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Preface
The.purpose.of.this.book.is.to.provide.the.reader.with.a.comprehensive.overview.of.
materials.being.developed.or.considered.for.a.hydrogen-based.energy.economy,.the.
state.of.their.development,.and.issues.associated.with.their.successful.deployment..
It.is.our.hope.that.this.book.will.be.useful.to.both.the.newcomer.to.this.field.and.the.
experienced.engineer.and.researcher.desiring.to.know.more.about.the.broader.topic..
It.is.expected.that.students,.professors,.engineers,.scientists,.and.managers.will.find.
this.book.useful.
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Introduction
Will. a. hydrogen-based. energy. economy,. with. its. promise. of. clean,. sustainable.
energy,.become.a.reality?.This.is.clearly.a.complex.issue.involving.economic.and.
societal.drivers.(such.as.energy.independence,.energy.costs,.global.warming,.pollu-
tion),.politico-economic.decisions.(such.as.infrastructure.investment,.R&D.invest-
ment),.and.exogenous.developments.(such.as.advancements. in.the.performance.of.
other.energy.systems,.military.conflicts).

These. economic. and. societal. issues. will. play. out. on. the. national. and. global.
stage;.however,.the.use.of.hydrogen.as.an.energy.carrier.may.ultimately.hinge.upon.
the.performance.achieved.in.hydrogen.production,.distribution,.storage,.and.propul-
sion.systems.and.components..The.performance.of.these,.in.turn,.is.highly.depen-
dent.on.technological.advancements,.particularly.on.the.properties.of.the.materials.
used.in.their.manufacture..In.other.words,.materials are a key enabling technology 
to a viable hydrogen economy.

Even.a.cursory.examination.of.the.material.properties.needed.in.various.hydro-
gen.components.suggests.that.a.multidisciplinary.approach.will.be.needed.to.over-
come.some.of.their.current.limitations..However,.before.examining.materials.issues.
in.detail,. a.brief. look.at. just. two.of. the. factors. that.may. lead. society. to. consider.
alternative.energy.supply.systems,.such.as.hydrogen,.will.help.us.better.understand.
the.scope.and.impact.of.the.problem.

Oil Supply

Technologically.advanced.countries.are.prodigious.consumers.of.oil..World.oil.con-
sumption.(ca..2004).is.about.80.million.barrels.a.day.and.close.to.the.world’s.produc-
tion.capacity.for.this.resource.1.The.U.S..alone.consumes.nearly.20.million.barrels.a.
day,.much.of.which.supports.the.transportation.sector.of.the.economy.1.Globally,.the.
use.of.oil.and.its.derivatives.continues.to.increase.with.no.slowing.in.sight..Since.the.
standard.of.living.correlates.closely.with.energy.consumption.in.the.modern.world,.
the.emerging.economies.of.China.and.India,.coupled.with.the.reticence.on.the.part.
of.large.oil-consuming.nations.(particularly.the.U.S.).to.reduce.energy.consumption,.
can.only.point.to.an.ever-increasing.demand.for.oil.

What.the.future.holds.for.oil.supply.and.demand.has.been.the.subject.of.a.number.
of.recent.books,2–6.with.conflicting.viewpoints.expressed.on.such.issues.as.the.time-
scale.for.reaching.the.Hubbard.Peak2.in.oil.production,.current.oil.reserve.estimates,.
the.ability.of.economic.forces.to.drive.exploration.and.expansion.of.oil.reserves,.and.
the.role.of.more.difficult.to.obtain.and.expensive.sources.of.oil.(such.as.tar.sands).
to.satisfy.demand..A.related.issue.to.natural.oil.supply.is.the.dependence.of.many.
nations,.including.the.U.S.,.on.imported.oil.for.the.bulk.of.their.energy.requirements.
and.the.impact.this.has.on.their.national.security..Historically,.in.terms.of.national.
policies,.energy.security.has.typically.translated.into.short-term.military.security,.
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rather.than.the.long-term.approach.of.concerted.technology.development.of.alterna-
tive.energy.sources.

GlObal Climate ChanGe

Equally. important,.or,.depending.on.your.point.of.view,.even.more. important,. to.
diminishing.oil. reserves. is. the.potential. for.global.climate.change.. It. is.generally.
agreed. that. important. indicators. of. man-made. climatic. changes. have. emerged.
recently.7.This. is.not.surprising.. In. little.more. than.a.hundred.years,. the.geologic.
time.span.equivalent.of.the.blink.of.an.eye.in.human.time,.we.have.burned.a.sig-
nificant. fraction. of. the. earth’s. oil. reserves. and. have. also. burned. large. quantities.
of.other.hydrocarbons,.such.as.coal.and.natural.gas..The.carbon.released.into.the.
atmosphere.during.this.interval,.in.the.form.of.CO2,.had.been.locked.up.for.millions.
of.years.within. the.earth’s.crust..The.process. is,.of.course,.continuing,.with.over.
24.×.109.metric.tons.of.CO2.(2002.values).released.to.the.atmosphere.every.year,1.
potentially.altering.the.energy.balance.in.the.earth’s.atmosphere..Furthermore,.there.
is.a.complex,.dynamic.interplay.among.carbon.levels.in.the.atmosphere,.the.oceans,.
the.ground,.and.the.earth’s.flora.and.fauna..These.interactions.are.not.completely.
understood..Should.we.wait.to.observe.ever.larger.changes.in.the.world’s.ecosystems.
before.acting?.One.must.remember.that.a.reduction.in.atmospheric.CO2.levels.would.
take.many.years.even.if.emissions.were.drastically.reduced.today.

The Case for hydrogen

There.are.differing.opinions.on.the.impact,.if.any,.that.the.factors.above.will.play.in.
the.world’s.geopolitical.arena,.or.if.other.factors.might.emerge.that.will.trigger.an.
aggressive.move.away.from.hydrocarbon.fuels.on.a.large.scale..It.is.clear,.though,.
that.alternative.energy.sources.will.eventually.be.needed.to.satisfy.the.world’s.ever-
increasing. energy. requirements.. Since. such. a. transition. would. be. revolutionary,.
rather.than.evolutionary,.it.will.require.a.significant.investment.in.research,.develop-
ment,.and.infrastructure.over.a.relatively.long.period..In.other.words,.it.is.not.too.
soon.to.pursue.the.development.of.alternative.fuels.

It.is.our.belief.that.a.transition.of.the.world’s.energy.infrastructure.from.the.cur-
rent.one,.based.almost.entirely.on.hydrocarbon.fuels,.to.a.diversified.mix,.including.
significant.use.of. renewable.sources. (e.g.,. solar,.wind,.geothermal),. increased.use.
of.nuclear.energy,.as.well.as.petroleum,.coal,.and.natural.gas,.would.likely.include.
hydrogen.as.an.energy.carrier,.particularly.in.the.transportation.sector.

It. is. in. the. transportation. sector,. in. fact,. that. hydrogen. could. have. the. great-
est.impact..For.more.than.100.years,.gasoline-.and.diesel-fueled.internal.combus-
tion. engines. have. been. used. to. supply. motive. power. for. a. wide. range. of. vehicle.
sizes,.shapes,.and.applications..These.vehicles.are.supplied.with.fuel.by.an.efficient.
and.pervasive.petroleum-based.infrastructure.that.produces.a.fuel.with.high.energy.
density.and.consistent.performance..The.challenge,.then,.for.alternative.fuels.is.to.
supply.equivalent,.or.nearly.equivalent,.vehicle.performance,.vehicle.cost,.and.oper-
ating.costs.
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Furthermore,.these.requirements.must.be.met.on.a.scale.sustainable.at.the.levels.
expected.for.global.automotive.use..For.example,. the. transportation.share.of.U.S..
petroleum.consumption.is.about.two-thirds.of.the.total.petroleum.used,.or.about.13.
million.barrels.per.day..In.energy.equivalence,.this.corresponds.to.roughly.550.mil-
lion.kg.of.hydrogen.per.day..Taking.into.account.the.expected.efficiency.improve-
ment.with.hydrogen.vehicles,.daily.hydrogen.consumption.might.be.expected.to.be.
in.the.range.of.200.to.250.million.kg.H2,.roughly.9.×.1010.scf.H2.

The.major.advantage.of.hydrogen.as.a.transportation.fuel,.particularly.with.hydro-
gen.fuel.cell.vehicles,.is.that.it.simultaneously.addresses.many.issues.associated.with.
current.petroleum-based.vehicle.technologies,.including.(1).reduced.greenhouse.gas.
emissions,.(2).reduced.pollutant.emissions,.(3).diversification.of.fuel.feedstocks,.(4).
energy.independence,.and.(5).on-board.fuel.efficiency..As.stated.earlier,.however,.
there.are.significant.technical.challenges,.many.of.them.materials.related,.that.must.
be. overcome.. Each. of. the. stages. in. the. hydrogen. fuel. chain—production,. distri-
bution,. storage,.utilization. (e.g.,. fuel. cell,. internal. combustion.engines)—employs.
components.and.systems.that.require.unique.and.sometimes.extraordinary.material.
properties..It.is.these.properties.and.the.current.efforts.in.developing.these.materials.
that.are.described.in.this.book..A.brief.introduction.to.the.material.issues.for.each.of.
these.areas.of.hydrogen.use.follows.

hydrOGen prOduCtiOn

Hydrogen. is.used.primarily. for.petroleum.refining.and.ammonia.production.with.
about.3.2.×.1012.scf.produced.in.2003..Most.of.this.H2.was.produced.by.steam.meth-
ane.reforming..While.this.process.can.be.expanded.to.produce.more.H2.to.meet.the.
needs.of.a.hydrogen-based.economy,.it.does.not.eliminate.greenhouse.gas.emissions.
or. the. U.S.. dependence. on. foreign. fossil. fuels.. There. are. a. number. of. processes.
that.can.produce.H2.by.the.dissociation.of.water.or.steam..These.include.low-.and.
high-temperature.electrolysis,.solar.and.photoelectrochemical.processes,.and.ther-
mochemical.processes.such.as.the.sulfur–iodine.process..The.source.of.the.energy.
to.dissociate.water.is.a.key.to.whether.these.processes.will.reduce.greenhouse.gases.
and.dependence.on.foreign.fossil.fuels..Nuclear.energy.as.a.source.of.electrical.and.
thermal.energy.offers.a.significant.opportunity.to.achieve.both.goals.

Steam. methane. reforming. is. performed. in. a. high-temperature,. high-pressure.
reaction.chamber.typically.operating.between.1,250.to.1,575°C.at.pressures.of.20.
to. 100. atmospheres.. Materials. issues. are. the. same. as. those. of. high-temperature,.
high-pressure.vessels.where.creep.of.corrosion-resistant.materials.is.important.for.
the.containment.vessel.and.durability.of.alumina,.chromia,.or.SiC.refractory.lining.
materials.is.critical.to.the.performance.of.the.system.

Electrolytes. are. a. critical. material. in. the. performance. of. electrolyzers.. Low-
temperature.electrolysis.of.water.relies.on.proton.exchange.membrane.(PEM).cells.
using.sulfonated.polymers.for.the.electrolytes..Key.issues.for.all.electrolyzers.are.
the.kinetics.of.the.system.that.is.controlled.by.reaction.and.diffusion.rates..Catalysts.
such.as.platinum,.IrO2,.and.RuO2.are.used.to.improve.the.reaction.kinetics,.but.they.
also.contribute.to.the.cost.of.the.system,.which.is.also.an.issue..Steam.electrolysis.
is.also.a.possibility.at.a. temperature.of.about.1,000°C.using.ceramic.membranes..
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Materials.issues.surround.the.kinetics.of.the.electrode.processes.and.durability.of.
the.interconnect.materials.in.the.high-temperature,.oxygen-rich.environments..Ther-
mochemical.water-splitting.processes.such.as.the.S-I.process.offer.high.efficiency.
when.coupled.with.an.efficient.source.of.heat,.but.have.significant.issues.associated.
with.corrosion.of.system.materials..Materials.being.considered.include.Hastelloy.B-
2,.C-276,.Incoloy.800H,.SiC,.and.Si3N4.with.and.without.noble.metal.coatings.

Use. of. solar. energy. to. produce. H2. is. another. route. for. reducing. greenhouse.
gas.emissions.from.fossil.fuels.while.also.reducing.our.dependence.on.foreign.fos-
sil. fuels.. Photoelectrochemical. and. photobiological. processes. are. two. examples.
that. are. solar. energy. driven.. Photobiological. hydrogen. production. is. a. process.
where.microorganisms.(algae.or.cyanobacteria).function.as.photocatalysts..Algae.
or.cyanobacteria.use.photosynthesis.to.split.water.into.O2,.protons,.and.electrons..
Materials.issues.associated.with.this.process.are.sketchy.since.this.process.has.not.
developed.beyond. the.exploratory.stage..The. low.energy.density.of.sunlight.will.
dictate.a.system.that.covers.a.large.area,.so.material.costs.will.be.a.critical.issue.
in.the.economics.of.this.process..A.concentrating.reactor.system.will.require.light-
transmitting. elements. from. the. dish-concentrating. collector. into. the. reactor.. An.
overall.list.of.material.properties.that.will.be.critical.to.the.operation.of.this.type.
of.H2.production.system.includes.transmittance,.outdoor.lifetime.(i.e.,.durability.to.
sunlight),.biocompatibility,.H2.and.O2.permeation.rates,.and.physical.and.mechani-
cal.properties.

hydrOGen diStributiOn

The.distribution.of.hydrogen.from.a.central.production.facility.may.be.done.with.
pipelines,.trucks,.or.other.carriers,.but.will.very.likely.involve.some.off-board.stor-
age.capability.as.well..Therefore,.the.primary.materials.issue.associated.with.dis-
tribution.deal.with.H2.effects.on.pipeline.and.vessel.materials..Transport.of.H2.in.
a.carrier.such.as.ammonia,.a.hydrocarbon,.or.other.form.or.local.production.of.H2.
could.alter.some.of.the.issues.but.is.not.likely.to.totally.eliminate.them..The.safety.
of.hydrogen.distribution.is.a.primary.issue.that.affects.material.choice..The.closer.to.
population.centers,.the.higher.the.risk.and.the.more.conservative.the.design.

Hydrogen.storage.and.transport.in.steel.pipelines.have.been.done.successfully.
in.the.industrial.gas.and.petroleum.industries..A.key.difference.will.be.the.gas.pres-
sures.needed.for.commercial.distribution.of.H2.for.the.hydrogen.economy..Materials.
are.more.susceptible.to.hydrogen.effects.with.increasing.pressure..Hence,.there.will.
be.key.issues.related.to.safety.and.economy..Yet.it.is.well.known.that.steels.can.be.
susceptible.to.hydrogen-induced.crack.growth.and.embrittlement..Methods.to.reduce.
these.effects.include.modifying.the.gas.composition.to.reduce.H2.uptake.and.modi-
fying.the.steel.to.reduce.its.susceptibility..The.addition.of.impurity.concentrations.
of.O2.is.one.option.for.reducing.H2.uptake,.while.manganese.and.silicon.additions.
to.the.steel.are.possible.routes.for.reducing.the.susceptibility.of.gas.pipeline.steels.
to.H2.effects..Considerable.effort.is.needed.to.verify.that.these.changes.can.be.done.
effectively.and.that.they.provide.the.needed.operational.safety.
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hydrOGen StOraGe

A.key.technical.impediment.to.the.deployment.of.hydrogen.as.a.transportation.fuel.
is.the.relatively.low.energy.density.for.on-board.hydrogen.storage.systems..Physi-
cal.approaches,.such.as.compressed.gas.and.liquid.hydrogen.systems,.are.the.only.
near-term.options.available,.but.these.have.limitations.in.terms.of.volumetric.energy.
density. or. cryogenic. requirements.. In. the. long. term,. better. storage. alternatives.
will.be.needed,.and.current. research.efforts.are. focused.on.materials.and.chemi-
cal.approaches,.where.the.chemical.bonding.between.hydrogen.and.other.elements.
increases.the.volumetric.density.beyond.the.liquid.state..With.the.recent.launch.by.
the.U.S..DOE.(Department.of.Energy).of.a.national.“Grand.Challenge”.for.hydrogen.
storage.development,.a.number.of.exciting.new.research.directions.have.appeared.
that.have.shown.good.progress.over. the. last. few.years..Similar.efforts.have.been.
launched. in.other.countries.as.well,.and.formal. international.agreements,.such.as.
International.Partnership.for.a.Hydrogen.Economy.(IPHE).and.IEA.Task.22.(hydro-
gen.storage),.have.led.to.good.cooperation.between.researchers.

In.contrast. to. the.earlier.development.work. in. the.1970s,.where. intermetallic.
hydrides.were.intensively.studied,.recent.work.has.focused.on.materials.with.high.
hydrogen. capacity.. The. FreedomCAR. and. Fuel. Partnership. (an. industry–govern-
ment.partnership).has.established.very.challenging.system-level.performance.targets.
for.storage,.for.example,.gravimetric.energy.density.targets.of.6.wt%.H2.for.2010.and.
9.wt%.H2.for.2015.7.Since.these.targets.include.the.mass.of.system.components,.the.
storage.materials.must.have.even.higher.hydrogen.capacities..System-level.volumet-
ric.targets.are.equally.as.challenging.

Generally.speaking,.high-capacity.materials.often.have.thermodynamic.proper-
ties. (e.g.,. enthalpy. of. formation,. operating. temperature,. stability,. reversibility). or.
kinetic.properties.(e.g.,.absorption,.desorption.rates).that.render.them.unsuitable.for.
use.in.storage.systems..Thus,.research.efforts.are.directed.at.(1).searching.for.new.
storage.materials.using.rapid.combinatorial.screening.methods.and.computational.
techniques;. (2). improving. the.performance.of. storage.materials. through.alloying,.
using.catalysts.and.nano-.or.mesoscale.structural.modifications;.and.(3).examining.
alternate.reaction.pathways.to.overcome.thermodynamic.barriers.

hydrOGen Fuel CellS

Proton.exchange.membrane.(PEM).fuel.cells.are.the.primary.choice.for.transporta-
tion.systems,.but. they.can.also.be.useful.for.stationary.power.production.or. local.
hydrogen.production..Most.of. the.challenges.of.PEM.fuel.cell.commercialization.
center.around.cost.and.materials.performance.in.an.integrated.system..Some.specific.
issues.are.the.cost.of.catalyst.materials,.electrolyte.performance,.i.e.,.transport.rates,.
and.water.collection.in.the.gas.diffusion.layer.(GDL).

The.anode.and.cathode.electrodes.currently.consist.of.Pt.or.Pt.alloys.on.a.car-
bon.support..Two.low-cost,.nonprecious.metal.alternative.materials.for.anode.cata-
lysts.are.WCx.and.WOx..Pt.alloyed.with.W,.Sn,.or.Mo.has.also.been.evaluated.for.
anode. catalyst. materials.. Some. non-Pt. cathode. catalysts. that. are. being. evaluated.
include.TaO0.92,.N1.05..ZrOx,.pyrolyzed.metal.porphyrins.such.as.Fe-.or.Co-Nx/C.and.
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Co–polypyrrole–carbon..However,.none.of.these.have.matched.the.catalytic.perfor-
mance.of.Pt.

The.electrolyte.membrane.presents.critical.materials.issues.such.as.high.protonic.
conductivity.over.a.wide.relative.humidity.(RH).range,.low.electrical.conductivity,.
low.gas.permeability,.particularly.for.H2.and.O2,.and.good.mechanical.properties.
under.wet-dry.and.temperature.cycles;.has.stable.chemical.properties.under.fuel.cell.
oxidation.conditions.and.quick.start-up.capability.even.at.subfreezing.temperatures;.
and.is.low.cost..Polyperfluorosulfonic.acid.(PFSA).and.derivatives.are.the.current.
first-choice.materials..A.key.challenge.is.to.produce.this.material.in.very.thin.form.
to.reduce.ohmic.losses.and.material.cost..PFSA.ionomer.has.low.dimensional.stabil-
ity.and.swells. in. the.presence.of.water..These.properties. lead.to.poor.mechanical.
properties.and.crack.growth.

Solid-oxide.fuel.cells.(SOFCs).are.being.developed.for.distributed.power.such.as.
home.power.units.and.large.power.production.units..They.are.not.being.considered.
for.transportation,.although.that.is.conceivable.with.some.difficulties..SOFC.elec-
trolytes.are.ceramic.and.operate.at.temperatures.of.up.to.1,000°C,.while.PEM.fuel.
cells.operate.at.around.100°C.or.less..A.key.to.the.power.production.with.SOFCs,.
as.with.PEM.fuel.cells,.is.the.ability.to.produce.thin.electrolyte.layers..Considerable.
development. effort. has. resulted. in. cost-effective. methods. for. producing. thin. and.
dense.layers.of.ytrria.stabilized.zirconia.(YSZ).that.exhibit.sufficient.stability.in.the.
air/fuel.environment..Doped.CeO2.is.a.leading.candidate.for.operating.temperatures.
below.600°C.

A. primary. limitation. of. YSZ. is. its. low. ionic. conductivity.. To. overcome. this,.
thinner. electrolyte. layers. have. been. developed. and. yttria. has. been. replaced. with.
other.acceptors..Even.with.these.developments,.the.electrolytes.must.operate.at.tem-
peratures.exceeding.600°C..CeO2.materials.have.a.higher. ionic.conductivity. than.
YSZ.and.can.operate.in.the.temperature.range.of.500.to.700°C.but.suffer.from.struc-
tural.instability.in.the.reducing.atmosphere.of.the.cell.

