electrodes
– fracture process of 320
planarized aluminum interconnection 124
plasma-enhanced chemical vapor deposition

(PECVD) 202
plastic bellcore-type battery 396
platinum counter electrode 399
platinum nanowire (PtNW) 152
Poisson’s ratio 327
polydimethylsiloxane (PDMS) 201
polymethyl methacrylate (PMMA) 195
pore-filling method 46
pore-widening process 85
porous alumina growth 32
– Akahori’s hypothesis of 33
– phenomenological models of 41
– theoretical models of 44
porous alumina templates 212
porous anodic alumina 128
– as template 135
porous polycarbonate (PC) membrane 145
potential–time transient 28
potentiodynamic polarization curves 301
Poznan University of Technology 350
precision thin-film resistors 124
pressure injection filling technique 6
protein film voltammetric (PFV)

technique 248
pulsed electrodeposition technique
– disadvantage of 223
pulse plating techniques 223
pulse voltage techniques 81
pyrolytic graphite (PG) surface 423

q
quantum conductance 255
quantum dots 119, 425
– semiconductor 2
quantum point contacts 145
quasi-Marcovian process 44

r
radar-transparent structures 131
radiofrequency magnetron sputtering

system 91
Raman spectroscopy 284, 371
rapid parallel method 171
Risegang-ring process 268
ruthenium oxide nanostructures

– electrosynthesis of 147
Rutherford backscattering spectroscopy

(RBS) 20

s
scanning beam lithography 191
scanning electrochemical microscope

(SECM) 164, 189
scanning electronmicroscopy (SEM) 121, 402,

436
scanning near-field optical microscopy

(SNOM) 1, 285
scanning probe microscopy (SPM)

techniques 1, 52, 164, 235
scanning thermal profiling (STP) 1
scanning tunneling microscopy (STM) 1, 164.

See also atomic force microscopy (AFM)
screen-printed carbon electrode (SPCE) 414
secondary ion mass spectrometry (SIMS) 20
selected area electron diffraction (SAED)

pattern 360
self-assembled monolayer (SAM) 170, 250
self-organized AAO
– structural features of 60
self-organized anodic porous alumina
– kinetics of 28
semi-empirical models 376
silicon-based nanostructured stamping

tool 202
silicon-on-insulator (SOI) technology 260
single-walled carbon nanotube (SWNT) 410
small-angle X-ray scattering (SAXS)

techniques 28
sodium montmorillonite modifier 425
sol–gel additives 402
sol–gel self-assembly 390
sol–gel synthesis 123
solid electrolyte interface (SEI) passivation

layer 396
sputtering deposition techniques, seemolecular

beam epitaxy (MBE)
streptavidin–biotin bonds 426
sulfonated triphenylmethane acid dye 30
superconducting quantum interference device

(SQUID) 212
surface-enhanced infrared adsorption

spectroscopy 413
surfactant-assisted hydrothermal process 145

t
tantala–alumina couple 126
template-based mesoporous materials 244
template method 145
thin-film capacitors 124
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three-dimensional (3D) photonic crystal 2
tin-doped indium oxide layer 142
titanium-based alloys 121
titanium tetraisopropoxide (TTIP) 387, 402
track-etched polycarbonate membrane 212,

224
transmission electron microscopy (TEM) 130,

222, 331, 360, 441
Turing systems modeling 45
2D Fourier transforms 13
two-dimensional photonic crystal

development 2, 95
two-step anodization method 128

u
ultimate tensile strength (UTS) 344
ultra-high vacuum deposition processes 164
ultra-violet ozone treatment 402
ultraviolet photochemical reduction method 4
underpotential deposition (UPD) 162
uniaxial anisotropy 160
uniform nanowire arrays 156

v
vapor–liquid–solid (VLS) growth

mechanism 6, 145
vapor-phase hydrolysis 389
Voronoi tessellation concepts 129

w
wet chemistry routes 387

x
XPS valence band 377–380
X-ray diffraction (XRD) spectra 275, 359,

393
X-ray photoelectron spectroscopy (XPS) 20,

303, 308, 367, 413
X-ray powder diffraction pattern 225

y
Young’s modulus mechanism 28

z
ZrV2-type system 364
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