Interconnects.are.used.to.electrically.connect.adjacent.cells.and.to.function.as.
gas.separators.in.cell.stacks..High-temperature.corrosion.of.interconnects.is.a.sig-
nificant.issue.in.the.development.of.SOFCs..Ferritic.stainless.steels.have.many.of.the.
desired.properties.for.interconnects.but.experience.stability.issues.in.both.the.anode.
and.cathode.environments..The.dual.environments.cause.an.anomalous.oxidation.
for.which.a.mechanistic.understanding.has.yet.to.be.determined..Protective.coatings.
from.non-chromium-containing.conductive.oxides.such.as.(Mn,Co)3O4.spinels.look.
promising.but.need.further.development.
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Abstract
Materials. play. a. key. role. in. whether. a. hydrogen-based. energy. economy,. with. its.
promise.of.clean,.sustainable.energy,.will.become.a.reality..The.viability.of.a.hydro-
gen-based.economy.is.a.complex.issue.involving.technical,.economic,.and.societal.
factors,.but.materials.will.be.a.key.to.its.technical.feasibility..Energy.independence.
and.global.warming.are.two.very.important.drivers.for.pursuing.a.hydrogen-based.
economy..Materials.will.be.crucial.in.the.production,.distribution,.storage,.and.uti-
lization.of.hydrogen.

Today,.hydrogen.is.produced.primarily.by.steam.methane.reforming..It.is.used.
for.petroleum.refining.and.ammonia.production..However,.it.is.also.possible.to.pro-
duce.hydrogen.from.coal,.petroleum,.petroleum.by-products,.petroleum.coke,.refin-
ery.sludge,.hydrocarbon.fuels,. refinery.gas,.natural.gas,. liquid.waste,.agricultural.
and.municipal.wastes,.plastic,.and.tires..However,.these.are.all.carbon-based.feed-
stocks..Noncarbon.methods. for.producing.hydrogen. include.electrolysis. (methods.
exist.for.high-.and.low-temperature.electrolysis),.thermochemical.production.from.
water,.and.photobiological.methods.

Hydrogen.distribution.and.off-board.storage.have.related.materials.issues,.while.
on-board.hydrogen.storage.has.a.unique.set.of.criteria.because.of.storage.volume.
and.weight.restrictions..Distribution.of.hydrogen.through.steel.pipelines.is.currently.
done.for.commercial.purposes,.but.there.is.a.need.to.ensure.the.safety.of.this.distri-
bution.method.in.areas.close.to.population.centers..Distribution.in.trucks.is.also.a.
possibility,.but.the.economics.of.this.are.less.favorable..There.are.also.methods.to.
distribute.hydrogen.in.a.carrier.such.as.natural.gas,.ammonia,.or.petroleum.

Physical.approaches,.such.as.compressed.gas.and.liquid.hydrogen.systems,.are.
the.only.near-term.options.available.for.on-board.storage,.but.these.have.limitations.
in.terms.of.volumetric.energy.density.or.cryogenic.requirements..In.the.long.term,.
better.storage.alternatives.will.be.needed,.and.current.research.efforts.are.focused.on.
materials.and.chemical.approaches,.where.the.chemical.bonding.between.hydrogen.
and.other.elements.increases.the.volumetric.density.beyond.the.liquid.state..With.the.
recent.launch.by.the.U.S..DOE.(Department.of.Energy).of.a.national.“Grand.Chal-
lenge”.for.hydrogen.storage.development,.a.number.of.exciting.new.research.direc-
tions.have.appeared.that.have.shown.good.progress.over.the.last.few.years.

Proton.exchange.membrane.(PEM).fuel.cells.are.the.primary.choice.for.trans-
portation.systems,.but. they.can.also.be.useful. for. stationary.power.production.or.
local.hydrogen.production..Most.of.the.challenges.of.PEM.fuel.cell.commercializa-
tion.center.around.cost.and.materials.performance.in.an. integrated.system..Some.
specific.issues.are.the.cost.of.catalyst.materials,.electrolyte.performance,.i.e.,.trans-
port.rates,.and.water.collection.in.the.gas.diffusion.layer.(GDL).

Solid-oxide.fuel.cells.(SOFCs).are.being.developed.for.distributed.power.such.as.
home.power.units.and.large.power.production.units..They.are.not.being.considered.
for.transportation,.although.that.is.conceivable.with.some.difficulties..SOFC.elec-
trolytes.are.ceramic.and.operate.at.temperatures.of.up.to.1,000°C,.while.PEM.fuel.
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cells.operate.at.around.100°C.or.lower..A.key.to.power.production.with.SOFCs,.as.
with.PEM.fuel.cells,.is.the.ability.to.produce.thin.electrolyte.layers..Considerable.
development. effort. has. resulted. in. cost-effective. methods. for. producing. thin. and.
dense.layers.of.ytrria.stabilized.zirconia.(YSZ).that.exhibit.sufficient.stability.in.the.
air/fuel.environment.
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�.� InTroduCTIon

Gasifiers.are.used.commercially.to.react.a.carbon-containing.material.with.water.(or.
steam).and.oxygen.under.reducing.conditions.(shortage.of.oxygen),.producing.chem-
icals.used.as.feedstock.for.other.processes,.fuel.for.power.plants,.or.steam.for.other.
processes..Gasifiers.used.in.industry.for.chemical.processing.are.high-temperature,.
high-pressure. reaction. chambers,. typically.operating.between.1,250. and.1,575°C,.
and.with.pressures.between.300.and.1,200.psi..Ash,.originating.from.impurities.in.
the.carbon.feedstock,.is.a.by-product.of.gasification..It.can.exist.as.a.powder.or.melt.
to.form.a.slag,.depending.on.the.carbon.source,.the.gasification.temperature,.and.the.
ash.melting.point.1.Gasifiers.were.first.used.in.industry.around.1800,.but.the.high-
temperature,.high-pressure.units.currently.used.by.the.chemical,.petrochemical,.and.

5024.indb   1 11/18/07   5:44:19 PM



�	 Materials	for	the	Hydrogen	Economy

power.industries.were.first.developed.and.put.into.commercial.service.in.the.1950s.
and.1960s,.and.are.greatly.improved.technologically.over.those.of.the.past.1.They.are.
widely.used.in.industries.such.as.the.petrochemical.to.process.heavy.oil.by-products.
into. H2.used. in. refining.or. fertilizer.manufacture,. and. are. considered. a. potential.
source.of.H2.for.fuel.cells.or.the.emerging.hydrogen.economy..An.example.of.an.air-
cooled.slagging.gasification.system.with.the.ability.to.produce.a.variety.of.products,.
from.power.generation.to.chemicals,.is.shown.in.figure.1.1..The.gasification.process,.
the.types.of.gasifiers.used,.and.how.gasification.is.or.can.be.used.to.generate.H2.are.
important.in.understanding.its.future.role.in.the.world.

In.its.simplest.form,.a.gasifier.is.nothing.more.than.a.containment.vessel.used.
to.react.a.carbon-containing.material.with.oxygen.and.water.(steam).under.reducing.
conditions.(shortage.of.oxygen).using.fluidized.bed,.moving.bed,.or.entrained.flow.
technology..The.gasification.process.produces.CO.and.H2.as.the.primary.products,.
along.with.by-products.of.CO2.and.minority.gases..Because.the.gasification.process.
is.intentionally.conducted.with.a.shortage.of.oxygen.needed.for.complete.combustion.
of.the.feedstock.carbon,.the.partial.oxidation.reaction.shown.in.equation.1.1.occurs:

...C.+.H2O.(gas).+.O2.→.CO.+.H2.+.CO2.+.minority.gases.+.by-products. (1.1)

Note:. By-products.include.mineral.impurities.in.the.carbon.feedstock.that.become.
ash.or.slag.

A.number.of.carbon.feedstocks.can.be.used.as.the.carbon.source,.with.the.most.
common.being.coal,.methane,.or.by-products/tails.from.the.petrochemical.industry..
Since.gasification.occurs.in.an.environment.with.a.shortage.of.oxygen.(reducing),.

fIgure �.� An.air-cooled.slagging.gasification.plant
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the.general.balanced.chemical.reaction.that.occurs.throughout.the.gasification.pro-
cess.for.a.hydrocarbon.can.be.written.as.in.equation.1.2:

. CxHy.+.x/2.O2.→.x.CO.+.y/2.H2.+.(heat,.C�). (1.2)

Gasification.is.considered.a.noncatalytic.process.that.involves.a.number.of.endo-
thermic.and.exothermic.reactions,.with.the.overall.process.being.exothermic.1.In.the.
reducing.environment.of.gasification,.excess.carbon.from.the.feedstock.becomes.a.
by-product.of.the.process..Ideally,.the.amount.of.excess.carbon.should.be.small,.about.
1.0.wt%,2.but.is.dependent.upon.variables.such.as.the.gasifier.type,.carbon.feedstock,.
O2/C. ratios,. and. the. level.of. carbon.beneficiation.. In. the. reducing.environment.of.
gasification,. between. 20. and. 30%. of. the. O2. required. for. complete. combustion. of.
the.C.and.H2.in.the.carbon.feedstock3.is.supplied..Because.of.the.controlled.oxygen.
shortage,. gasification. produces. a. primary. product. of. CO. and. H2,. called. synthesis.
gas.(shortened.to.syngas),.that.is.commercially.valuable,.along.with.a.number.of.by-
products.that.depend.on.the.process.and.impurities.in.the.carbon.feedstock..The.by-
products.can.include.excess.C,.sulfur,.ash,.soot,.metal.oxides,.and.gases.(common.
gaseous.impurities.include.CO2.and.H2S;.low-level.impurity.gases.include.CH4,.NH3,.
HCN,.N2,.and.Ar)..The.type,.quantity,.and.amount.of.any.impurity.are.determined.
by.the.composition.of.the.gasifier.feedstock,.the.gasification.temperature,.and.other.
factors,.such.as.temperature.or.O2.level..Depending.on.the.application.for.the.syngas,.
most.impurities.are.removed.at.the.gasification.facility,.which.is.accomplished.using.
a.variety.of.chemical.processing.techniques.run.downstream.from.the.gasifier.

A.number.of.different.gasifier.designs.are.used.commercially,.with.the.residence.
time.for.the.carbon.feedstock.in.the.gasifier.as.short.as.seconds.to.hours,.depend-
ing.on.the.gasifier.design..A.gasifier.thermally.breaks.down.organic.matter.in.the.
carbon.feedstock,.while.inorganic.materials.(impurities).remain.as.discrete.particles.
(ash)..Some.gasifier.types.operate.at.a.low.temperature.to.keep.the.ash.as.discrete.
particles.(below.their.fusion.temperature),.while.other.designs.operate.at.elevated.
temperatures.that.cause.the.ash.to.become.molten.and.flow.down.the.sidewalls.of.the.
gasification.chamber.as.slag..Flux.is.often.added.to.high.melting.point,.high-viscos-
ity.ash.to.make.a.slag.that.melts.at.a.lower.temperature.and.has.a.lower.viscosity,.
allowing.the.gasifier.to.operate.at.a.lower.temperature.and.slag.to.be.fluid.and.flow.
down.the.gasifier.sidewalls..As.a.process,.gasification.differs.from.incineration.in.
that.it.creates.valuable.products.(syngas.or.steam).used.by.a.number.of.industries—it.
does.not.oxidize.carbon.into.CO2.as.is.done.by.incineration.or.a.conventional.power.
plant.1. Gasification. uses. a. variety. of. carbon. feedstock,. ranging. from. methane. to.
carbon.materials.of.low.commercial.value.

The.earliest.use.for.syngas.generated.from.modern.gasifiers.was.in. the.1950s.
to. 1960s. for. chemical. synthesis.4. By. 1989,. syngas. was. commonly. used. in. other.
industries,.causing.chemical.usage.to.be.reduced.to.about.half.of.all.added.produc-
tion.capacity,.and.with.new.gasification.facilities.added.since.1990.favoring.power.
generation..Coal.and.petroleum.coke.make.up.about.80%.of.the.gasifier.feedstock.
on.units.built.between.1990.and.1999,.with.higher.percentages.after.2000.(94%)...

�.C.originates.from.excess.feedstock.carbon.in.the.reducing.gasification.environment.
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Gasification.can.produce.a.range.of.H2/CO.ratios,.depending.on.variables.such.as.the.
feedstock,.the.amount.of.O2.supplied.during.gasification,.the.operating.temperature,.
and.the.gasifier.design..Gasification.is.reported.to.be.very.energy.efficient,.with3.up.
to.80%.of.the.original.energy.in.a.coal.feedstock.available.in.the.CO.and.H2.syngas,.
about.15%.recovered.in.the.form.of.steam,.and.5%.lost.as.process.energy.during.gas-
ification..The.new.proposed.integrated.gasification.combined.cycle.(IGCC).power.
generation.facilities.claim.to.have.an.overall.efficiency.of.about.40%.5

�.� Carbon feedsToCk for gasIfICaTIon

A.number.of.carbon. feedstocks.have.been.used.or.are.being.evaluated. for.use. in.
gasification..These.include.coal.(all.ranks—anthracite.to.lignite,.and.the.liquidifi-
cation.residues);.petroleum.(including.heavy.oil,.high-sulfur.fuel.oil,.and.Orimul-
sion®—high-viscosity. petroleum. mixed.with. approximately.26. to. 30%.water. and.
a.dispersant6);.petroleum.by-products.(known.as.oil.distillates,.residual.oil,.heavy.
oil,. asphalt,.visbreaker. tar,. refinery. tar,.heavy. refinery. feedstock,.petroleum.coke.
(delayed.and.fluid),.refinery.sludge,.hydrocarbon.fuels,.refinery.gas,.bunker.C-oil,.
vacuum.residue,.vacuum.flashed.cracked.residue,.miscellaneous.liquid.waste,.and.
excess.refinery.products);.natural.gas;.agricultural.and.municipal.waste;.liquor.haz-
ardous.wastes.(sewage.sludge,.biomass);.and.materials.that.would.be.difficult.to.dis-
pose.of.as.waste.(such.as.plastic.and.tires)..Many.of.the.petrochemical.materials.used.
in.gasification.have.little.or.no.commercial.value.because.of.factors.such.as.refinery.
economics.or.stringent.environmental.regulations.

The.proposed.new.gasification.facilities.target.multifuels,.with.issues.such.as.ash.
fusion.temperature,.gasifier.temperature,.and.the.type.of.gas.feed.desired.for.the.tur-
bine.being.important.considerations.5.With.any.carbon.feedstock,.the.gasifier.must.
be.strategically.placed.because.of.transportation.costs.and.raw.material.availability..
Other.factors,.such.as.those.associated.with.carbon.feedstock.processing.(grinding.
and.beneficiation),.must.also.be.considered.because.of.equipment.costs..A.general.
flow.sheet.of.petroleum.refining.in.relation.to.gasification.needs.by.a.refinery,.includ-
ing.the.production.of.H2,.is.shown.in.figure.1.2.�

Gasification.of.some.industrial.by-products,.such.as.biomass,.has.been.accom-
plished.commercially.with.limited.success..In.the.U.S.,.Weyerhaeuser�.has.gasified.
black.liquor.from.pulp.and.paper.processing,.with.issues.of.refractory.liner.service.
life. impacting.the.on-line.availability.of. the.gasifier.7.Corrosive.alkali.and.sulfate.
compounds.contained.in.the.black.liquor.attack.the.working.face.of.the.refractory.
lining,.causing.short.service.life.and.limiting.the.widespread.use.of.gasification.to.
replace.the.black.liquor.recovery.boilers..Gasification.has.an.advantage.over.other.
processes.used.for.black.liquor.and.biomass.processing—it.occurs.at.temperatures.
high.enough.to.break.down.and.eliminate.dioxins.8.In.the.future,.the.gasification.of.
biomass.or.agricultural/forestry. residue.may.be.appropriate. in. remote.geographic.
areas. that. have. small. power. demands. and. where. biomass. feedstock. is. available..
When.using.biomass.feedstock.such.as.bulk.fiber.materials,.the.added.cost.associ-
ated.with.processing.coarse.biomass.into.the.fine.materials.required.as.gasifier.feed.

�.Use.of.commercial.names.such.as.Weyerhaeuser.in.this.text.does.not.constitute.endorsement.
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may.be.a.cost-limiting.factor..One.gasification.plant.recently.built.in.the.U.K..has.
successfully.used.willow.tree.coppice.as.a.carbon.feedstock.

�.� gasIfICaTIon ProduCTs

The.targeted.use.of.syngas.from.gasification.varies,.with.most.syngas.devoted.to.the.
production.of.single.products.such.as.power.or.H2,.and.others.devoted.to.producing.
a.variety.of.products.dictated.by.market.demand.for.chemical.feedstock,.power,.or.
other.materials..Some.products/outputs.of.gasification.facilities.are.as.follows:

Syngas (H2 and CO)—Used. to. generate. heat,. chemicals,. electricity,. or.
“town.gas.”
Chemicals—H2,.CO,.or.both.are.used.as.chemical.feedstock.for.the.produc-
tion.of.ammonia,.oxo-chemicals,.methanol,.acetic.acid,.hydrogen,.fertilizer,.
or.synthetic.hydrocarbon.fuels.(zero-sulfur.diesel.and.other. transportation.
fuels).manufactured.using.Fischer–Tropsch.processing,.and.other.chemicals.
Electricity—Produced.from.the.combustion.of.syngas.or.from.gasification.
steam.
Steam—Gasification.or.combustion.by-product.used.in.plant.applications,.
power.generation,.and.“over.the.fence”.needs.of.nearby.companies.
Gasification by-products—CO2. (used. for. enhanced. oil. and. methane.
recovery,.the.food.industry,.urea.fertilizer,.possible.enhanced.greenhouse.
production,.proposed.geological.disposal),.S,.N2,.Ar,.Ni,.and.V.
Iron metal production8—CO,.H2,.or.both.are.used.to.reduce.iron.oxide.
into.metallic.iron.for.steel.production.by.the.following.reactions:

. Fe2O3.+.3.CO.→.2.Fe.+.3.CO2

•

•

•

•

•

•

fIgure �.� Petrochemical.processing.of.petroleum.into.different.products.. (From.Shell.
Gasification.Process,.available.at.www.uhde.biz,.August.10,.2005..With.permission.)
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. Fe2O3.+.3.H2.→.2.Fe.+.3.H2O

Iron.produced.by.the.direct.reduction.of.iron.oxide.is.called.direct.reduced.
iron.(DRI).and.is.typically.made.using.natural.gas..Two.gasification.facili-
ties.are.designed.to.use.H2.and.CO—one.has.been.in.operation.since.May.
1999.(Saldanha.Steel,.near.Cape.Town,.South.Africa);. the.other.is.under.
construction.in.South.Korea..These.DRI.facilities.are.designed.to.be.syn-
gas.fuel.flexible,.capable.of.using.syngas.CO.and.H2.combinations.ranging.
from.100%.CO.to.100%.H2.

In.general,.the.main.syngas.uses.include.CO.and.H2.for.chemical.production.or.
energy.production;.H2.for.chemical.and.refinery.processing;.and.H2,.N2,.and.CO2.for.
fertilizer.manufacture..The.generation.of.chemicals.is.the.predominant.application.
for.syngas,.followed.by.power.applications..Syngas.CO.and.H2.are.considered.good.
precursor.materials.for.petrochemicals.and.agricultural.products..Syngas.produced.
from. natural. gas. or. coal. is. used. in. the. manufacture. of. acetic. acid,. oxy-alcohols,.
isocyanates,.plastics,.and.fibers..As.with.other.carbon.feedstock,.heavier.hydrocar-
bon.material.generated.as.a.by-product.or.as.a.bottom.material.from.petroleum.refin-
ing. (environmentally. sensitive.materials. that. are.difficult. to.find.applications. for).
is. easily. and. economically.processed.by.gasification. into.CO.and.H2.used. in. the.
manufacture.of. high-value. chemicals. and. energy.9.Varying. amounts. of.V.and.Ni.
heavy.metals.in.the.petroleum.by-products.or.heavy.fractions.are.converted.during.
gasification.into.slag.or.high-value.marketable.products..Petroleum.refineries.have.
generated. increasing. amounts. of. these. materials. as. the. crude. they. process. tends.
toward.heavier.oil.and.oil.of.higher.sulfur.content..Refineries.have.also.had.greater.
demand.for.H2,.a.key.material.used.by.hydrocrackers.to.make.lighter.and.cleaner.
fuels.from.low-quality.oils,.and.a.necessary.material.in.fuel.cells.or.a.H2.economy..
This. demand. has. been. met. through. gasification,. not. through. catalytic. reformers..
The.trend.worldwide.is.for.more.fuel.that.is.lighter.and.cleaner,.a.demand.driven.by.
environmental.stewardship.and.stricter.emission.regulations.

Some.gasification.facilities.planned.for.the.future.are.designed.for.syngas.prod-
uct.flexibility,.so.gasification.output.can.shift.between.syngas,.H2,.CO,.or.combina-
tions.of.them.to.meet.changing.industrial.demand.for.power,.steam,.and.chemicals..
As.with.any.chemical,.specifications.for.syngas.quality.and.purity.vary.with.each.
application,.necessitating.different.gasifier.or.chemical.processes.to.treat.the.syngas..
Because.of.transportation.costs,.most.gasification.facilities.process.(clean).syngas.on.
site..Sulfur.originating.from.the.carbon.feedstock,.for.instance,.is.removed.at.the.gas-
ification.facility.and.marketed..Those.gasification.facilities.based.on.IGCC.designs.
produce.some.of.the.lowest.NOx,.SOx,.particulate,.solid,.and.hazardous.air.pollutants.
of.any.liquid.or.solid.fuel.technology.used.in.power.generation.4,8,10.In.general,.near-
zero-sulfur.pollutants.are.desired.in.many.syngas.applications,.necessitating.sulfur.
cleanup.in.the.ppm.level.for.power.generation.(because.of.gas.turbine.and.emission.
requirements).and.in.the.ppb.level.for.fuel.cell.applications.11.Regarding.CO2.emis-
sions,.gasification.has.an.advantage.over.other.energy.processes.because.it.involves.a.
closed.loop,.allowing.for.the.possible.collection,.use,.or.disposal.of.CO2.in.deep-well.
injection.to.enhance.oil.or.coal.bed.methane.recovery,.or.“disposal”.through.mineral.

•
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sequestration..At.those.gasification.facilities.devoted.to.making.ammonia,.CO2.can.
also.be.recovered.from.the.syngas.and.used.to.make.urea.(ammonia.+.CO2.combine.
to.produce.urea.fertilizer).

As.with.any.chemical.facility,.process.economics.and.transportation.costs.are.
critical.factors.in.determining.whether.gasification.syngas.and.the.recovery.of.by-
products.will.be.profitable..Environmental.factors.such.as.the.existence.of.proven.
technology.for.the.recovery.of.SOx,.particulates,.and.mercury.has.made.gasification.
attractive..When.coal.is.used.as.a.feedstock.at.Eastman.Chemical,.for.instance,.over.
90%.of.the.mercury.contained.in.the.coal.is.routinely.collected.10

�.� envIronmenTal advanTages

Gasification.has.many.advantages.that.have.led.to.its.increased.usage.in.chemical.
production.and.power.generation,.which.are.summarized.below:

Gaseous.emissions:
Very.low.emissions.compared.to.other.processes—NOx,.SOx.and.par-
ticulate. emissions. below. current. Environmental. Protection. Agency.
(EPA).standards.
Organic.compound.emissions.are.below.environmental.limits.
Mercury.emissions.can.be.reduced.to.acceptable.environmental.levels.

SOx.can.be.processed.into.a.marketable.by-product.
Ash.can.be.liquefied.into.a.slag.that.passes.toxicity.characteristic.leaching.
procedure12.(also.known.as.TCLP).testing.in.most.instances.
CO2. can. be. contained. and. recovered. in. the. closed. loops. of. gasifiers. for.
remediation/reuse.
Low-value.carbon.materials.with.environmental.issues.are.easily.utilized.
as.a.carbon.feedstock.
Gasifiers.have.product.flexibility.that.allows.output.to.be.market.driven.
Gasification.is.a.thermally.efficient.process.

�.� hydrogen generaTIon by gasIfICaTIon

In.the.U.S.,.the.total.H2.consumption.during.2003.was.about.3.2.trillion.cubic.feet,.
with.most.utilized.in.petroleum.refining.and.ammonia.production.10.Demand.for.H2.
is.expected.to.grow,.with.worldwide.needs.projected.to.increase.by.10.to.15%.annu-
ally..In.the.U.S.,.most.H2.is.generated.by.steam.methane.reforming,.which.constitutes.
about.85%.of.the.total.production..Gasification.of.hydrocarbon.materials.like.coal,.
petcoke,.and.heavy.oil,.however,.is.starting.to.play.a.larger.role.in.the.production.of.
H2..This.role.is.expected.to.increase.as.future.natural.gas.supply.and.demand.issues.
make.the.cost.of.generating.H2.from.this.feedstock.too.expensive.or.unreliable,.and.
as.refineries.are.forced.to.use.lower-quality,.heavy.sour.crude.and.as.they.produce.
cleaner-burning.fuels..Refineries.already.collect.by-product.H2.from.off-gases.gen-
erated. during. petroleum. processing. for. reuse. and. cannot. increase. H2. production.
by.this.route..The.need.for.H2.in.petroleum.refining.is.to.hydrotreat.crude,.upgrad-
ing.heavier.hydrocarbon.materials.into.higher-value.fuels.through.hydrocracking.or.

•
•

•
•

•
•

•

•

•
•
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hydrodesulfurization.(see.figure.1.2)..When.gasification.at.a.petrochemical.facility.is.
used.to.generate.H2,.the.gasifier.is.typically.designed.to.give.syngas.flexibility,.with.
excess.syngas.not.needed.internally.used.for.power.and.steam.or.marketed.

Consideration.must.be.given.to.purchasing.H2.as.an.over-the-fence.raw.material.
vs..building.an.on-site.gasification.plant..This.decision.should.be.based.on.gasifi-
cation.building,.operation,.and.maintenance.economics,.and.should.consider.if.in-
house.expertise.exists.or.can.be.assembled.to.operate.the.facility..Other.factors,.such.
as.the.consistency.and.availability.of.gasifier.feedstock.and.the.quantity,.purity,.pres-
sure,.and.frequency.of.need.for.the.H2.output,.will.also.dictate.the.technology.used.
in.H2.generation..Another.point.to.consider.is.the.cost.of.H2.transportation,.storage,.
and.dispensing,.which.are.projected.to.be.higher.than.the.cost.of.production..In.the.
U.S.,.H2.transportation.via.pipeline.is.limited.to.about.500.miles.10

The.commercial.production.of.H2.typically.involves.one.of.the.following.pro-
cesses:.(1).steam.reforming,.(2).water.shift.gas.reaction,.(3).partial.oxidation,.or.(4).
autothermal. reforming..Electrolysis. of.water. could. be. used. to. make. H2,. but. pro-
cess.economics.are.high.when.compared.to.the.others.processes.listed;.for.that.rea-
son,.electrolysis.of.water.is.not.included..Currently,.the.production.of.H2.by.steam.
reforming.has.the.lowest.production.cost.of.any.process.and.is.the.most.widely.used,.
but.as.mentioned.earlier,.the.cost.and.availability.of.the.carbon.feedstock.may.change.
that.production.cost.in.the.future.13

Steam reforming,.also.known.as.steam.methane.reforming,.involves.reacting.a.
hydrocarbon.with.steam.at.high.temperature.(700.to.1,100°C).in.the.presence.of.a.
metal.catalyst,.yielding.CO.and.H2..Of.the.processes.used.to.make.H2,.steam.reform-
ing.is.the.most.widely.practiced.by.industry.and.can.utilize.a.variety.of.carbon.feed-
stocks,.ranging.from.natural.gas.to.naphtha,.liquid.petroleum.gas.(LPG),.or.refinery.
off-gas..Steam.reforming,.in.its.simplest.form.using.methane.as.a.feedstock,.follows.
the.general.reaction

. CH4.+.H2O.(gas).→.CO.+.3.H2. (1.3)

Water shift gas reactions.form.CO2.and.H2.using.water.and.CO.at.elevated.tem-
perature,.as.shown.in.equation.1.4..The.reaction.may.be.used.with.catalysts,.which.
can. become. poisoned. by. S. if. concentrations. are. high. in. the. feed. gas.. The. water.
shift.gas.reaction.is.used.as.a.secondary.means.of.processing.syngas.when.greater.
amounts.of.H2.are.desired.from.gasification.

. CO.+.H2O.(gas).→.H2.+.CO2. (1.4)

Partial oxidation. is. the.basic.gasification.reaction,.breaking.down.a.hydroge-
nated.carbon.feedstock.(typically.coal.or.petroleum.coke).using.heat.in.a.reducing.
environment,.producing.CO.and.H2.(equation.1.2)..A.number.of.techniques.are.uti-
lized.to.separate.H2.from.the.CO.in.syngas.or.to.enrich.the.H2.content.of.the.syngas..
These.include.H2.membranes,.liquid.adsorption.of.CO2.or.other.gas.impurities,.and.
the.water.shift.gas.reaction.(equation.1.4).

. CxHy.+.x/2.O2.→.xCO.+.y/2.H2
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Autothermal reforming. is. a. term. used. to. describe. the. combination. of. steam.
reforming.(equation.1.3).and.partial.oxidation.(equation.1.2).in.a.chemical.reaction..
It.occurs.when.there.is.no.physical.wall.separating.the.steam.reforming.and.cata-
lytic.partial.oxidation. reactions.. In.autothermal. reforming,.a.catalyst.controls. the.
relative.extent.of.the.partial.oxidation.and.steam.reforming.reactions..Advantages.
of.autothermal.reforming.are.that.it.operates.at.lower.temperatures.than.the.partial.
oxidation.reaction.and.results.in.higher.H2.concentration.14

In.the.above.reactions,.the.partial.oxidation.process.is.the.basis.for.producing.
H2.and.CO.by.gasification..As.mentioned,.depending.on.the.amount.of.H2.desired,.
other.processes.such.as.the.water.shift.gas.reaction.may.be.used.at.the.gasification.
facility.to.produce.higher.H2.levels..It.is.important.to.remember.that.the.ratio.of.H2.
to.CO.in.gasification.varies.depending.on.the.carbon.feedstock,.O2.level,.gasification.
temperature,.and.type.of.gasification.process,.in.addition.to.other.variables.

�.� TyPes of CommerCIal gasIfIers

Different. types. of. high-temperature. gasifiers. are. commercially. used. to. produce.
syngas,.several.of.which.are.shown.in.figure.1.3..These.gasifiers.are.known.as.(1).
the.General.Electric.slagging.gasifier.(figure.1.3a),.(2).the.ConocoPhillips.slagging.
gasifier.(figure.1.3b),.(3). the.Shell.slagging.gasifier.(figure.1.3c.and.d),.and.(4). the.
Sasol–Lurgi.fixed-bed.dry-bottom.gasifier.(figure.1.3e)..Several.of.the.gasifier.types,.
such.as.the.General.Electric.(GE).and.ConocoPhillips.designs,.were.developed.by.
other.corporations.and.might.be.known.by.different.names..All.gasifiers.and. the.
support.equipment.are.designed.around.a.specific.customer’s.needs,.syngas.appli-
cation,. carbon. feedstock,. or. product. requirements.. Of. the. four. types. of. gasifiers.
shown.in.figure.1.3,. three. types—the.General.Electric,.ConocoPhillips,.and.Shell.
designs—can.operate.at.temperatures.high.enough.to.form.molten.slag.from.solid.
impurities.(ash).in.the.carbon.feedstock..The.fourth.gasifier.design,.the.Sasol–Lurgi.
fixed-bed.dry-bottom.gasifier.(figure.1.3e),.is.designed.to.keep.the.ash.as.a.free-flow-
ing.particulate,.not.a.molten.slag..Two.of.the.gasifier.designs.(GE.and.Shell).are.the.
dominant.types.of.gasifiers.used.in.the.chemical.production.of.H2.

The.General Electric (GE) gasifier. (figure.1.3a). is.a.single-stage,.downward-
firing,.entrained.flow.gasifier.in.which.a.carbon.feedstock/water.slurry.(60.to.70%.
carbon,.40.to.30%.water).and.O2.(95%.pure).are.feed.into.a.reaction.chamber.(gas-
ifier).under.high.pressure.using.a.proprietary.injector..The.technology.used.in.the.
GE.gasifier.was.originally.developed.by.Texaco.in.the.1950s.to.treat.high-sulfur,...
heavy.crude.oil..In.the.gasifier,.carbon,.water,.and.O2.combine.according.to.equa-
tion.1.2,.producing.raw.fuel.gas.(syngas).and.molten.ash..The.GE.design.typically.
utilizes.carbon.feedstocks.that.include.natural.gas,.heavy.oil,.coal,.and.petroleum.
coke,.although.a.number.of.different.feedstocks.have.been.evaluated..GE.gasifiers.
typically.operate.at.pressures.above.300.psi.and.at.temperatures.between.2,200.and.
2,800°F..If.a.solid,. the.carbon.feedstock.must.be.fine.enough.to.make.pumpable.
slurry.that.can.pass.through.the.feed.injector.mounted.at.the.top.of.the.refractory-
lined.gasifier.(less. than.100.microns15)..Ash.in. the.carbon.feedstock.melts.at. the.
elevated.gasification.temperature,.flowing.down.the.gasifier.sidewalls.into.a.quench.
chamber,.where.it. is.collected.and.removed.periodically.through.a.lockhopper.at.
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fIgure �.� Several.designs.of.commercially.used.gasifiers:.(a).General.Electric,.(b).Con-
ocoPhillips,.(c).Shell—gas.and.liquid.feedstock,.(d).Shell—solid.feedstock,.and.(e).Sasol–
Lurgi.fixed-bed.dry-bottom.gasifier.
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the.base.of.the.quench.chamber..One.of.two.techniques.is.used.to.cool.the.syngas:.
a.syngas.cooler.with.heat.exchangers.or.a.water.quench.system..A.scrubber.then.
cleans. and. cools. the. syngas. for. processing. or. use. elsewhere.. Depending. on. the.
amount.of.scrubber.fines.and.the.carbon.content.of.them,.the.fine.particulate.may.
be.recycled.to.the.gasifier..The.raw.syngas.product.from.the.gasifier.consists.pri-
marily.of.H2.and.CO,.along.with.a.lower.level.of.CO2..The.GE.gasifier.typically.
produces.no.hydrocarbons.heavier.than.methane.16.For.the.most.part,.metal.oxides.
and.other.impurities.present.as.solid.material.in.the.carbon.feedstock.become.part.
of.the.glassy.slag..Sulfur.from.the.carbon.feedstock.forms.H2S.during.gasification,.
which.is.first.chemically.removed.from.the.syngas.during.processing,.and.then.is.
converted.to.commercially.marketable.elemental.S..The.refractory.liner.in.the.gas-
ification.chamber.of.the.GE.gasifier.is.air.cooled..Corrosion/erosion.from.ash.in.the.
carbon.feedstock.leads.to.refractory.liner.replacement.between.3.and.24.months.in.
the.gasifier,.although.in.some.special.cases.involving.use.of.very.low.ash.feedstock,.
liner. life. is. approaching. 3. years.. The. GE. gasifier. designed. for. coal. can. handle.
feedstock.containing.up.to.4.wt%.S.on.a.dry.basis,.although.higher.S.content.car-
bon.materials.can.be.processed.with.an.increase.in.the.acid.gas.removal.and.sulfur.
recovery.equipment.5.It.can.handle.a.mix.of.up.to.30%.petroleum.coke/coal.blend,.
and.with.minor.equipment.modifications,.mixed.blends.up.to.70%.petcoke..Limits.
exist.on.the.allowable.chloride.content.in.the.carbon.feedstock.because.of.the.cor-
rosion.resistance.of.vessel.construction.material..Chlorides.in.the.carbon.feedstock.
are.converted.into.HCl.during.gasification.16

The.ConocoPhillips gasifier.(figure.1.3b).is.a.two-stage.pressurized,.entrained.
flow.slagging.gasifier.with.an.upward.gas.flow..The.gasifier.uses.a.carbon.feedstock.
that.is.finely.ground.(less.than.100.microns15).and.mixed.with.water.to.make.a.pump-
able. feed. ranging. from. 50. to. 70. wt%. carbon.17. About. 75%. of. this. carbon–water.
mixture.is.then.fed.to.a.proprietary.burner.on.one.side.of.the.gasification.chamber.
base..On. the.opposite.side.of. the.gasifier.base,. recycled.carbon.char. is. fed. to. the.
second.burner..The.remaining.carbon.feedstock.(25%.of.the.total.carbon.feedstock.
slurry.fed.to.the.gasifier).is.fed.into.the.hot.gases.of.the.gasifier.using.a.second.stage.
injector.located.above.the.two.opposing.injectors.(see.figure.1.3b)..Of.the.total.car-
bon.(carbon.feedstock.and.char).introduced.to.the.gasifier,.about.80%.is.introduced.
in.the.two.lower.burners.of.the.gasifier,.and.this.is.considered.the.first.stage.of.gas-
ification..Oxygen.is.fed.only.to.the.gasifier.burner.of.the.first.stage.with.the.slurry..
Gasification.of.the.carbon.feedstock.takes.place.at.temperatures.between.1,310.and.
1,430°C,.with.ash.becoming.molten.and.flowing.down.the.refractory.sidewalls.of.the.
gasifier..The.liquefied.slag.is.then.removed.at.the.base.of.the.gasifier..The.carbon.
feedstock. injected. into. the.hot.gas. in. the. second.stage.becomes.char. that. is. later.
recycled.as.feed.into.the.lower.injector..In.the.second.stage,.where.the.balance.of.the.
carbon.feedstock.is.introduced.into.the.gasifier,.an.endothermic.gasification.reaction.
takes.place,.resulting.in.a.gas.temperature.of.about.1,040°C..This.results.in.some.
hydrocarbons.forming.in.the.syngas..The.hot.gas.leaving.the.gasifier.is.cooled.in.a.
fire-tube.gas.cooler.to.about.590°C,.generating.steam..Because.the.ConocoPhillips.
gasifier.is.air.cooled.and.ash.in.the.carbon.feedstock.liquefies,.corrosion/erosion.of.
the.refractory.liner.of.the.gasifier.occurs,.with.replacement.necessary.within.18.to.
24.months.
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Two.Shell gasifiers.(figure.1.3c.and.d).are.used.commercially,.one.for.gas.and.
liquid. carbon. feedstock. (figure.1.3c). and. one. for. solid. carbon. feedstock. such. as.
pulverized. coal. or. petcoke. (figure.1.3d).. The. first. Shell. gasifier. (figure.1.3c). was.
developed.in.the.1950s.to.process.fuel.oil.and.bunker.C-oil.for.the.petrochemical.
industry.18.Over. time,.heavier.carbon.source. feedstocks.with.higher.viscosity.and.
higher.levels.of.impurities.(sulfur.and.heavy.metal).were.used,.with.feedstocks.of.
short.vacuum.residue.utilized.in.the.1970s.and.visbreaker.and.asphalt.residues.in.the.
1980s..Since.the.1980s,.petrochemical.materials.of.even.lower.commercial.value.and.
quality.have.been.used.as.carbon.feedstock..Shell.has.recently.developed.a.second.
type.of.gasifier.(figure.1.3d),.single-stage.upflow,.to.utilize.solid.carbon.feedstock,.
especially.that.with.high.ash.content..Regardless.of.the.feedstock,.the.Shell.gasifier.
combines.it.with.oxygen.and.steam.(H2O).to.form.syngas.in.a.carefully.controlled,.
reducing.gasifier.environment..Solid.carbon.feedstock.such.as.coal.must.be.ground.
to.a.fine.particle.size.(less.than.100.microns).and.dried.to.less.than.2%.moisture..The.
dry.ground.material.is.then.combined.with.a.transport.gas,.usually.N2,.and.injected.
in.the.gasifier..It.has.been.found.that.coal.with.an.ash.content.as.high.as.40%.can.be.
utilized.as.a.carbon.feedstock.in.a.Shell.gasifier.18.Oxygen.for.gasification.is.com-
bined.with.steam.before.being.fed.into.the.gasifier,.with.both.the.carbon.feedstock.
and.the.oxygen–steam.gas.combination.preheated.prior.to.injection.in.the.gasifier..
As.in.the.GE.and.ConocoPhillips.designs,.injection.of.the.carbon.feedstock.and.the.
oxygen–steam.into.the.pressurized.gasifier.uses.a.proprietary.burner..A.minimum.
temperature.of.1.300°C.is.used.to.gasify.feedstocks.such.as.coal,.which.causes.ash.
impurities. to. liquefy. into. molten. slag. that. flows. down. the. gasifier. sidewall.. Flux.
may.be.added.to.the.carbon.feedstock.to.control.the.ash.melting.and.viscosity.(flow).
characteristics..The.sidewall.of.the.Shell.gasifier.is.water.cooled,.which.causes.the.
molten.slag.to.form.a.thin.solid.film.over.the.gasifier.refractory.liner,.protecting.it.
from.corrosive.wear.17.Because.a.water-cooled.liner.is.used,.refractory.replacement.
occurs.within.5.to.8.years,.and.thermocouple.replacement.about.once.a.year..Typi-
cally,.a.Shell.gasifier.operates.in.a.reducing.atmosphere.between.1.300.and.1.350°C,.
causing.eutectics.to.form.between.the.heavy.metals.and.the.slag,.but.also.resulting.in.
the.formation.of.small.quantities.of.soot.(from.carbon).19.Under.ideal.operating.con-
ditions,.a.Shell.gasifier.has.low.O2.consumption,.creating.high.CO.and.minimal.CO2.
in.the.syngas..After.gasification,.the.syngas.is.passed.through.an.effluent.cooler,.pro-
ducing.high-pressure.steam.and.lowering.the.syngas.temperature..Unburnt.carbon.
(soot).and.fine.particulate.ash.remaining.in.the.syngas.are.removed.through.quench-
ing,. forming.oxides,. sulfides,. and.carbonates.of.heavy.metals.and.alkaline.earth..
The.syngas.also.becomes.saturated.with.water.during.quenching,.which.is.used.in.
the.water.shift.reaction.(Equation.1.4)..If.a.syngas.effluent.cooler.is.used.instead.of.a.
water.quench.cooler,.gasification.efficiency.can.increase.by.5.percentage.points.

The.Sasol–Lurgi gasifier.(figure.1.3e).was.developed.and.put.into.service.dur-
ing.the.1950s,.and.was.used.to.process.coal.with.ash.content.ranging.from.10.to.
35%. and. moisture. up. to. 30%.20. Approximately. 100. individual. units. are. in. use.
throughout. the.world.and.produce.over.25%.of. the. total.syngas.produced.world-
wide..The.type.of.Sasol–Lurgi.gasifier.in.figure.1.3e.is.air.cooled,.with.ash.remain-
ing.as.discrete.particles..Because.of.this.design,.carbon.feedstock.must.be.a.solid..
that.is..noncaking..and.does.not.form.a.liquid.or.“sticky”.ash.that.can.agglomerate.
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at. the. gasification. temperature.. Other. important. coal. feedstock. variables. for. a.
Sasol–Lurgi. gasifier. include. burn. rate,. particle. sizing,. thermal. fragmentation. of.
the.carbon.feedstock,.ash.fusion.temperature,.bed.void.tendency,.gas.channeling,.
and.the.theoretical.carbon.yield..Coal.used.for.the.carbon.feedstock.is.ground.to.a.
specific.size.range.(between.6-.and.50-mm.particles15),.permitting.gas.passage.dur-
ing.gasification..Coal.is.introduced.through.a.lockhopper.at.the.top.of.the.gasifier,.
with.oxygen.and.steam.(H2O).introduced.in.the.gasifier.base..Gas.is.pulled.from.the.
base.to.the.top.of.the.gasifier,.with.the.hot.ash.at.the.base.of.the.gasifier.preheating.
incoming.steam.and.O2.gases..The.countercurrent.gas.flow.of.the.syngas.at.the.top.
of.the.gasifier.preheats.the.incoming.carbon.feedstock.and.cools.the.syngas..The.
carbon.feed.passes.through.the.gasifier.by.gravity..In.the.top.of.the.gasifier,.where.
the.coal.is.preheated,.moisture.is.driven.off..Toward.the.base.of.the.gasifier,.pyroly-
sis.of.the.carbon.feedstock.takes.place,.followed.by.gasification.with.oxygen.and.
steam..At.the.very.base.of.the.gasifier,.carbon.has.been.depleted.from.the.feedstock.
and.only.ash.remains,.which.is.removed.by.a.rotating.screen..The.ash.is.kept.below.
the.fusion.temperature.so.it.remains.as.particles..Gasification.occurs.in.stages,.with.
a.process.pressure.of.about.430.psi..Critical.reactions.occur.at.about.1,000°C,.with.
a. crude. syngas. composition. produced. in. the. gasifier. consisting. primarily. of. H2,.
CO,.and.methane..Gasification.using.the.Sasol–Lurgi.process.is.known.to.be.reli-
able.and.tolerant.of.carbon.feedstock.changes..Condensates.from.the.Sasol–Lurgi.
process.are.used.to.produce.tars,.oils,.nitrogen.compounds,.phenolic.compounds,.
and.sulfur..Once.the.syngas.is.cleaned,.it.can.be.used.as.a.town.gas.(a.substitute.for.
natural.gas),.in.power.generation,.or.as.a.chemical.feedstock..Chemical.processes.
built.in.conjunction.with.Sasol–Lurgi.gasifiers.include.high-temperature.Fischer–
Tropsch.conversion.processes.used. to.produce.acetone,. acetic. acid,. and.ketones,.
and. low-temperature.Fischer–Tropsch.conversion.processes.used. to.produce. spe-
cialty.waxes,.high-quality.diesel,.kerosene,.and.ammonia.

�.� gasIfIer/feedsToCk effeCT on syngas ComPosITIon

In.general,.depending.on.the.type.of.gasifier.used,. the.H-to-C.ratio.in.the.carbon.
feedstock,.the.feed.rate.in.a.gasifier,.and.the.amount.of.oxygen.introduced.during.
gasification,.syngas.produced.by.gasification.can.have.a.range.of.H2/CO.ratios.20.The.
H-to-C.mole.ratios.for.some.carbon.feedstock.materials.are.about.0.1.for.wood,.1.for.
coal,.2.for.oil,.and.4.for.methane.10.In.general,.the.higher.the.hydrocarbon.content.
in.a.carbon.feedstock,.the.lower.the.ratio.of.H2.to.CO.after.gasification..This.trend.
is.shown.in.table.1.1,.where.the.approximate.H2/CO.ratios.obtainable.by.gasifying.a.
number.of.different.carbon.materials.in.a.slagging.gasifier.are.listed.9

Typical. carbon. feedstock. properties. and. the. resulting. H2/CO. content. in. wt%.
after.gasification.in.a.Shell.slagging.gasifier.are.shown.in.table.1.2.21.In.contrast,.H2/
CO.ratios.between.1.7.and.2.0.are.produced.in.a.Sasol–Lurgi.fixed-bed.dry-ash.gas-
ifier.using.coal.as.a.carbon.feedstock.20.Specific.ratios.of.H2/CO.are.more.important.
in.petrochemical.production. than. in. the. refinery,. fertilizer,.or.power.applications..
This.is.because.the.H2.and.CO.generated.by.gasification.are.used.as.the.basic.build-
ing.blocks.for.chemicals.such.as.methanol,.phosgene,.oxo-alcohols,.and.acetic.acid..
Syngas.H2/CO.needs.can.range.from.a.2:1.ratio.for.methanol.production.to.100%.CO.
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in.acetic.acid.production..It.is.important.to.remember.that.when.heavier.hydrocarbon.
by-products.from.petroleum.refining.are.used.in.gasification,.ash.content.is.usually.
greater,.plus.the.syngas.will.require.more.rigorous.processing.to.remove.unwanted.
materials,. increasing.production.costs..The.economic.viability.of.any.gasification.
process.depends.upon.the.carbon.feedstock.cost.and.the.ability.to.optimize.the.syn-
gas.for.the.consuming.industries.10

In.practice,.petroleum.refineries.have.found.it.economical.to.gasify.bottom.mate-
rials.(such.as.petroleum.coke.or.heavy.oils).for.H2.syngas.production,.with.excess.
syngas.used.for.power.and.steam.generation..Fertilizer.producers.use.H2.from.syngas.
to.produce.ammonia,.and.can.use.the.CO2.by-product.for.urea.production..At.most.
gasification.facilities,.the.syngas.receives.additional.physical.or.chemical.processing.
on.site.to.alter/optimize.the.H2/CO.ratio.for.the.desired.application..It.is.important.
to.remember.that.beneficiation.costs.associated.with.the.carbon.feedstock.and.the.
syngas.are.limited.by.market.demand.and.alternative.source.for.chemicals..Sulfur,.
a.common.syngas.impurity,.is.routinely.removed.because.of.environmental.regula-
tions.or.because.of.the.negative.impact.it.can.have.on.materials.it.contacts.during.
use,.such.as.catalysts.or.turbine.blades.

Table �.�

ratios of h�/Co Produced by the gasification of different Carbon 
feedstocks using a slagging gasifier

feedstock h�/Co ratio

Natural.gas 1.75

Naphtha 0.94

Heavy.oil 0.90

Vacuum.residue 0.83

Coal 0.80

Petroleum.coke 0.61

Table �.�
h� and Co Properties for different Carbon feedstocks gasified using a 
shell gasifier

feedstock natural gas liquefied Waste vacuum residue liquefied Coke
C/H.ratio.(wt%) 3.35 9.2 9.7 11.9
S.(wt%) — 3.1 6.8 8.0
Ash.(wt%) — 0.01 0.08 0.16
H2,.CO.in.product.
(vol%)

95.3 94.0 92.9 92.8

H2/CO.ratio.in.
syngas.product.
(mole/mole)

1.69 0.89 0.88 0.78
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�.� CommerCIal gasIfICaTIon

Different.gasifier. feedstocks. in.use.or.planned. throughout. the.world.are. listed. in.
table.1.3.4.The.carbon.feedstock.for.the.majority.of.these.gasifiers.originates.from.
petroleum.or.coal,.with.some.units.designed.to.use.both..Although.petcoke.is.listed.
as.a.separate.carbon.feedstock.in.table.1.3,.it.is.a.by-product.of.petroleum.processing.
and.could.be.listed.in.that.category..Those.gasifiers.using.biomass.or.organic.waste.
as.a.carbon.feedstock.require.special.gasifier.linings.and.operate.at.lower.gasifica-
tion.temperatures.than.petcoke.or.coal.gasifiers.(biomass/waste.gasifiers.listed.are.
manufactured.by.Foster.Wheeler)..Regardless.of.the.carbon.feedstock,.the.location.
and.size.of.a.gasification.complex.is.dictated.by.feedstock.availability,.transportation.
cost,.and.product.demand.

Current.or.planned.applications. for. syngas. throughout. the.world.are. listed. in.
table.1.4..Of.the.155.syngas.applications.listed.in.table.1.4.for.gasifiers,.105.facili-
ties.are.used.in.chemical.synthesis,.28.in.power.generation,.and.11.in.gaseous.fuel.
production..Because.a.gasification.facility.is.designed.and.built.based.on.a.targeted.
carbon. feedstock. and. syngas. application,. limited. flexibility. exists. in. changing. or.
modifying.a.facility.without.incurring.high.costs..Some.syngas.plants.designed.for.
future.syngas.production.are.considering.the.need.for.feedstock.or.product.flexibil-
ity,.and.are.designing.this.flexibility.into.the.plant.so.the.input/output.can.be.driven.
by. market. forces.11. This. is. particularly. important. in. the. petrochemical. industry,.
where.carbon.feedstock.can.vary.and.demand.for.the.chemical.feedstock.produced.
by.gasification.can.be.cyclic..A.breakdown.of.the.chemical.applications.for.syngas.
in.the.chemical.industry.is.listed.in.table.1.5,.with.the.majority.used.in.ammonia,.
oxo-chemicals,.methanol,.H2,.and.CO.synthesis.4

Table �.�

Carbon feedstock in different Types of gasifiers used or Planned 
throughout the World

gasifier Type Carbon feedstock Type (number of gasifiers utilizing)

Petroleum Coal gas Petcoke biomass/Waste

GE 32 16 18 4 None

Shell 25 20 4 1 None

ConocoPhillips None 3 None 4 None

Sasol–Lurgi None 6 None None None

Foster.Wheeler None None None None 6

Othersa 2 6 1 None 7

Source:.Information.available.at.www.gasification.org,.August.10,.2005.
a. Other.types.of.gasifiers,.with.the.number.of.them.in.use.in.parentheses,.are.as.follows:.GTI.U-Gas.(2),.

GSP.(2),.Lurgi.dry.ash.(2),.Lurgi.circulating.fluidized.bed.(2),.Lurgi.multipurpose.(1),.low-pressure.
Winkler.(1),.BGL.(1),.Foster.Wheeler.pressurized.circulating.fluidized.bed.(1),.Thermo.Select.(1),.
TSP.(1),.Krupp.Kroppers.PRGNFLO.(1),.and.Koppers-Totzak(1).

5024.indb   15 11/18/07   5:44:33 PM



��	 Materials	for	the	Hydrogen	Economy

�.� gasIfICaTIon for h� ProduCTIon

Worldwide,. it. is. estimated. that. approximately. 50. million. tons. of. H2. is. produced.
and.consumed.annually.22.Of. this. total,.approximately.90%.is.produced.by.steam.
reforming.(equation.1.3).and.10%.by.gasification.(equation.1.2).11.Regardless.of.the.
process.used.(steam.reforming.or.gasification),.the.primary.products.are.H2.and.CO,.
along.with.by-products.that.include.CO2,.S,.and.other.gaseous.impurities..To.raise.
the.H2.output.from.steam.reforming.or.gasification,.the.water.shift.reaction.(equation.
1.4).is.used.to.convert.CO.to.H2.11.Of.the.total.amount.of.H2.originating.from.syn-
gas.and.used.in.chemical.synthesis,.approximately.20%.is.consumed.by.refineries.

Table �.�
syngas applications output for gasifiers That are operating or are Planned

gasifier Type gasification end Product use (number of gasifiers dedicated to That Purpose) 

Chemicals Power
gaseous 

fuels fT liquids multiple
not 

specified
GE 60 8 2 None None None

Shell 41 3 1 2 None 3

ConocoPhillips None 4 None 1 2 None

Sasol–Lurgi 2 None 1 3 None None

Foster.Wheeler None 1 5 None None None

Othersa 2 12 2 None None None

Source:.Information.available.at.www.gasification.org,.August.10,.2005.
a. Other.types.of.gasifiers.are.as.follows:.GTI.U-Gas.(2),.GSP.(2),.Lurgi.dry.ash.(2),.Lurgi.circulating.

fluidized.bed.(2),.Lurgi.multipurpose.(1),.low-pressure.Winkler.(1),.BGL.(1),.Foster.Wheeler.pressur-
ized.circulating.fluidized.bed.(1),.Thermo.Select.(1),.TSP.(1),.Krupp.Kroppers.PRGNFLO.(1),.and.
Koppers-Totzak(1).

Table �.�

Industrial applications for syngas from Those gasifiers 
Whose output Is Classified as Chemical in Table �.�

Primary syngas 
application number of gasifiers Percent of Total

Ammonia 37 35

Oxo-chemical 19 18

Methanol 17 16

Hydrogen 11 10

Carbon.monoxide 7 7

Syngas 4 4

Acetic.anhydride 1 1

Acetyls 1 1

Unknown 8 8

Source:.Information.available.at.www.gasification.org,.August.10,.2005.
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and.80%.in.ammonia,.methanol,.CO,.and.oxo-chemical.production..The.quantities.
of.H2.gas.utilized.are.large,.as.indicated.by.the.amount.consumed.by.Shell,.which.
uses.more.than.2.6.million.tons/year.of.H2.gas.that.it.produces.from.steam.methane.
reforming,.coal.gasification,.oil.residue.gasification,.and.platforming.(naphtha.type.
carbon.feedstock.processed.over.a.platinum-containing.catalyst.to.produce.a.refor-
mate.and.hydrogen).22

Data.on.several.gasification. facilities.producing.H2.as. the.primary.or. second-
ary.product.are.listed.in.table.1.6.4,23.This.table.is.not.complete.because.it.does.not.
include.all.on-site.facilities.devoted.to.the.production.of.H2.converted.directly.into.
chemicals. like. ammonia. or. urea.. In. table.1.5,. 37. plants. were. listed. as. producing.
ammonia.from.syngas..H2.used.in.ammonia.production.is.first.separated.from.the.
syngas,.then.reacted.with.N2.separated.from.the.air.(equation.1.5)..A.catalyst.is.used.
in.the.reaction.chamber.where.the.reaction.of.equation.1.5.occurs..Some.gasification.
facilities.take.fertilizer.production.an.additional.step,.reacting.ammonia.with.CO2.
to.produce.a.liquid.urea.fertilizer.24.It.is.of.interest.to.note.in.table.1.6.that.only.two.
types.of.gasifiers.are.predominantly.used.in.H2.production,.the.GE.and.Shell.designs.
(figure.1.2a.and.c).

. 3.H2.+.N2.→.NH3. (1.5)

When.the.GE.gasifier.is.used.to.produce.H2,.two.types.of.syngas.cooling.sys-
tems.are.used.(table.1.6):.the.direct.water.quench.and.the.radiant.syngas.cooler..In.
the.direct.water.quench,.hot.syngas.from.the.gasifier.is.fed.into.a.water.quench.ring,.
cooling.the.syngas.through.direct.water.contact..This.is.considered.thermally.inef-
ficient,.but.introduces.water.into.the.syngas.necessary.for.the.water.gas.shift.reaction.
used.to.produce.H2.from.CO.(equation.1.4).9.When.a.syngas.radiant.cooler.is.used,.
hot.syngas.passes.directly.from.the.gasification.chamber.to.another.chamber.con-
taining.a.syngas.cooler,.producing.high-pressure.saturated.steam..Use.of.the.radiant.
syngas.cooler.maximizes.heat.recovery,.which.can.be.important.depending.on.the.
value.of.steam.in.the.gasification.facility.or.as.a.marketable.product.

When.a.feedstock.such.as.natural.gas.is.used.in.the.production.of.H2,.it.is.often.
pressurized.to.match.downstream.process.requirements.before.entering.the.gasifier.9.
No.specifications.exist.on.the.most.efficient.pressures.to.use.in.a.gasifier.or.in.the.
production.facility..Operating.pressure.must.be.determined.based.on.reaction.rate.
efficiencies,. equipment. sizing. issues,. product. requirements. (quality,. quantity,. and.
frequency.of.gas.need),.available.feedstock,.gasification.and.syngas.process. tech-
nology,. and. projected. consumption. demand.. Catalysts,. absorbents,. and. operating.
temperature.are.other.factors.to.consider.for.each.processing.stage.because.of.cost.
and.process.limitations..In.many.instances,.multiple.stages.of.some.processes.are.
necessary.to.produce.the.quantity.and.purity.necessary.in.gases.like.H2..Each.plant.
stage.impacts.production.cost.and.efficiencies..Examples.of.some.syngas.plants.used.
to.produce.H2.are.as.follows:

Coffeyville, KS24—This. facility. uses. a. GE. gasifier. to. convert. petcoke. into.
high-purity.H2,.which.is.subsequently.converted.to.ammonia..In.addition.to.
petcoke.as.a.carbon.feedstock,.the.gasifier.is.able.to.use.low-value.refinery..
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materials.as.supplemental.carbon,.and.can.supply.H2.to.a.nearby.refinery.
when.its.economic.value.exceeds.the.commercial.value.of.ammonia..The.
gasification.facility.is.also.capable.of.processing.ammonia.into.urea–ammo-
nium–nitrate. (a. liquid. fertilizer). by. capturing. CO2. from. gasification. and.
reacting.it.with.the.ammonia..The.general.gasification.process.mixes.pet-
coke.and.water.with.a.flux.(if.needed).to.form.a.high-solids-concentration.
slurry.that.is.fed.to.a.gasifier.burner,.where.it.is.mixed.with.pure.oxygen.and.
injected.into.the.gasifier..In.the.gasification.chamber,.syngas.(H2,.CO,.CO2,.
H2S,.and.minor.amounts.of.other.compounds). is. formed.at. temperatures.
between.1,320.and.1,480°C..Mineral.impurities.in.the.petcoke.are.melted.
at.these.temperatures,.forming.a.slag,.which.flows.down.the.gasifier.side-
wall.into.the.quench.chamber..The.quench.chamber.serves.two.purposes,.
cooling. the.syngas.and.quenching. the.slag..Periodically,.a. lockhopper.at.
the.bottom.of. the.gasifier.allows.solidified.slag. to.exit,.while. the.syngas.
product.continuously.exits.the.gasifier.to.a.water.scrubber.used.to.remove.
solid. particulates..The. scrubber. also. saturates. the. syngas.with.moisture,.
which.reacts.CO.in. the.water.shift.unit. (in. the.presence.of.a.catalyst). to.
form.H2.and.CO2.(equation.1.4)..When.the.syngas.exits.the.shift.unit,.it.is.
over.40%.CO2..Heat.from.the.shift.reaction.produces.steam,.which.is.used.
in.the.ammonia.unit.and.in.the.refinery..The.cooled.syngas.is.next.passed.
to.an.acid.gas.removal.(AGR).unit.based.on.the.Selexol.process..This.unit.
concentrates.H2S.to.about.44%,.which.is.sent.to.a.Claus.unit.for.CO2.and.
sulfur. removal..At.Coffeyville,. the.bulk.of. the.CO2. is. removed.from.the.
syngas,.with.a.portion.of.it.reused.in.urea.production..In.the.future,.if.other.
applications.for.CO2.are.identified,.it.can.be.purified.and.sold..Syngas.exit-
ing.the.AGR.unit.is.about.96.mol%.H2..This.high-H2.feedstock.is.sent.to.
a. pressure. swing. adsorption. (PSA). unit. where. remaining. impurities. are.
extracted,.resulting.in.a.H2.gas.of.99.3%.purity..After.PSA.processing,.the.
main. impurity. remaining. in. the. H2. is. N2.. The. purified. H2. is. fed. to. the.
ammonia.unit,.where.ammonia.is.manufactured.using.N2.from.the.air.sepa-
ration.unit.(equation.1.5)..The.tail.gas.from.the.PSA.unit.is.about.75%.H2.
and.CO,.which.are.compressed.and.recycled.back.to.the.water.shift.unit.

Eni SpA, AGIP, Sannazzaro refinery, Italy23—This.gasifier.was.built.because.
of.Italian.legislation.with.the.goal.of.reducing.emissions.from.power.sta-
tions,.and.is.based.on.a.Shell.gasifier.design..The.gasification.facility.pro-
duces.syngas.for.a.new.1,000-MW.gas–syngas.power.plant,.with.some.H2.
recovered.for.refinery.needs.using.membrane.separation.technology.

Liuzhou Chemical Industry Corporation, Siuzhou, Guangxi, PRC23—This.
gasifier.uses.a.Shell.design.based.on.coal.feedstock.and.converts.1,200.t/d.
of.coal.into.2.1.×.106.Nm3/d.of.syngas..The.syngas.is.used.to.manufacture.
ammonia-based.fertilizer.and.oxo-alcohols..Some.process.CO2.is.recovered.
and.used.to.make.urea.fertilizer.

OPTI Canada Inc.–Nexen Petroleum Inc., Long Lake, Alberta, Can-
ada23—This.gasification. facility.was.designed.using.a.Shell.gasifier. to.
process. heavy. asphaltene. by-products. generated. from. processing. oil.
sands.for.bitumen..When.placed.in.operation,.this.gasifier.will.process.
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approximately. 3,100. t/d. of. carbon. feedstock,. producing. H2. for. hydro-
cracking.of.oil.sand.bitumen.into.high-quality.synthetic.crude.and.pro-
ducing.steam.for.the.extraction.of.the.bitumen.from.the.sands.

Shell Nederland refinery, Pernis, Rotterdam, the Netherlands23—This.
gasification.facility.was.built. in.1997.using.a.Shell.gasifier.and.was.part.
of.a.refinery.upgrade..The.gasification.facility.produces.H2.for.petroleum.
refining..It.contains.three.gasification.trains.to.meet.H2.refinery.needs,.with.
two.of. the. three.gasifiers.on-line.and. the. third. targeted. for. repair.at.any.
given. time.. The. gasifiers. process. a. carbon. feedstock. of. vacuum. flashed.
cracked.residue.from.the.thermal.cracking.unit.of.the.refinery.or.a.mixture.
of.straight-run.vacuum.residue.and.propane.asphalt..The.gasification.facil-
ity.has.a.feed.rate.of.approximately.1,650.t/d.and.a.higher.H2.capacity.than.
needed.by.the.refinery..Excess.syngas.capacity.is.used.to.produce.electricity.
using.gas.turbines..The.gasifiers.operate.at.about.1,300°C.and.a.pressure.
of.940.psi..After.gasification,.the.syngas.is.cooled.below.400°C,.with.the.
liberated.heat.used.to.produce.high-pressure.steam..A.low-temperature.CO.
shift.reaction.is.used.to.increase.the.amount.of.H2.obtained.from.the.syngas..
An.integrated.gas.treatment.unit.removes.H2S.and.CO2.from.the.syngas,.
with.about.3,000.t/d.of.CO2.released.to.air..Future.use.of.the.CO2.by.nearby.
greenhouses. to. enhance.plant. growth. is. being. considered..The.CO. level.
in.the.CO2.is.reduced.to.about.1.vol%.during.high-.and.low-temperature.
shift.reactions.21.About.two-thirds.of.the.syngas.produced.by.gasification.
is.used.in.the.production.of.H2.for.hydrocracking.(up.to.285.t/d),.with.the.
remainder.used.in.power.generation..H2.generated.at.the.Shell.Nederland.
gasification.facility.is.about.98%.pure,.with.a.pressure.of.680.psi..Soot/ash.
recovered.in.the.quench.unit.is.marketed.because.of.the.high.percentage.of.
V.and.Ni.present.in.the.ash,.which.can.contain.up.to.65%.vanadium.oxide..
Because.of.many.factors,.H2.produced.at.this.facility.is.at.a.lower.cost.than.
that.produced.by.steam–methane.reforming.

Rafineria Gdanska SA, Gdansk, Poland23—This.gasification.facility.uses.a.
Shell.gasifier.and.was.built.as.part.of.a.refinery.upgrade..The.goals.of.the.
upgrade.were.to.reduce.refinery.emissions.while.processing.a.higher.sul-
fur.carbon.feedstock,.produce.higher-value.products.from.the.refinery,.and.
produce.a.lower-emission.gasoline..Carbon.feedstock.for.the.gasifier.will.
be.about.1,600.t/d.of.asphaltenes,.with.most.of.the.syngas.targeted.for.H2.
manufacture.and.use.in.the.hydrocracking.unit..Excess.syngas.will.be.used.
for.power.generation..Steam.generated.from.the.gasification.process.will.be.
used.by.the.refinery.

Sinopec, Zhijiang, Hubei, and Anqing, Anhui, PRC23—These.gasification.
facilities.are.scheduled.to.be.built.based.on.Shell.gasifiers.and.will.use.coal.
feedstock.to.manufacture.fertilizer.

Texas City Gasification Project Texaco Gasifier9—This.gasification.facility.
uses.a.GE.gasifier.and.began.operation.in.June.1996..It.markets.H2.and.sup-
plies.CO.as.a.feedstock.to.a.chemical.company.that.uses.it.to.manufacture.
chemicals.such.as.acetic.acid.and.special.alcohols..The.carbon.source. is.
natural. gas,. which. is. preheated. before. entry. in. the. gasifier.. Gasification.
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syngas.is.cooled.in.a.syngas.cooler,.which.generates.high-pressure.saturated.
steam..The.syngas.is.then.processed.in.an.AGR.unit,.which.also.removes.
and.recycles.CO2.back.to.the.gasifier..A.cold.box.separates.CO.from.H2,.
with.the.H2.further.processed.by.a.PSA.unit..After.beneficiation,.the.H2.can.
be.up.to.99.9%.pure.

�.�0 syngas for ChemICal ProCessIng

As.noted.previously,.syngas.must.be.cleaned.or.processed.to.reduce.or.remove.impu-
rities. such.as.H2S,.COS,.HCN,.CO2,.N2,. and.carbon/soot,. and.may.be.processed.
to.concentrate.or.increase.the.quantity.of.gases.like.H2,.CO,.or.CO2..The.level.of.
processing.is.determined.by.the.application,.with.most.having.limits.on.S.that.origi-
nates.from.the.gasification.carbon.feedstock..After.gasification,.S.is.typically.pres-
ent.as.H2S.and.must.be.removed.because.of.emission.controls,.the.corrosive.effect.
of.sulfur,.or. the.“poisoning”.effect. it.has.on. the.catalytic.materials.used.in.many.
chemical.or.gasification.processes..Two.of.the.many.processes.used.to.remove.S.at.
a.gasification.facility.are.(1).the.glycol-based.absorber–stripper.process,.which.uses.
a.mixture.of. tetraethylene.glycol. dimethyl. ether. (C10H22O5). to. capture.more. than.
98%.of. the.H2S,25.and.(2). the.sodium.hydroxide. reaction,.which.uses.an.aqueous.
solution.of.sodium.hydroxide.to.react.with.H2S.and.produce.sodium.sulfide,.remov-
ing.from.85.to.95%.of.the.H2S.from.the.sour.gas..CO2.in.the.syngas.is.also.removed.
by. the. sodium.hydroxide,. forming.sodium.bicarbonate.24.Multiple. stages.of. these.
or.other.chemical.beneficiation.processes.are.often.used.to.reach.purification.levels.
higher. than. can. be. achieved. from. a. single. gas. pass.. Although. high-purity. levels.
are.obtained,.the.process.redundancy.creates.high.processing.costs.associated.with.
the.additional.equipment.setup.and.maintenance.and.with.energy/efficiency.losses..
Some.of. the.chemical.processes.used.in.a.gasification.facility. to.produce.specific.
gases.or.desired.purity.levels.can.include.the.following:

. 1..Shift unit—Reacts.syngas.CO.and.moisture.(H2O).at.a.low.temperature.in.
the.presence.of.a.catalyst.using.the.shift.gas.reaction.(equation.1.4),.forming.
H2.and.CO2.

. 2..Catalytic hydrolysis reactor—Hydrolyzes. the. syngas. COS. to. CO2. and.
H2S,.and.HCN.to.NH3.and.CO.for.ensuring.that.environmental.emission.
limits.are.met.in.the.syngas.

. 3..AGR unit—Separates. and. concentrates. H2S. in. the. syngas. for. feed. to. a.
Claus.unit.

. 4..Claus unit—Produces.S.from.syngas.H2S.concentrate.

. 5..PSA unit—Used.to.purify.a.H2.syngas.stream.of.specific.desired.impuri-
ties. through. the.use.of.absorbents..The.gas.purity.of. the.H2.produced. is.
determined.by.factors.such.as.which.absorbents.are.used.

. 6..Fischer–Tropsch synthesis8—Uses.a.catalyst.to.react.syngas.at.high.tem-
peratures.(330.to.350°C).and.pressures.(25.bars),.or.low.temperatures.(180.
to.250°C).and.high.pressures.(45.bars),.producing.different.straight-chain.
hydrocarbons. that. range. from. methane. to. high. molecular. weight. waxes,.
according.to.the.reaction.CO.+.2.H2.→.–[CH2]–.+.H2O..Fischer–Tropsch.
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synthesis.processing.occurs.in.the.presence.of.a.catalyst.and.produces.car-
bon.chain.lengths.from.1.to.15.

. 7..Sasol advanced synthol process—A.high-temperature.process.(approxi-
mately.340°C).that.uses.syngas.to.produce.gasoline.and.olefins.

�.�� maTerIals of ConsTruCTIon

The.gasification.chamber.used.to.contain.the.chemical.reaction.among.the.carbon.
feedstock,.water,.and.oxygen.at.high.temperature.is.lined.with.a.number.of.different.
refractory.materials..These.materials.are.determined.by.the.type.of.carbon.feedstock.
(gas/liquid. feed. or. solid. materials. like. coal. or. petcoke),. whether. the. gasification.
chamber. is. designed. to. liquefy. feedstock. ash. or. keep. it. as. discrete. particles,. the.
quantity.of.ash.generated,.and.if.the.gasifier.sidewalls.are.air.or.water.cooled..The.
refractory.lining. is.designed.to.provide.protection.of. the.steel.shell. for.sustained,.
uninterrupted.periods.of.time.so.the.gasifier.can.operate.effectively.and.economi-
cally..A.steel.shell.thickness.is.determined.by.internal.pressure,.shell.temperature,.
and.the.vessel.diameter.and.can.range.up.to.3.inches.or.more..A.gasifier’s.opera-
tional.temperature.has.a.large.influence.on.liner.materials,.with.gasifiers.such.as.the.
Sasol–Lurgi.(figure.1.3e).operating.at.temperatures.below.the.ash.liquification.(ash.
impurities.remain.as.a.dry.particulate)..It.uses.a.refractory.liner.designed.to.with-
stand.abrasive.wear,. the.gasification.atmosphere,.and.the.high.operating.tempera-
ture..Gasifiers. that.form.molten.slag.focus.on.chemical.wear.and.corrosion..Most.
gasifiers.produce.a.molten.ash.(slag).that.is.highly.corrosive,.causing.high.refractory.
wear.that.negatively.impacts.refractory.service.life..Gasifiers.that.form.molten.slag.
include.the.GE.(figure.1.3a),.ConocoPhillips.(figure.1.3b),.and.Shell.(figure.1.3c.and.
d).designs..Common.slag.elements.in.a.coal.feedstock.that.become.part.of.the.ash.
or.slag.include.Si,.Al,.Fe,.and.Ca,.while.a.petcoke.feedstock.can.contain.V.and.Ni.
in.addition.to.the.other.elements..Other.elements.such.as.Na.or.K.may.be.present,.
depending.on.the.feedstock.source.

High.alumina.brick.or.monolithic.refractory.materials.are.predominantly.used.as.
hot.face.liners.in.gas.or.liquid.feedstock.gasifiers,.and.high.chrome.oxide.(air-cooled.
gasifier).or.high.thermal.conductivity.(water-cooled.gasifier).materials.with.coal.or.
petcoke.feedstock..The.service.life.of.different.refractory.linings.varies,.with.those.
using.oil.as.a.carbon.source.typically.lasting.4.to.5.years.(high-wear.areas.may.need.
replacement.in.as.short.as.2.years),.gas.up.to.10.years.(various.areas.of.the.gasifier.
requiring.replacement.between.6.and.10.years),.and.solid.feedstock.(coal.or.petcoke.
feedstock).up.to.2.years.(high-wear.areas.may.require.replacement.in.as.little.as.3.
months)..Refractory.liners.used.in.a.gas.or.liquid.gasifier.are.typically.high.alumina.
materials.(94.to.99%.Al2O3).that.are.low.in.SiO2.and.FeO,.while.material.used.in.
solid-fuel.air-cooled.slagging.gasifiers.are.high.in.chrome.oxide.(up.to.95%.Cr2O3).

Gasifiers.that.use.biomass.feedstock.have.unique.requirements.due.to.the.high.
alkali. and. alkaline. earth. oxides,. components. that. vigorously. attack. any. refrac-
tory.linings..Biomass.from.black.liquor.gasification,.for.instance,.produces.salts.of.
NaCO3,.Na2S,.and.NaOH,.with.minor.components.of.SiO2,.NaCl,.and.KCl,26.which.
have.been. found. to.melt.between.400.and.780°C.depending.on.composition,.and.
has.a.viscosity.lower.than.coal.slag.by.a.factor.of.1,000..Use.of.water-cooled.SiC.
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linings. has. not. shown. promise. because. of. constant. attack. of. the. lining,. with. no.
stable.equilibrium.established,.while.samples.without.water.cooling.showed.rapid.
and.complete.dissolution..Volkmann.and.Just26.mention.that.a.refractory.is.needed.
with.the.following.qualities:

. 1..Resistance.of.molten.black.liquor.slats.containing.NaCO3,.Na2S,.and.NaOH

. 2..Resistance.to.gaseous.reaction.products.such.as.Na.and.NaOH.vapors.as.
well.as.gasification.syngas

. 3..Resistance.to.thermal.shock.from.temperature.and.gas.pressure.variations

. 4..The.ability.to.bond.to.cooling.coils.or.screen

. 5..Good.thermal.conductivity

For.these.and.other.reasons,.biomass.liners.are.still.being.researched,.with.MgO.
and.MgAl2O4. spinel. refractories.holding. some.promise.27.High.alumina. refracto-
ries.or. refractories.of.a.mullite.base.are.not.used. in.biomass.gasifiers.because.of.
the.large.volume.change.that.occurs.when.Na2O.(from.the.biomass).interacts.with.
high.alumina.refractories.to.form.beta.alumina,.or.in.mullite.refractories,.to.form.
phases.such.as.beta.alumina.and.nepheline..These.are.compounds.with.large.volume.
changes.that.disrupt.the.brick.structure.by.causing.cracking.and.spalling..Besides.
refractory.damage,.stresses.created.by.the.volume.change.can.be.so.large.as.to.cause.
containment.shell.damage..Because.of.these.and.other.material.issues,.biomass.gas-
ification.thus.far.is.very.limited.

The.refractory.lining.in.gas,.liquid,.or.solid.feedstock.gasifiers.can.be.between.
two.and.six.layers.in.thickness,28.with.a.typical.sidewall.lining.shown.in.figure.1.4..
The.hot.face.or.working.lining.is.designed.for.direct.contact.with.the.gasification.
environment,.followed.by.a.backup.refractory.material.and.an.insulating.refractory.
lining..The.refractory.materials.in.each.layer.depend.on.the.gasifier.design,.location.
in.the.gasifier,.gasification.temperature.and.atmosphere,.and.carbon.feedstock..The.
main.purpose.of.a.lining.is.to.protect.the.high-pressure.steel.shell.from.syngas.and.
other.gasification.gases,.elevated.temperature,.particulate.abrasion,.and.slag.corro-
sion..Any.material.in.a.gasifier.must.be.thermodynamically.stable.to.hot.gases.such.
as.H2,.CO,.CO2,.H2O,.and.H2S..If.ash.is.liquefied.in.a.gasifier,.varying.ash.chemistry,.
the.quantity.of.slag.generated,.and.the.number.of.components.in.it.makes.the.use.of.
phase.diagrams.to.determine.refractory.stability.of.limited.value..In.practice,.few.
phase.diagrams.of.relevance.beyond.three.components.exist..Other.factors.limiting.
the.use.of.phase.diagrams. include.high.gasification.pressure,.an.oxidizing. reduc-
ing/reducing.gasifier.environment,.and.an.atmosphere.that.includes.O2,.CO,.H2,.or.
sulfur.compounds..Besides.corrosion/phase.stability,.limited.information.also.exists.
on. the. ability.of. a. refractory.material. to.withstand. the.high-temperature. particu-
late. impact/abrasive.associated.with. the.burner.and. its.carbon.feedstock..Another.
requirement.of.the.refractory.lining.is.to.reduce.the.gasifier.shell.temperature.to.an.
acceptable.temperature,.yet.keep.the.shell.interior.above.acid.dew.point.condensa-
tion.temperature.(e.g.,.290°C.for.H2SO4.at.a.95.wt%.concentration,.preventing.steel.
shell.corrosion,.which.could.result.in.catastrophic.shell.failure)..In.certain.locations,.
dew.point.condensation.may.also.be.a.concern.on.the.shell.exterior,.requiring.higher.
shell.temperatures.
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Regardless.of.the.gasifier.type,.expansion.and.movement.of.the.individual.refrac-
tory.layers.in.a.gasifier.are.important.design.considerations,.in.both.the.circumfer-
ence.and.vertical.dimensions..Fiber.insulation.is.often.used.to.allow.for.expansion,.
and.is.typically.placed.at.the.wall.or.on.top.of.the.vessel.to.account.for.refractory.
expansion.and.permanent.growth..Usually.a.70.to.75%.compression.is.allowed.in.
fiber.material.to.permit.flexibility,.yet.is.not.allowed.for.hot.spots.because.of.exces-
sive.fiber.space.or.permanent.shaping.of.the.fiber.from.overcompression..Differences.
in. movement. between. layers. of. refractory. can. cause. shear. of. items. like. thermo-
couples.that.extend.through.the.gasifier.shell.and.refractory.to.monitor.gasification.
reaction.temperatures..When.all.refractory.issues.are.combined,.they.have.a.signifi-
cant.impact.on.gasifier.operation.and.are.viewed.by.gasifier.users.and.designers,.in.
a.recent.survey,.as.the.leading.issue.contributing.to.the.low.on-line.availability.of.
commercial.gasifiers.and.to.their.low.commercial.acceptance.29.Industry.desires.a.
gasifier.availability.of.over.90%.if.greater.use.of.this.technology.is.to.occur..Material.
needs.in.two.types.of.gasification.systems—gas.and.liquid.feedstock.gasifiers,.and.
solid.feedstock.gasifiers—are.as.follows.

1.11.1 linerS FOr GaS Or liquid FeedStOCk

In.a.gasifier.utilizing.gas.or.liquid.as.a.carbon.source,.refractory.failure.is.primar-
ily. caused. by. thermal,. chemical,. and. structural. wear. of. the. refractory. liner.. The.
hot.face.refractory.lining.in.the.gasifier.is.typically.a.dense.high-alumina.material.
(low.in.SiO2.and.FeO),.followed.by.a.porous.layer.composed.of.a.material.such.as.

fIgure �.� Cross-section.of.a.gasification.chamber.
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bubbled.alumina,.and.backed.up.by.an.insulating.refractory.layer..Since.slag.is.not.
an.issue.in.these.types.of.gasifiers,.failure.mechanisms.other.than.by.slag.corrosion.
occur..Gasifier.heat.at.the.high-alumina.refractory.working.lining.can.lead.to.ther-
mal.expansion.issues.or.irreversible.creep.deformation.30.Rapid.temperature.cycling.
can.cause.differences.in.material.expansion.leading.to.surface.spalling.or.joint.fail-
ure..An.added.concern.in.any.gasifier.(gas,.liquid,.or.solid.feedstock).is.the.thermal.
conductivity.of.H2,.which.is.about.seven.times.that.of.air,.even.though.it.has.a.much.
lower.density.30.Because.of.the.high.thermal.conductivity,.care.must.also.be.taken.in.
choosing.material.liners.for.a.specific.surface.shell.temperature..Porous.refractory.
material.becomes.filled.with.syngas.during.operation,.resulting.in.a.higher.thermal.
conductivity.than.in.air..This.thermal.conductivity.is.about.1.5.to.2.times.that.of.air.
when.used.in.the.50%.H2.atmosphere.of.a.gasifier..In.service,.a.backup.lining.may.
be.a.superduty.(mullite).brick.vs..an.insulating.firebrick.or.high-alumina.material.
because.of.the.H2.influence.on.porous.material.thermal.conductivity.28

Hot.face.materials.used.in.gasifiers.with.gas.or. liquid.feedstock.are.high-alu-
mina.refractory.typically.low.in.SiO2.and.FeO.because.of.thermodynamic.concerns.
with.chemical.attack.at.the.elevated.gasification.temperatures..If.SiO2.is.present,.H2.
reduction.of.SiO2.in.the.refractory.can.occur.at.temperatures.above.980°C,.causing.
it. to.be.reduced.to.SiO.vapor.and.removed.or.transferred.elsewhere.in.the.refrac-
tory. lining.30. This. reaction. becomes. very. likely. at. temperatures. over. 1,200°C.28.
Research30.has.indicated.that.the.removal.of.SiO2.from.a.refractory.is.impacted.by.
refractory.porosity,.gasifier. temperature,.gasifier.pressure,.and.feedstock. through-
put..It.has.been.found.to.occur.mainly.at.the.surface.of.a.material,.where.material.
strength.can.be.adversely.impacted..The.thermodynamic.concern.with.iron.is.due.
to.the.Boudouard.reaction.(2.CO.→.CO2.+.C),30.which.Fe.catalyzes..This.reaction.
occurs.as. low.as.510°C,.maximizes.by.570°C,.and.nearly.disappears.by.730°C.31.
The.C.from.the.reaction.builds.up.and.can.cause.structural.weakening.or.free.layers.
of.C.(or.Fe2C).to.form.at.joints,.pores,.voids,.or.cracks..This.buildup.leads.to.ther-
mal.expansion.mismatches.between.materials.and.disruption.of.the.refractory.struc-
ture,.forming.voids.or.compressive.stress.that.can.break.a.refractory.microstructure.
or.cause.it.to.weaken.from.thermal.cycling.and.the.expansion.differences..Carbon.
buildup.can.also.result.in.increased.or.nonuniform.head.transfer.to.the.shell.

Refractory.flaws.can.also.be.caused.by. the.frequency.of. temperature.cycling,.
the.rate.of.temperature.drop,.and.the.amount.of.temperature.drop,.which.can.lead.to.
thermal.shock.or.structural.flaws.from.thermal.expansion.differences..Where.mono-
lithic. linings. are. used,. anchors. attach. the. refractory. material. to. the. shell.. Those.
anchors.can.experience. failure. from.mechanical. stresses,.metal. fatigue,.or.corro-
sion,.leading.to.gaps.between.the.refractory.shell.and.the.lining..Any.gap.impacts.
heat.transfer.and.can.initiate.other.types.of.refractory.failure,.such.as.slag.corrosion.
because.of.heat.buildup.at.those.sites.

A.concern.common.to.both.liquid.and.solid.gasifier.feedstock.centers.on.vana-
dium,. which. is. present. as. an. impurity.. Vanadium. can. attack. an. alumina. lining.
depending.on.its.valance.state,.decreasing.refractory.service.life..When.vanadium.
is.present.as.V2O3.(stable.phase.present.in.the.reducing.environment.of.a.gasifier),.
it.has.a.melting.temperature.of.about.1,970°C,.while.V2O5.(stable.phase.present.in.
an.oxygen-rich.environment).melts.at.about.660°C..Because.of.the.lower.melting.
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temperature.and.its.phase.interactions.with.Al2O3,.V2O5.will.produce.low.melting.
point. liquids. in. an. Al2O3. lining,. leading. to. rapid. and. excessive. refractory. wear..
In. practice,. the. valance. of. vanadium. depends. on. the. oxygen. partial. pressure. of.
the.gasifier.and.should.not.be.an.issue.except.during.gasifier.preheat.or.cooldown..
Behavior.similar.to.that.between.vanadium.and.alumina.exists.in.refractories.that.
are.high.in.chrome.oxide.

In.a.gas.or.liquid.gasifier,.firebrick.linings.are.predominantly.used.because.of.
their.material.strength.and.historical.usage..Monolithic.materials.such.as.castables,.
however,.are.seeing.increased.usage30.for.many.reasons,.including.fewer.bonds.and.
increased.speed.of.installation..Low.cement.castables.with.calcium.aluminate.bonds.
have. been. found. to. give. monolithics. adequate. strength. for. gasifier. applications..
When.repair.work.is.necessary.in.a.gasifier,.they.are.also.easier.and.quicker.to.repair.
than.bricked.areas..In.general,.a.monolithic.structure.is.thought.to.give.a.uniform.
and.predictable.shell.temperature.

1.11.2 linerS FOr SOlid FeedStOCk

A.slagging.gasifier.operates.in.a.temperature.range.where.ash.in.the.carbon.feed-
stock.melts.and.flows.down.the.gasifier.sidewalls,.as.shown.in.figure.1.4..Two.types.
of. slagging. gasifiers. are. commercially. used:. air. cooled. (GE. and. ConocoPhillips.
designs).and.water.cooled.(Shell.design)..Air-cooled.slagging.gasifiers.are.lined.with.
refractory.materials.that.contain.between.60.and.95%.chrome.oxide..These.materi-
als.evolved.from.research.in.the.1970s.to.the.1980s.that.indicated.a.chrome.oxide.
content. of. about. 75%32. was. necessary. to. provide. the. best. chemical. resistance. to.
gasifier. slag.corrosion..Since. that. time,. three. types.of.high–chrome.oxide. refrac-
tory.materials.have.been.or.are.currently.used. in.gasifiers..These. types.are. listed.
in.table.1.7..Of.these,.chrome.oxide–alumina.and.chrome.oxide–alumina–zirconia.
(brick. types.A.and.B).are.used. in. the.majority.of.air-cooled.slagging.gasifiers.as.
hot.face.liners,.while.the.chrome.oxide–magnesia.material.(brick.type.C).usage.has.

Table �.�

Chemical Composition of Three Classes of high Chrome oxide refractories 
used in air-Cooled slagging gasifiers (wt%)

material 
(wt%) brick Type

a b Ca

Cr2O3 90.3 87.3 81.0

Al2O3 7.0 2.5 0.4

MgO 0.28 0.12 17.0

ZrO2 0.01 5.2 NA

SiO2 0.3 0.2 0.1

Fe+2.and.+3 0.23 0.28 0.3

CaO 0.28 0.03 0.3
a. Data.from.manufacturer’s.technical.data.sheet.
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become.more.historical.because.of.concerns.over.hexavalent.chrome..The.formation.
of.hexavalent.chrome.during.a.coal.or.petcoke.slagging.gasifier.operation,.however,.
has.not.been.reported.and.is.not.known.to.occur.

In.an.air-cooled.slagging.gasifier,.zoning.(the.use.of.different.refractory.materials.
at.different.locations.in.a.furnace).is.practiced.because.of.different.wear.mechanisms.
and.wear. rates.at.different. locations. in. the.gasifier,. and.because.of.high.material.
costs..In.general,.chrome.oxide.content.ranging.from.60.to.95%.is.used.to.line.the.
working.face.of.a.gasifier.(figure.1.4),.with.lower.chrome.oxide.content.found.in.the.
low-wear.areas.and.higher.chrome.oxide.content. (approaching.95%). found. in. the.
higher-wear.locations..The.backup.lining.is.typically.a.high-alumina.(approximately.
90%)/low-chrome-oxide.(approximately.10%).refractory,.which.serves.as.an.emer-
gency. lining. to.contain. the.gasifier.environment. in.case.of.failure.of. the.hot.face.
lining..A.third.refractory.layer,.an.insulating.refractory,.often.backs.up.the.hot.face.
and.backup. linings,. reducing. thermal. loss.and.controlling. shell. temperature..The.
insulating.lining.can.be.up.to.90%.Al2O3.that.is.low.in.silica.(under.1%).or.may.be.
insulating.firebrick.or. superduty. (mullite).brick,28.depending.on. the. location..The.
backup.lining.reduces.shell.temperature.of.the.gasifier,.but.must.keep.it.above.acid.
and.liquid.dew.point.condensation.temperatures.

As.viewed.from.the.interior.of.a.gasifier.on.the.hot.face,.an.example.of.wear.dom-
inated.by.chemical.corrosion.in.a.high-chrome-oxide.refractory.used.in.an.air-cooled.
slagging.gasifier.is.shown.in.figure.1.5..Chemical.corrosion.involves.the.dissolution.of.
the.refractory.in.the.slag.as.it.flows.over.or.penetrates.within.the.refractory.pores,.and.
is.thought.to.be.one.of.the.main.causes.of.wear..Corrosion.can.also.lead.to.the.removal.
of. large. refractory.particles.or.grains. as. the.bond.phase. is.weakened.or. removed..
Chrome.oxide.can.make.up.to.95.wt%.of.the.hot.face.refractories.(due.to.zoning).and.
is.considered.to.be.an.excellent.refractory.material.because.it.interacts.with.several.

fIgure �.� Refractory.surface.wear.dominated.by.chemical.corrosive.(dissolution).
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components.of.the.gasifier.slag,.forming.high.melting.point.phases.(solid.solutions.or.
spinels)..It.is.also.highly.insoluble.in.the.molten.slag.during.normal.gasifier.opera-
tion..The.refractories.used.to.line.a.gasifier.are.not.fully.dense,.in.part.because.of.
thermal.shock.associated.with.the.refractory.material.in.the.application..Because.of.
the.porous.nature.of.chrome.oxide.refractories.and.the.small.thermal.gradient.across.
them.during.service,.slag.can.penetrate.deeply.within.the.refractory,.setting.up.the.
basis.for.refractory.wear.by.spalling.and.chemical.corrosion.

Refractory.wear.by.several.types.of.spalling.in.a.gasifier.is.shown.in.figure.1.6..
The.pinch.spalling.(a).probably.originates.from.compressive.hoop.stress.due.to.the.
vessel.steel.shell.or.improperly.manufactured.or.installed.refractory..Thermal.spall-
ing. (b),.visible.on. the.brick.edge. in. this.example,. is.caused.by. rapid. temperature.
fluctuation.in.the.vessel..Structural.spalling.(c).may.be.due.to.a.complex.combination.
of.factors,.such.as.shell.stress.loading,.slag.infiltration,.thermal.cycling,.or.long-term.
creep..As.shown,.pinch.spalling.and.thermal.spalling.occur.in.isolated.areas.of.the.
gasifier..Structural.spalling.and.corrosion.can.occur.throughout.the.gasifier.and.are.
the.predominant.wear.mechanisms.in.air-cooled.slagging.gasifiers.

Bakker32.discussed.how.spalling.can.incrementally.remove.large.portions.of.a.
gasifier.refractory,.rapidly.shortening.refractory.service.life.as.large.pieces.of.mate-
rial.are.physically.removed.vs..a.slow.material.dissolution.in.slag..The.effects.of.both.
chemical.dissolution.and.spalling.on.the.wear.of.a.refractory.are.shown.in.figure.1.7..
As.mentioned,.factors.such.as.the.gasifier.operational.temperature,.thermal.cycling.
of.the.gasifier,.and.slag.infiltration.into.a.refractory.have.a.pronounced.influence.on.
refractory.spalling.

The.combined.wear.mechanisms.of.high–chrome.oxide.gasifier.linings.in.air-
cooled.slagging.gasifiers.are.shown.in.figure.1.8..Refractory.wear.or.failure.is.influ-
enced.by.a.number.of.factors,.including.gasifier.design.(air.vs..water.quench.in.the.
lower. cone. area),. how. the. gasifier. is. operated. (material. throughput,. temperature,.
number.of.cycles.per.campaign),.the.composition.of.the.refractory.and.how.it.with-
stands.chemical.corrosion/physical.wear,.the.quality.of.the.refractory.(internal.flaws.
or. exterior. dimensions),. and. how. well. the. material. is. installed.. In. most. slagging.
gasifiers,.the.most.common.means.of.refractory.failure.is.by.chemical.corrosion.and.
spalling,.although.wear.caused.by.burner.misalignment.can.be.problematic.

Water-cooled.slagging.gasifier.linings,.such.as.the.Shell.gasifier,.have.a.differ-
ent. refractory. lining. makeup. than. the. chrome. oxide. materials. used. in. the. GE. or.
ConocoPhillips.designs..This. type.of.gasifier.uses.a. thermally.conductive.hot.face.
refractory.lining.to.solidify.(freeze).gasifier.slag.on.the.refractory.surface,.preventing.
refractory.corrosion..The.refractory.linings.can.be.high.in.SiC,.a.conductive.ceramic.
material,.and.may.contain.alumina.with.a.bonding.material.such.as.calcium.alumi-
nate.cement.if.a.monolithic.vs..brick.lining.is.used..In.use,.a.lining.wears.to.some.
equilibrium.thickness.that.is.a.balance.of.refractory.surface.temperature.and.frozen.
slag.thickness..If.the.refractory.lining.is.installed.as.a.monolithic.material,.it.is.held.in.
place.by.steel.anchors.fastened.to.the.gasifier.steel.shell..Failure.of.the.gasifier.refrac-
tory.is. typically.by.separation.of.the.refractory.lining.from.the.steel.shell,. leading.
to.a.poor.heat.transfer.and.fluidization.of.slag.on.the.refractory.surface,.followed.by.
refractory.corrosion..Refractory.failure.can.also.occur.by.a.reaction.between.SiC.in.
the.refractory.and.FeO.from.the.slag,.forming.SiO2,.CO,.and.metallic.iron..Separation.
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fIgure �.� Spalling.examples.in.gasifier.refractory:.(a).pinch.spall.along.refractory.joint,.
(b).thermal.spall,.and.(c).structural.spall.(circled.material).
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fIgure �.� Stages.of.refractory.wear.

Creep

Chemical Corrosion   

Refractory Wear

Material Issues Refractory Issues Gasifier Issues

Physical Wear
- Type
- Quality

- Design
- Installation
- Operation

Thermal Shock- Molten slag
- Hot gas/molten salt

Erosion
- High velocity

particulate 
- Flowing slag

Spalling
- Thermal    
- Structural 
- Pinch        
- Chemical 

fIgure �.� Causes.of.refractory.failure.in.a.slagging.gasifier.
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of.the.steel.shell.from.the.refractory.is.caused.by.steel.anchor.failure.due.to.hot.gas.
or.slag.corrosion,.metal.fatigue,.or.metal.failure..In.practice,.a.water-cooled.gasifier.
lining.can.last.upwards.of.8.years.

�.�� researCh needs/fuTure dIreCTIon

Technological.advances.in.gasification.are.necessary.to.improve.the.efficiency,.reli-
ability,.and.on-line.availability.of.gasifiers.and.their.product.quality.if.gasification.
is. to.play. a. larger. role. in. chemical. production.or. power.generation..Limits. exist,.
for.instance,. in.the.on-line.availability.of.some.types.of.gasifier.liners.because.of.
slag.attack.and.wear.of.refractory.liners..This.slag.attack/wear.can.result.in.a.gas-
ifier.cycling.down.for. repair.or. reline.as. frequently.as.once.every.2. to.3.months..
Other.material.issues.exist.associated.with.wear.or.corrosion.of.gasification.valves.
or.downstream.process.components.that.clean.or.convert.syngas.into.raw.materials.
used.in.other.processes..Gasification.is.currently.used.in.a.variety.of.applications,.
including.supplying.syngas.for.power.generation,.raw.materials.(primarily.CO.and.
H2).for.chemical.processes,.steam.for.industrial.processes,.and.H2.for.petrochemical.
refining..It.has.also.proven.to.be.an.environmentally.sound.technology.for.convert-
ing.low-value.carbon.by-products.from.petroleum.refining.into.higher-value.chemi-
cals.used.throughout.society..Gasification.holds.tremendous.potential.as.a.reliable,.
environmental,. and. economically. sound. source. of. H2. for. future. applications. that.
include.fuel.cells.and.automobiles..Advances.in.gasification.and.syngas.processing.
technology.would.greatly.enhance.the.economic.justification.for.H2.technology..Key.
areas.of.gasification.research.are.as.follows:

. 1..Gasification:11

Plant. designs. should. be. optimized. to. allow. for. flexibility. in. carbon.
feedstock,.differences.in.manufacturers’.equipment,.and.differing.pro-
cess.technology.
Future.gasification.facilities.should.be.designed.with.syngas.output.flex-
ibility.to.meet.varying.market.demands..This.may.include.co-produc-
tion.capability.so.two.or.more.products,.such.as.H2,.syngas,.or.power,.
can.be.produced.and.marketed.
Improved. instrumentation. and. control. technology. of. the. gasification.
process.(especially.temperature.monitoring.devices).
Longer-life.refractory.liners.for.gasifiers.
The. development. of. non-chrome. oxide. refractories. (because. of. real/
perceived.concerns.with. the. formation.of.hexavalent.chrome.and. the.
associated. environmental. risks.. Note. that. except. with. the. potential.
formation.of.hexavalent.chrome.with.biomass.feedstock,.this.is.not.a.
known.issue.
Longer-life.burners.and.burner.assemblies.able.to.handle.a.wider.vari-
ety.of.feedstock.
Increased.efficiency.gasification.systems.
Improved.wear.and.corrosion-resistant.materials.for.downstream.use.in.
gasification.plants.

•

•

•

•
•

•

•
•
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Measurement.techniques.to.actively.monitor.refractory.lining.thickness.
during.gasifier.operation.

. 2..Syngas.processing:
Advanced.cleaning.and.processing.technology.is.necessary.for.raw.syn-
gas,.with.an.emphasis.on.gas.throughput,.composition,.and.purification.
Advanced.syngas.cleaning.and.conditioning.processes.are.needed.that.
efficiently.remove.contaminants.at.high.temperatures,.producing.ultra-
clean.syngas.
Advances.in.syngas.processing.are.needed.that.capture.and.sequester.
CO2.efficiently.and.at.a.low.cost.
More.outlets.for.syngas.products.and.by-products.are.necessary.
Sulfur-tolerant.catalysts. for.water–gas. shift. reactors.are.necessary. to.
lower.syngas.processing.costs.
The.development.of.novel.membranes.for.advanced,.low-cost.separa-
tion/concentration.of.specific.syngases.is.necessary..This.would.include.
H2,.CO2,.CO,.and.gaseous.impurities.(such.as.H2S)..Membranes.to.sep-
arate.other.gases.from.air,.such.as.O2.or.N2,.are.also.needed..Improve-
ments.could.include.a.reduction.in.the.number.of.steps.or.stages.in.a.
process.or.in.processing.speed.
Advanced.technology.concepts/processes.are.necessary.that.could.com-
bine.processing.stages.such.as.H2.separation.and.the.water.shift.reaction.
into.one.step,.with.the.goal.of.reducing.syngas.processing.costs.11,33

Future.trends.in.gasification.are.clearly.toward.increasing.fuel.output.flexibility,.
feedstock.flexibility,.gasification.efficiency,.and.on-line.availability..Liner.material.
research.is.split.into.three.types:.materials.for.units.that.generate.dry.ash,.slagging.
units.that.are.water.cooled,.and.slagging.units.that.are.air.cooled..Research.in.air-
cooled.slagging.gasifiers.is.directed.at.improved.chrome.oxide.and.non-chrome.oxide.
linings..Currently.used.chrome.oxide.liner.materials.do.not.meet.the.service.life.needs.
of.industry.and.will.probably.only.show.incremental.performance.improvements.in.
the.future.unless.changes.are.made.in.the.design.and.operation.of.gasifiers..As.the.
cost.of.gas.and.liquid.feedstock.increases.and.the.availability.of.high-quality.coal/
petcoke.decreases,.gasifiers.will.be.utilized.for.lower-quality.feedstock.such.as.coal.
with.high.ash.and.sulfur.impurities..Gasifiers.must.be.designed.to.operate.efficiently.
for.long.periods.with.these.feedstocks..With.increases.in.the.quantity.and.potential.
hazardous.materials. in. the.ash,. slagging.gasification.will.become.more. important.
because.of.its.ability.to.fuse.ash.(so.it.occupies.less.volume).and.transform.it.into.an.
environmentally.acceptable.glass.phase..Because.gasification.is.a.closed.system,.the.
capture.of.CO2.greenhouse.gas.emissions.may.become.an. important. factor. in. the.
future.consideration.of.this.technology..The.increased.recovery.of.trace.impurities.
in.the.carbon.feedstock.ash.will.also.become.important.for.gasification.by-product.
recovery..The.rising.cost.and.instability.of.some.petroleum-based.carbon.feedstock.
will.also.act.as.a.driving.force.for.increased.use.of.gasification.in.countries.with.large.
deposits.of.fossil.fuel..Other.feedstocks,.such.as.biomass,.require.the.development.of.
a.reliable.and.efficient.gasification.process..In.general,.gasification.must.compete.on.
a.cost.basis.with.other.technology.if.it.is.to.be.widely.utilized.by.industry.

•

•

•

•

•
•

•

•
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�.�� summary

Gasification.has.been.reliably.used.by.industry.since.the.1950s.and.1960s.to.produce.
syngas.(H2.and.CO).for.use.in.power.generation.or.as.a.feedstock.in.chemical.syn-
thesis..The.process.of.gasification.occurs.when.water,.oxygen,.and.a.carbon.source.
are. reacted.at.elevated. temperatures.and.pressures. in.a. reducing.gasifier.environ-
ment.. The. general. chemical. equation. for. gasification. is. CxHy. +. x/2. O2. →. x. CO.
+.y/2.H2.+.(heat,.C)..Gasification.uses.carbon.from.a.variety.of.sources,.the.most.
common.being.coal.or.petroleum.based..It.is.considered.an.excellent.way.to.process.
by-products.from.petroleum.processing,.materials.that.have.environmental.liabilities.
limiting.their.use..The.gasification.process.typically.occurs.at.temperatures.between.
1,250.and.1,575°C.and.pressures.from.300.to.1,200.psi—temperatures.and.pressures.
that.break.down. the.carbon. feedstock. into.CO.and.H2. (called.syngas)..A.number.
of.different. types.of.gasifiers.are.used.commercially,.with. two.varieties. (General.
Electric.and.Shell).comprising.120.of.the.155.facilities.planned.or.in.use.through-
out.the.world..By-products.or.waste.materials.generated.in.the.gasification.process.
(such.as.H2S,.COS,.HCN,.CO2,.N2,.and.carbon/soot).are.typically.removed.at.the.
gasification.site.by.beneficiation..Syngas.is.also.processed.for.H2.that.is.used.in.the.
petrochemical.industry.or.to.manufacture.fertilizer..To.produce.a.higher.H2.yield,.
syngas.usually.has.the.CO.present.converted.into.CO2.and.H2.through.the.water.shift.
gas.reaction.[CO.+.H2O.(gas).→.H2.+.CO2]..Currently.about.10%.of.all.H2.produced.
originates.from.syngas..Syngas.used.in.applications.like.power.generation.or.as.a.
source.of.H2. for. fuel. cells.must.have. the.S. reduced. to.very. low. levels.because. it.
reacts.with.other.attacks.of.materials..The.removal.of.S.can.involve.multiple.stages.
of.chemical.processing,.raising.production.costs..Because.of.the.rising.cost.of.natu-
ral.gas.used.to.produce.H2.by.steam.methane.reforming.[CH4.+.H2O.(gas).→.CO.
+.3.H2],.gasification.is.expected.to.play.a.larger.role.in.future.gas.production..The.
refractory.liners.of.gasifiers.have.been.identified.as.one.of.the.major.limitations.to.
greater.on-line.availability.of.commercial.gasifiers..Air-cooled.slagging.gasifiers.use.
high—chrome.oxide.prefired.shapes. that. fail.by.chemical.corrosion.and.spalling..
Water-cooled.gasifier.liners.fail.because.of.separation.of.the.monolithic.refractory.
material.from.the.steel.shell,.leading.to.refractory.failure.by.chemical.corrosion.or.
thermodynamic.interaction.with.the.slag..Gasification.research.or.syngas.processing.
research.is.needed.if.the.gasification.process.is.to.have.the.cost.competitiveness.and.
on-line.reliability.of.other.chemical.processes.
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�.� baCkground of hydrogen 
generaTIon vIa eleCTrolysIs

Hydrogen.generation.can.be.accomplished.via.traditional.DC.electrolysis.of.aque-
ous.solutions.at.temperatures.less.than.about.100°C..However,.electrolysis.of.steam.
can.also.be.accomplished.at.higher.temperatures.at.the.cathode.of.electrolytic.cells.
utilizing.solid.membranes..The.solid.membranes.typically.are.electronic.insulators.
and.need.to.be.gas-tight.(hermetic),.but.have.the.special.property.of.being.able.to.
conduct.ions.via.fast.diffusion.through.the.solid..Generally.the.cells.(cathode/elec-
trolyte/anode). are. known. by. the. chemical. name. of. their. solid. electrolytes.. It. has.
been.found.for.some.operating.hydrogen.fuel.cell.anode/electrolyte/cathode.systems.
that.the.fuel.cell.reactions.at.the.electrodes.are.reversible.and.can.be.operated.in.an.
electrolysis.mode..However,.reversibility.has.not.been.demonstrated.for.all.cathode/
electrolyte/anode.combinations.

Hydrogen. production. via. conventional. electrolysis. largely. depends. upon. the.
availability.of.cheap.electricity.(e.g.,.from.hydroelectric.generators)..Consequently,.
only.about.5%.of.the.world.hydrogen.production.is.via.electrolysis..The.only.com-
plete.hydrogen.production.process.that.is.free.of.CO2.emissions.is.water.electrolysis.
(if.the.electricity.is.derived.from.nuclear.or.renewable.fuels)..However,.97%.of.the.
hydrogen.currently.produced.is.ultimately.derived.from.fossil.energy..Currently,.the.
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most.widely.used.and.economical.process.is.steam.reforming.of.natural.gas,.a.pro-
cess.that.results.in.CO2.emissions.

�.� loW-TemPeraTure eleCTrolysIs of WaTer soluTIons

The.reversible.electrical.potential.(∆G/nF.=.Erev).to.split.the.O–H.bond.in.water.is.
1.229.V..In.addition,.heat.is.needed.for.the.operation.of.an.electrolysis.cell..If.the.
heat.energy.is.supplied.in.the.form.of.electrical.energy,.then.the.thermal.potential.
is.0.252.V.(at.standard.conditions),.and.this.voltage.must.be.added.to.Erev.(i.e.,.add.
entropic. term. T∆S. to. ∆G).. The. (theoretical). decomposition. potential. for. water. at.
standard. conditions. (for. ∆H. ≅. ∆H°). is. then. 1.480. V.. This. is. shown. in. figure.2.1..
Anode.and.cathode.reactions.for.electrolysis.(see.figure.2.1).are:

. Anode:.2.OH–.→.1/2.O2.+.H2O.+.2.e– (2.1)

. Cathode:.2.H2O.+.2.e–.→.H2.+.2.OH– (2.2)

For.alkaline.electrolysis,.OH–.ions.must.be.able.to.move.through.the.membrane.
(under.influence.of.the.electric.field).from.the.cathode.chamber.into.the.anode.cham-
ber.to.supply.OH–.to.participate.in.the.reaction.(equation.2.1).at.the.anode.

Irreversible. processes. that. occur. at. the. anode. and. cathode. and. the. electrical.
resistance.of.the.cells.cause.the.actual.decomposition.potential.(voltage).to.increase.
to.about.1.85.to.2.05.V..This.means.that.the.electrolysis.efficiency.will.be.between.72.
and.80%..The.total.electrical.resistance.of.the.cell.is.dependent.upon.the.conductiv-
ity.of.the.electrolyte,.the.ionic.permeability.of.the.gas-tight.diaphragm.that.separates.
the.anodic.region.from.the.cathodic.region,.and.the.current.density.(normally.in.the.
fairly.moderate.range.of.0.1.to.0.3.A.cm–2)..Higher.KOH.concentrations.(up.to.47%).
yield.higher.conductivity,.but.this.usually.greatly.increases.the.corrosion.of.various.
cell.components.

Common.aqueous.electrolytes.are.better.conductors.at.slightly.elevated.tempera-
tures.(70.to.90°C),.so.the.electrolysis.cells.are.operated.at.these.conditions..The.orig-
inal.discovery.of.electrolytic.water.splitting.used.acidic.(diluted.H2SO4).water,.but.in.
industrial.plants.an.alkaline.(e.g.,.25.wt%.KOH).medium.is.preferred.because.cor-
rosion.is.more.easily.controlled.and.cheaper.materials.can.be.utilized..Diaphragms.
(see. figure.2.1). are. made. either. of. polymers. (polysulfonate. type). or. from. porous.
ceramics.(e.g.,.asbestos.or.barium.titanate)..In.some.configurations,.the.electrodes.
are.placed.directly.at.the.surface.of.the.diaphragm.to.reduce.the.voltage.drop.and.
minimize.heat.losses..The.cathode.material.has.historically.been.made.from.steel.
and.the.anode.material.from.nickel.or.nickel-coated.steel..The.cell.walls.have.been.
made.from.carbon.steel..The.heat.generated.in.the.electrolyte.must.be.removed.by.
water.cooling..Pure.water.has.to.be.added.to.the.cell.to.replace.the.water.that.is.dis-
sociated.to.hydrogen.and.oxygen.gases.

In.order.to.reduce.the.actual.cell.voltage.downward.toward.the.1.48.value.(reduce.
energy. consumption),. many. different. catalytic. materials. have. been. examined. for.
use. as. anodes. or. cathodes. (or. coatings. on. underlying. electrodes).. Research. was.
conducted.in.Germany.in.the.1980s.and.1990s.on.advanced.materials.and.designs.
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for.alkaline.water.electrolysis.cells.1.Electronically.conductive,.metal.oxides.(e.g.,.
La0.5Sr0.5Co3,.LaNi0.2Co0.8O3,.or.RuO2).were.investigated.for.use.as.anodes.and.vari-
ous.metal.alloys.(e.g.,.Ni/Co,.fine.Raney.iron,.Raney.Ni/Co,.Pt-black.platinized.Ni).
were.evaluated.by.Wendt.et.al.2.for.possible.use.as.cathodes..Raney.nickel.is.a.highly.
porous.nickel.coated.onto.supporting.nickel.or.stainless.steel.electrodes,.and.can.be.
produced.by.a.number.of.different.methods.3.Many.times.these.activated.electrodes.
provide.enhanced.performance,.but.they.can.have.a.short.lifetime.

In.recent.years.(1999.to.present),.experiments.on.metal.coatings.(e.g.,.Ni-Fe-Mo,.
Ni-Fe,.or.Ni-Co.alloys).as.catalysts.for.the.cathode.(in.order.to.reduce.polarization).
have.been.conducted.4.Mild.steel.is.often.used.as.the.underlying.substrates..Materials.
evaluated.for.catalysts.have.included.hydrogen.storage.alloys.(Mm.=.Misch.metal;.
Ni3.6Co0.75Mn0.4Al0.27,.LaNi4.9Si0.1,.and.Ti2Ni)..These.alloys.were.layered.on.top.of.a.
nickel-molybdenum.coating.with.an.underlying.nickel.foam.substrate.and.seem.to.
show.promise.for.both.electrocatalytic.activity.and.stability.5.Work.on.mixed-metal.
oxide.catalysts.(in.order.to.reduce.anode.polarizations).has.included.deposition.(e.g.,.
sol-gel.method).of.spinel.(NiCo2O4).on.substrates6.of.mild.steel,.nickel,.or.titanium..
These.layered.structures.demonstrated.a.high.(compared.to.Ni).and.stable.activity.
(during.200.h.of.operation).

There.has.been.some.recent. interest. in.selective.electrolysis.of. seawater. (e.g.,.
electrolytes.of.0.5.M.NaCl.@.pH.12).in.desert.coastal.areas.(no.freshwater).to.pro-
duce.hydrogen.(for.possible.use.with.carbon.dioxide.to.produce.methane).and.oxygen.
(not.chlorine)..In.a.study.by.Abdel.Ghany.et.al.,7.anodes.of.Mn1–xMoxO2+x.(on.IrO2/Ti.
substrates).were.prepared.using.anodic.deposition.from.MnSO4-Na2MoO4.solutions..
When.running.at.a.current.density.of.1,000.Am–2.at.30°C,.an.increase.in.solution.
temperature. resulted. in.dissolution.of. the.oxides.as.molybdate.and.permanganate.
ions..Additions.of.iron.to.the.oxides.greatly.aided.in.the.chemical.stability.(30.to.
90°C.range).and.also.enhanced.the.oxygen.evolution.efficiency.

The.fluorinated.polymer.polytetrafluorethylene.(PTFE).diaphragm.is.stable.in.
hot.KOH;.however,.membranes.made.with.this.material.tend.to.become.gas.clogged.
and.are.not.suitable.as.diaphragm.materials..Wendt.and.Hofmann8.conducted.a.study.
to. replace. the. conventional. asbestos.diaphragm. (that.dissolves. in. caustic.KOH.at.
temperatures. above. 90°C). with. polymer-bonded. (PTFE-type). composites.. These.
composites.included.an.inorganic.material.(ZrO2,.Ca-.or.Ba-titanate,.or.K-hexatita-
nate)..The.polymer-bonded.materials.showed.too.high.of.an.electrical.resistance.for.
“sandwich”.cell.designs,.so.they.were.not.pursued..The.polymer-bonded.materials.
might,.however,.be.used.as.gaskets.

The.electrolysis.diaphragm.generally.is.fabricated.to.include.fine.pores.(vs..being.
an.ionic.(OH–).conductor).such.that.it.passes.electrolytes..But,.it.must.prevent.unhin-
dered.intermixing.of.the.catholyte.and.anolyte.since.these.liquids.are.really.a.two-
phase.mixture.of.electrolyte.with.a.dispersion.of.gas.bubbles.(hydrogen.and.oxygen,.
respectively).and.hydrogen.gas.cannot.be.mixed.with.oxygen.gas..In.order.to.operate.
efficiently,.the.diaphragm.must.not.be.clogged.by.gas.bubbles.that.may.intrude.into.
the.pore.mouths.or. that.may.precipitate.out.within. the.pores. from.supersaturated.
(high-pressure.operation).electrolyte.solutions..The.diaphragm.must.also.offer.suf-
ficiently. high. hydrodynamic. resistance. to. retard. intermixing. of. oxygen-saturated.
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fIgure �.� (a).Schematic.of.water.(alkaline).electrolysis..(b).Two.large.(200.Nm3/h).atmo-
spheric,.alkaline,.multicell.electrolysis.stacks.generating.hydrogen.at.the.Norsk.Hydro.Company.

5024.indb   40 11/18/07   5:44:56 PM



Materials	for	Water	Electrolysis	Cells	 ��

anolyte.with.hydrogen-saturated.catholyte.due.to.any.pressure.differences.between.
the.two.chambers.and.also.prevent.diffusion.of.gas.molecules.

Diaphragms.made.of.sintered.metals.are.not.easily.incorporated.into.a.bipolar-
type.cell.and.do.not.permit.zero-gap.cell.geometries..Therefore,.Wendt.and.Hof-
mann8.further.investigated.metal-ceramic.cermets..Nickel.(low.carbon,.low.sulfur).
was.the.most.stable.against.corrosion.(220°C).of.the.various.other.metals.that.were.
evaluated.(titanium,.zirconium)..Nickel.mesh-supported,.sintered.nickel.cermets.uti-
lizing.NiTiO3.or.BaTiO3.were.fabricated.and.showed.good.in-cell.performance.

Norsk.Hydro.Electrolyzers.(NHE).in.Norway.is.a.leading.producer.of.alkaline.
electrolyzers.(see.figure.2.1b,.where.individual.cells.are.linked.in.series.electrically.
and.geometrically.in.a.bipolar.filter.press.configuration)..Kreuter.and.Hofmann9.dis-
cuss. the.efficiency,.operability,. safety,.and.economics.of. scaling.up.alkaline-type.
electrolysis.cells.to.large.plants,.including.the.advanced.pressurized.(30-bar).alka-
line.prototype.built.by.Gesellschaft.fur.Hochleistungselektrolyseure.zur.Wasserstof-
ferzeugung.(GHW).in.Germany.

�.� loW-TemPeraTure Pem-TyPe eleCTrolyzers

Proton.exchange.membrane.or.PEM-type.water.electrolyzers.utilize.thin.films.(e.g.,.
0.25.mm).of.a.proton-conducting.ion.exchange.material.instead.of.a.liquid.electro-
lyte..When.a.reverse.polarity.is.applied.to.a.PEM.fuel.cell,.the.fuel.cell.reactions.are.
reversed.and.become.water.electrolysis.reactions.(see.equations.2.6.to.2.8)..PEM.fuel.
cells.have.been.the.subject.of.research.and.development.for.decades..In.the.1960s.
NASA.used.PEM.cells.for. their.Hope,.Gemini,.and.Biosatellite.missions..After.a.
lull. in. the.1980s,. a. rush.of.development.began. in. the.early.1990s. for. transporta-
tion.applications..This.was.initiated.by.improvements.in.bonded.electrodes,.which.
enabled.much.higher.current.densities..These.improvements.can.be.advantageous.to.
PEM.cells.used.as.electrolyzers.

The.PEM.cells.typically.use.sulfonated.polymer.(e.g.,.Nafion™).electrolytes.that.
conduct.the.protons.away.from.the.anode.to.the.cathode.(in.electrolysis.mode)..For.
smaller.generators,.the.solid.polymer.can.be.more.attractive.than.a.dangerous,.caus-
tic.electrolyte..A.complicating.factor.is.that.the.solid-state.conduction.of.the.protons.
is.accompanied.by.multiple.water.molecules. (H2O)nH+..Also,. the.membrane.must.
be.kept.hydrated.to.sustain.the.conduction.mechanism..Therefore,.water.recycling.
becomes. a. large. consideration. since.water. is. constantly. removed. from. the. anode.
and.reappears.at.the.cathode.(mixed.with.the.hydrogen)..At.temperatures.less.than.
100°C,.gaseous.hydrogen.is.easily.removed.from.liquid.water,.but.the.hydrogen.still.
contains.water.vapor.that.most.likely.requires.dehumidification.(e.g.,.pressure.swing.
adsorption.dryer)..Electrodes.generally.have.utilized.finely.divided.platinum.black.
or,.more.recently,.IrO2.or.RuO2.(for.increased.electronic.conductivity).as.catalysts.10.
Research. is. currently. being. conducted. into. PEM-type. membranes. that. have. bet-
ter.kinetics,.yet.are.chemically.stable.at.elevated.temperatures.such.that.they.could.
operate.in.steam.11

PEM.water.electrolysis.cells.have.a.potential.advantage.over.traditional.low-tem-
perature.electrolysis.cells.(e.g.,.KOH.in.water.electrolytes.with.palladium,.titanium,.
or. alternative. metal. or. ceramic. electrodes12,13). because. PEM. devices. have. been.
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shown.to.be.reversible..They.can.“load.level”.by.generating.electricity.from.hydro-
gen.(and.oxygen).operating.as.a.fuel.cell.when.needed.(peak).and.reverse.to.operate.
as.an.electrolyzer.by.consuming.electricity.to.produce.hydrogen.(and.oxygen)..This.
is. convenient. if. excess. electricity. is. available.during. low.periods.of. consumption.
(off-peak).14.PEM.electrolysis.cells.could.also.be.used. in.hybrid.systems.utilizing.
solar.energy.15

Because.of.all.the.developments.in.PEM.fuel.cell.technology,.small.PEM.elec-
trolysis.plants.are.becoming.available..Small. (up. to.240.SCF/h.=.6.Nm3/h).PEM.
electrolysis. units. are. now. available. commercially. from. Proton. Energy. Systems,16.
and.efforts.are.being.made.to.reduce.their.production.cost.17.Hamilton.Sundstrand18.
has.been.manufacturing.SPE™.electrolysis.systems.(PEM).for.a.number.of.years.for.
the.U.S..Navy..Treadwell.Corp.19.has.recently.developed.PEM.generators.(20.to.170.
standard.liters.per.minute.or..SLPM).at.pressures.of.up.to.1,100.psi..Hydrogenics.
Corp.20.is.manufacturing.two.units.(1.1.and.30.Nm3/h),.and.Giner.Electrochemical.
Systems21.is.developing.a.PEM.electrolysis.unit..Some.critical.attention.to.cell.stack.
lifetime.must.be.paid.in.light.of.the.degradation.and.thinning.of.Nafion.117.PEM.
electrolytes.identified.in.long-term.tests.in.Switzerland22.(two.100-kW.PEM.water.
electrolyzer. plants).. The. thinning. process. proceeded. via. dissolution. of. the. mem-
brane.from.the.interface.between.the.cathode.and.the.membrane..The.degradation.
rate.depended.upon.the.position.within.an.individual.cell.as.well.as.the.position.of.
the.cell.in.the.electrolyzer.stack.

Ando.and.Tanaka23.have.recently.used.a.Nafion.electrolyte.in.electrolysis.mode.
to. decompose. two. water. molecules. to. simultaneously. generate. one. molecule. of.
hydrogen. and. one. of. hydrogen. peroxide. (used. in. paper/pulp. and. chemical. indus-
tries)..They.do.this.by.using.a.high.applied.voltage.(1.77.to.2.00.V).in.a.two-electron.
transfer.process.(cathode,.2.e–.+.2.H+.→.H2;.anode,.2.H2O.→.HOOH.+.2.H+.+.2.e–).
and.a.NaOH.anolyte.collection.solution..No.oxygen.is.generated.

�.� loW-TemPeraTure InorganIC 
membrane eleCTrolyzers

Electrolyzers.operated.at.low.temperatures.do.not.take.full.advantage.of.thermody-
namic.efficiency.advantages..The.required.cell.voltage.drops.considerably.(to.Eo°.
=.0.9.V.at.927°C).because.of.the.positive.entropy.value.(∆G°.=.∆H°.–.T∆S°).when.
operating. at. high. temperatures.. However,. sealing. bipolar. plate. devices. should. be.
easier.at. low.temperatures.since. thermal.cycling.would.not.result. in.high.stresses.
due.to.thermal.expansion.mismatches.between.cell.components.and.sealing.mate-
rial..Also,.inorganic.membranes.will.be.more.chemically.stable.in.the.200.to.300°C.
temperature.range.than.most.organic.proton-conducting.membranes..A.typical.pres-
surized-water.nuclear.reactor24.heats.water.from.285°C.to.306°C.(at.2150.psia).in.its.
core.and.might.be.a.heat.source.(heat-exchanged.steam.at.temperatures.significantly.
lower.than.the.core.temperature).for.a.low-temperature.electrolysis.device.

Solid.inorganic.materials.exhibiting.fast.proton.conduction.at.low.temperatures.
seem.to.be.more.prevalent.than.fast.oxygen.ion.conductors..Some.proton-conducting.
glasses.achieve.high.proton.mobility.due.to.incorporation.of.water.(bonded.to.POH.
groups)..These.glasses.can.be.fabricated.by.sol-gel.techniques.at.low.temperatures..
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However,. the.gels.are.deliquescent.and.also.are.easily.fractured. into.pieces.when.
heated.25.This.limits.the.practical.application.of.these.glasses.to.very.low.tempera-
tures,.and.therefore.limits.the.flux.values.of.hydrogen.that.can.be.achieved..Fabri-
cation.of.proton-exchanged.β"-alumina.compositions.is.difficult.because.waters.of.
hydration. are. lost. during. firing,. and. therefore. the. crystal. structure. is. irreversibly.
destroyed.26.One.approach.used.to.solve.this.problem,.for.β"-alumina,.has.been.to.
fabricate.a.potassium.ion.crystal.structure.by.firing.to.high.temperatures..Then,.at.
room.temperature,.protons.can.be.electrochemically.ion.exchanged.into.the.crystals.
from.a.mineral.acid.27,28.Since.the.potassium.ion.is.larger.than.the.sodium.ion,.using.
the.potassium.composition.lessens.lattice.strain.during.the.proton.exchange.process..
In. these. oxide. ceramics,. two. protonic. species. can. exist.. The. first. type. is. a. H2O.
molecule.associated.with.a.proton.as.a.hydronium.ion.(H3O+)..The.second.type.is.a.
proton.bound.to.an.oxygen.ion.of.the.crystal.lattice.(=OH+).

Ion.exchange.techniques.have.also.been.applied.to.compositions.of.the.family.
of. three-dimensional. sodium. ion-conducting. “NASICON.”. NASICON. is. a. three-
dimensional.conductor,.whereas.β"-alumina.is.a.two-dimensional.conductor..NASI-
CON.membranes.have.primarily.been.used.for.efficiently.producing.caustic.(NaOH).
from.concentrated.sodium.salts.dissolved.in.water.29.NASICON.is.a.family.of.com-
positions;. the. original. NASICONs. were. solid. solutions. derived. from. NaZr2P3O12.
by.partial.replacement.of.P.by.Si.with.Na.excess.to.balance.the.negative.charges.to.
generate.the.formula.Na1+xZr2P3–xSixO12.(0.≤.x.≤.3)..NASICON.compositions.have.
been.prepared.by.a.sol-gel.route,.and.then.the.membranes.ion.exchanged.with.hydro-
nium.ions.30.However,.severe.difficulties.with.cracking.of.dense.membranes.occur.
during. the. ion.exchange.31.Recently,.a. sintered.proton-exchanged.NASICON-type.
composition.known.as.PRONAS™.has.become.available.in.experimental.quantities.
from.a.commercial.supplier.32.This.material.was.designed.for.use.in.liquid.systems,.
but.reportedly.has.been.tested.as.a.membrane.for.hydrogen.gas.separation..Presum-
ably,. the.PRONAS.composition.was. sintered.and. then.proton.exchanged.at. room.
temperature;.however,.no.chemical.composition.or.processing.details.are.available.
at.this.date.

Historically,.there.have.been.only.a.few.articles.regarding.materials.(including.
various.phosphates).exhibiting.fast.proton.conduction.at.low.temperatures..These.
include. early. reviews. by. Farrington. and. Briant33. and. McGeehin. and. Hooper.34.
McGeehin.concludes.that.slow.proton.conduction.is.associated.with.the.instabil-
ity.of.the.hydride.(H–).ion.in.oxidizing.environments.and.the.ease.with.which.the.
small.proton.(H+). is. trapped..Problems.associated.with. fabricating.dense,.poly-
crystalline. membranes. of. these. materials. should. be. parallel. to. those. of. NASI-
CON..The. low-temperature.proton.conductivity.of.materials.such.as.CsHSO4,35.
M3H(XO4)2.(M.=.K,.Rb,.Cs,.and.X.=.S,.Se),36.CsH2PO4,37,38

.H5GeMo11VO4.0.24.
H2O,39.HxMoO3.(0.<.x.<.2).40.(hydrogen.molybdenum.bronze),.or.the.similar.H0.46.
WO3.(hydrogen.tungsten.bronze).have.been.studied..However,.no.work.seems.to.
be.extant.related.to.fabrication.of.these.materials.into.membranes.for.fuel.cell.or.
steam.electrolysis.applications.
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�.� moderaTe-TemPeraTure InorganIC 
membrane eleCTrolyzers

Steam.electrolysis.is.feasible.at.moderate.temperatures.using.cells.constructed.with.
solid.inorganic.(ceramic).membranes..These.temperatures.could.range.from.approx-
imately.500.to.800°C.using.ceramic.membranes.that.are.either.oxygen.ion.or.proton.
conductors..This.temperature.regime.is.a.good.match.to.approximate.coolant.outlet.
temperatures.that.would.be.generated.by.various.experimental.nuclear.reactor.con-
cepts,41.such.as.Gas-Cooled.Fast.Reactor.System.(GFR).at.850°C,.Lead-Cooled.Fast.
Reactor.System.(LFR).at.550°C.(perhaps.up.to.800°C),.Molten.Salt.Reactor.(MSR).
at.700°C,.Sodium-Cooled.Fast.Reactor.System.(SFR).at.550°C,.and.Supercritical-
Water-Cooled.Reactor.System.(SCWR).at.550°C..Of.course.the.steam.temperature.
in.a.secondary.cooling.loop.would.be.somewhat.less.than.a.reactor’s.coolant.outlet.
temperature.due.to.heat.exchanger.inefficiencies.

One.approach.to.enable.operation.at.lower.temperatures.while.using.traditional.
materials.like.cubic.phase.zirconia.is.to.reduce.the.thickness.of.zirconia.electrolyte.
using.any.one.of.a.number.of.diverse.fabrication.techniques,.such.as.tape.calendar-
ing,42.vacuum.plasma.spraying,43,44.reactive.sputtering,45.pulsed-laser.plasma.evap-
oration,46. or. chemical. vapor. deposition. (CVD).47. Very. thin. electrolytes. generally.
have.to.be.supported.by.a.thicker,.porous.electrode..Wang45.mentions.the.problem.
of.microporosity.that.is.normally.observed.in.zirconia.electrolytes.when.using.the.
evaporative-type.deposition.techniques,.whereas.CVD-type.coatings.are.generally.
much.more.hermetic..INL.has.performed.experiments.with.Liquid.Injected.Plasma.
Deposition.(LIPD;.see.figure.2.2).where.mixed.cation.salts.(e.g.,.metal.nitrates).are.
dissolved.in.water.or.alcohol.and.pumped.to.be.misted.into.a.plasma.plume..The.
metal.nitrates.are.decomposed.in.the.plasma.to.form.very.fine.mixed-metal.oxide.
particles..These.particles.are.melted.in.the.plasma.and.are.concurrently.deposited.on.
a.substrate..Porous.layers.that.can.be.used.as.electrodes.are.easily.formed..Efforts.
are. ongoing. to. produce. thin,. dense/hermetic. layers. that.would.be. an. inexpensive.
substitute.for.CVD.coatings..A.mock-up.of.the.experimental.apparatus.in.use.at.INL.
is.shown.in.figure.2.3..For.illustration,.it.does.not.show.the.plasma.torch,.but.it.does.
show.the.programmable.syringe.pump.to.control.the.injection.rate.of.liquid.solution.
(left),. liquid/air. injection.nozzles. (red. tips),. holder.with. injection.ports. (including.
nozzle.shroud),.and.sample.to.be.coated.(in.holder.at.right).

The.other.approach.to.operating.at.lower.temperatures.is.to.develop.new.electro-
lyte.compositions.with.higher.ionic.conductivities.(for.a.given.temperature.range)..
Even.though.these.electrolytes.have.higher.ionic.conductivities.than.zirconia.at.tem-
peratures.in.the.600.to.800°C.range,.they.generally.have.not.been.applied.at.higher.
temperatures.for.a.variety.of.reasons:.(1). low.activation.energy.for.diffusion.such.
that,.while.ionic.conductivity.is.higher.than.zirconia.at.moderate.temperatures,.it.can.
be.lower.than.zirconia.at.high.temperatures;.(2).chemical.instabilities,.interdiffusion,.
or.reactions.with.other.cell.components.(electrodes,.bipolar.plate,.sealants);.(3).poor.
high-temperature.mechanical.or.creep.properties;.or.(4).a.desire.to.use.the.electro-
lyte.in.cell.stacks.in.conjunction.with.low-cost.metal.bipolar.plates.that.operate.best.
at.low.to.moderate.temperatures.(due.to.problems.with.low-conductivity.oxidation.
layers.formed.at.high.temperatures).
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dc plasma torch

cooling water out

gas inlet

liquid reactant atomizer

cooling channel

cooling water in

Plasma Torch LIPD of Coating

fIgure �.� Schematic.of.Liquid.Injected.Plasma.Deposition.technique.

fIgure �.� Equipment.in.use.at.INL.for.Liquid.Injected.Plasma.Deposition.

5024.indb   45 11/18/07   5:45:01 PM



��	 Materials	for	the	Hydrogen	Economy

Over. the. last. decade. there.has.been. significant.R&D. to. reduce. the.operating.
temperature.of.solid-oxide.fuel.cells.(SOFCs)..This.primarily.is.intended.to.enable.
the.use.of.cheaper.and.higher-conductivity.(compared.to.electronically.conductive.
ceramics.like.doped.lanthanum.chromite).bipolar.plates.made.from.metal.alloys.and.
at.the.same.time.minimizing.formation.of.the.low-conductivity.metal.oxide.layers.
that.greatly.increase.IR.(current.×.resistance).losses.in.a.bipolar.plate.stack.configu-
ration..This.has.spurred.the.trend.toward.fabrication.of.much.thinner.(e.g.,.films.in.
range.of.1.to.50.microns.for.reduced.electrical.resistance).electrolytes.that.are.elec-
trode.supported..Porous.support.electrodes.must.be.very.smooth,.such.that.the.thin.
electrolyte.layers.that.are.deposited.do.not.have.thru-holes.or.voids.that.cause.a.loss.
of.gas-tightness.

2.5.1 mOderate-temperature OxyGen iOn COnduCtOrS

The.electrolysis.reactions.to.produce.hydrogen.using.oxygen.ion.conductors.are:

. Cathode:.H2O.+.2.e–.→.H2.+.O–2. (2.3)

. Anode:.O–2.→.½.O2.+.2.e–. (2.4)

. Overall:.H2O.→.H2.+.½.O2. (2.5)

During.the.electrolysis.reaction,.oxygen.is.removed.from.the.reaction.site.via.the.
membrane.(oxygen.ion.conductor),.leaving.hydrogen.gas.and.any.unreacted.steam.on.
the.cathode.side..In.order.to.obtain.pure.hydrogen.gas,.the.hydrogen.must.be.sepa-
rated.from.the.steam.by.using.one.of.a.number.of.methods..Methods.could.include.
condensation.of.the.steam.(followed.by.drying).or.the.use.of.a.hydrogen-conducting.
membrane.(likely.used.at.elevated.temperature.and.perhaps.elevated.pressure).

In.the.last.few.years,.doped.LaGaO3.electrolyte.has.emerged.as.a.fast.oxygen.ion.
conductor.with.low.electronic.conductivity.that.could.be.used.at.reduced.temperatures.
(e.g.,.600.to.800°C)..Aliovalent.atoms.are.added.to.LaGaO3.(ABO3).in.order.to.create.
large.concentrations.of.oxygen.vacancies..Typical.dopants.are.Sr.on.the.A.site.and.Mg.
on.the.B.site48,49.known.as.strontium.and.magnesium.doped.lanthanum.gallate.(LSGM),.
or. occasionally. Ba. on. the. A. site.50. Other. studies. have. been. conducted. to. measure.
doped.LaGaO3’s.electronic.conductivity51–53.and.develop.suitable.electrodes.54–57.Ques-
tions.regarding.LaGO3’s.high-temperature.strength,.toughness/durability.(compared.to.
ZrO2),.and.long-term.interactions.with.electrode.combinations.are.still.being.answered.
by.single-cell.fuel.cell.tests.58,59.Single.cells.utilizing.plasma-sprayed.LSGM.electro-
lytes.have.been.recently.reported.by.Ma.et.al.60.Because.LSGM.has.a.lower.melting.
point.than.zirconia,.it.may.be.easier.to.plasma.spray.gas-tight.films.than.when.using.zir-
conia..LSGM.development.has.been.slowed.by.its.chemical.reaction.with.nickel.in.the.
fuel.electrode.61,62.Recently.a.CeO2.(Sm-doped).buffer.layer.has.been.added.between.
the.electrolyte.and.the.fuel.electrode,.which.largely.eliminates.the.reaction.63,64.Huang.
et.al.65.notes.greatly.improved.performance.with.La0.6Sr0.4CoO3-δ.(LSMCo).cathodes.
compared.to.LSM.cathodes..An.LSGM.(strontium-.and.magnesium-doped.LaGaO3).
electrolyte.(thin.film,.anode.supported).single.cell.has.been.tested.as.an.electrolyzer.at.
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800°C..The.cell.exhibited.a.steady.current.density.of.700.mA/cm2.for.350.h.66.Ishihara.
et.al.67.has.also.reported.that.doped.PrGaO3.is.a.fast.oxygen.ion.conductor,.but.it.does.
not.seem.to.hold.any.advantage.over.LaGaO3.

Doped.ceria.(CeO2).has.been.a.longtime.oxygen.ion-conducting.SOFC.electro-
lyte.candidate.68.Its.ionic.conductivity.is.about.one.order.of.magnitude.greater.than.
zirconia’s.in.the.500.to.600°C.range..Ceria.has.not.been.viewed.as.viable.at.high.
temperatures.because.of.excess.electronic.conductivity..However,. if. the.operating.
range.is.below.700°C,.then.its.ionic.transference.number.is.greater.than.about.0.9,.
and.it.could.be.considered.a.candidate.electrolyte.for.a.moderate-temperature.elec-
trolyzer..Typical.dopants.for.CeO2.are.Gd.(10.to.20%.substitution.for.Ce),69.Y,70,71.and.
Sm.72.The.materials.cost.for.doped.ceria.electrolyte.is.significantly.lower.than.that.
for.doped.LaGaO3.electrolytes.73

Bismuth.oxide.(Bi2O3).is.a.much.better.oxygen.ion.conductor.than.doped.CeO2.
at. intermediate. temperatures.and.always.has.held.promise.as.a.high-performance.
electrolyte..However,.despite.over.30.years.of. studies,.Bi2O3. is. still. plagued.with.
crystallographic.and.chemical.stability.problems.that.have.prevented.implementa-
tion.in.practical.long-lived.cells..As.reviewed.by.Azad.et.al.,74.α-Bi2O3.(monoclinic).
is.stable.below.730°C,.while.the.very.high.conductivity.δ-Bi2O3.(cubic,.CaF2.type).is.
only.stable.between.730°C.and.its.melting.temperature.of.825°C..This.is.much.too.
narrow.of.a.range.and.is.too.close.to.the.Bi2O3.melting.point..The.δ-Bi2O3.contains.
25%.vacant.oxygen.sites,.which.results.in.the.extremely.high.oxygen.ion.conductivity.
(approximately.1.Ω–1.cm–1.near.the.melting.point)..The.δ-Bi2O3.also.must.be.phase-
stabilized.by.doping.(e.g.,.Y2O3).in.order.to.avoid.the.cracking.that.results.from.the.
volume.change.associated.with. the.δ.→.α.phase.change..Even.stabilized.δ-Bi2O3.
is.prone.to.reduction.into.metallic.bismuth.(even.at.moderately.low.oxygen.partial.
pressures)..These.features.lead.to.the.tentative.conclusion.that.δ-Bi2O3.is.not.a.good.
candidate.to.be.an.electrolysis.cell’s.electrolyte..However,.because.of.the.promise.of.
high.conductivity.at.low.to.moderate.temperatures,.researchers.in.the.1990s.studied.
a.wide.variety.of.bismuth.oxide–containing.compounds..Because.yttria-stabilized.
Bi2O3.will.transform.to.a.rhombohedral.phase.(via.diffusion).when.annealed.at.less.
than.700°C,75.some.research.was.conducted.on.rhombohedral.phase.Bi2O3.stabilized.
by.alkaline–earth.oxide.dopants. (e.g.,.CaO-Bi2O3,.SrO-Bi2O3,.or.BaO-Bi2O3)76.or.
Nb2O5.-Bi2O3,77

.which.appeared.to.be.more.stable.(remained.as.cubic.phases).than.
Y2O3-Bi2O3.

During.the.1990s.a.new.group.of.low-temperature.oxygen.ion-conducting.com-
pounds. based. on. bismuth. vanadate. (Bi4V2O11). were. studied.78. Crystal. structures.
were.studied.into.the.mid-1990s,.and.it.was.found.that.Bi4V2O11.exhibits.three.phases.
(δ.β, γ).between. room. temperature. and.800°C..The.γ. phase. is. the.high-tempera-
ture,.highest.oxygen.conductivity.phase.due. to.anion.vacancies.and.a.disordering.
of. the.anion.vacancies..The.γ. structure.can.be.stabilized. to. room.temperature.by.
partial. substitution. of. various. metal. ions. for. vanadium.. These. compounds. were.
termed. BIMEVOX.. Investigations. of. fabrication. with. possible. application. as. an.
electrolyte,.with.particular.interest.in.copper.substituted.material.(BICUVOX,.e.g.,.
Be2V0.9Cu0.1O5.35),79. followed..There. is.some.electrical.conductivity.data.measured.
on.BICUVOX.“cells,”80,81.but.no.actual.fuel.cell.data.seem.to.be.available..This.may.
be.an.indication.of.increased.electronic.conductivity82.(electronic.shorting.of.cells).
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or.the.material’s.dilation.when.this.type.of.material.is.reduced.in.a.hydrogen-con-
taining.atmosphere..For.a.depleted.steam.electrolysis.gas.stream,.the.H2/H2O.ratio.
could.be.in.the.0.85.to.0.90.range,.which.could.cause.reduction.at.the.fuel.electrode.
(cathode)..At.this.time,.BIMEVOX.electrolytes.could.not.be.considered.good.candi-
dates.for.moderate-temperature.electrolytes.for.steam.electrolysis.cells.

New.electrode.compositions.need.to.be.considered.for.use.with.moderate-tem-
perature.electrolytes..Platinum’s.coefficient.of.thermal.expansion.(CTE).is.a.good.
match.to.those.of.zirconia.and.doped.CeO2..Porous.platinum.is.known.to.have.excel-
lent.catalytic.activity,.but.due.to.high.cost,.platinum.is.usually.used.only.in.the.devel-
opmental.testing.of.some.single.cells..Traditional.conducting.perovskite.electrodes.
(air).have.been.developed.with.thermal.expansion.coefficients.(CTEs).to.approximate.
those.of.zirconia..Since.ceria.interacts.too.much.with.strontium-doped.lanthanum.
manganites,. other. perovksite. compositions. have. been. proposed. for. air. electrodes.
(La0.8Sr0.2Fe0.8Co0.2O3-δ.and.LaFe0.5Ni0.5O3-δ).83.A.strong.need.for.alternative.lower-
temperature.SOFC.anodes.to.replace.nickel.cermets.has.not.been.clearly.identified.
(although.copper.has.been.used.to.prevent.carbon.deposition.when.using.hydrocarbon.
fuels)..Ni.has.been.shown84.to.exhibit.the.highest.electrochemical.activity.for.H2.oxi-
dation.(and.assuming.reversibility,.for.H2.reduction.in.an.electrolyzer).of.the.group:.
Ni,.Co,.Fe,.Pt,.Mn,.and.Ru..For.operating.fuel.cells,.overvoltages.(polarizations).of.
Ni/samaria-doped.ceria.(SDC).and.Pt/SDC.anodes.were.very.small.compared.with.
those.of.Ni/YSZ.and.Pt/YSZ.cermet.anodes..Electrode.polarization.generally.is.not.
a.problem.when.operating.at.950.to.1,000°C;.however,.polarization.becomes.a.very.
significant. problem.at. intermediate. temperatures,. especially. for. the. air. electrode..
A.recent.review.of.SOFC.anodes.by.Jiang.and.Chan85.is.a.good.source.for.Ni/ZrO2.
information.as.well.as.for.information.on.various.other.cermets.or.conducting.oxides,.
such.as.gadolinium-.or.samarium-doped.ceria,.titanate-based.oxides,.and.lanthanum.
chromite-based.materials..The.Jiang.and.Chan.article.also.reviews.thick,.anode-sup-
ported.and.porous.metal-supported.thin-film.electrolytes,.where.the.porous.support.
material.provides. the.structural.strength..Because.of. improved.performance.from.
the.thin.electrolytes,.these.type.cells.are.being.considered.for.operation.in.the.600.
to.800°C.range..Since.the.porous.support.can.have.a.significant.thickness.(e.g.,.in.
the.500-.to.2,000-µm.range),.polarization.losses.due.to.gas.diffusion.can.become.
significant..Therefore,.a.graded.pore-size.structure.would.become.important.with.
large-pore.channels.to.enable.easy.diffusion.of.gases.in.most.of.the.electrode,.yet.
have.a.high.surface.area.to.enable.the.reaction.near.the.electrolyte.interface.

2.5.2 mOderate-temperature prOtOn COnduCtOrS

Using.proton-conducting.ceramics.as.an.electrolyte.for.a.steam.electrolyzer.involves.
the.same.reactions.as.for.a.low-temperature.proton-conducting.polymer.membrane:

. Anode:.H2O.→.2.H+.+.½.O2.+.2.e–. (2.6)

. Cathode:.2.H+.+.2.e–.→.H2. (2.7)

. Overall:.H2O.→.H2.+.½.O2. (2.8)
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Therefore,.the.proton-conducting.ceramics.represent.a.significantly.different.tech-
nology. than. the.oxygen. ion-conducting. ceramics,. for. example,. zirconia,. ceria,. or.
lanthanum.gallate..For.fuel.cell.operations,86.the.proton-conducting.cells.have.a.ther-
modynamic.advantage.over.oxygen.ion-conducting.cells.(due.to.product.water.being.
swept.from.the.cathode.by.excess.air. required.for.cell.cooling)..Applications. that.
are.driven.by.maximizing.efficiency.at. the.expense.of.power.density.favor.proton.
cells..Proton.conductors. like. the.cerates.(BaCeO3.and.SrCeO3).have.been.studied.
for.a.number.of.years,.while.doped.barium.zirconate. (BaZrO3).has.been.advanc-
ing.strongly.in.the.last.couple.of.years.due.to.reports.of.high.conductivity.and.good.
chemical.resistance.to.CO2.(not.relevant.for.steam.electrolysis)..The.aliovalent.dop-
ing.creates.oxygen.vacancies;.an.incorporation.example.is.given.by.equation.2.9:

. 2.BaO.+.Gd2O3.(into.BaCeO3.lattice).→.2.BaX
Ba.+.2.Gd/

Ce.+.5.OX
O.+.V¨O.(2.9)

Water. vapor. in. the. cell. can. react. with. the. oxygen. vacancies. to. form. protons. per.
equation.2.10:

. H2O.+.V¨O.+.OX
O.→.2.OHº

O. (2.10)

The.OHº
O.species.is.a.proton.bound.to.an.oxygen.ion.in.the.lattice..However,.the.pro-

ton.can.hop.from.one.oxygen.ion.to.another,.giving.rise.to.proton.conductivity.
Twenty.years.ago,.Iwahara.et.al.87.introduced.doped.(Y,.Yb,.Sc).SrCeO3.as.a.pro-

ton-conducting.electrolyte.with.tests.using.platinum.electrodes..He.later.reported88.
cell. tests. in.both. fuel. cell. and. steam.electrolysis.mode. (for.hydrogen.production).
using.both.platinum.and.nickel.fuel.electrodes..A.small.electrolyzer.was.fabricated.
using.SrCe0.95Yb0.05O3-δ.electrolyte,.and.pure,.very.dry.hydrogen.gas.was.produced89.
at.750°C.at.the.rate.of.about.3.l/h..Emphasis.later.shifted.to.doped.(Gd.or.Nd).BaCeO3.

because.of.increased.proton.conductivity.90,91.The.temperature.range.of.application.
for.electrolyzers.was.anticipated.by.Iwahara.to.be.600.to.800°C..There.was.some.
concern. about. the. chemical. stability. of. BaCeO3.in. CO2. and. H2O.. However,. even.
though.BaCeO3.dissolves.in.boiling.water,.it.is.relatively.stable.as.a.dense.electrolyte.
at.high.temperatures.in.high.water.vapor.atmospheres.92

There.has.been.considerable.interest.in.developing.proton-conducting.perovskite.
ceramics.in.Germany..BaZrO3.is.a.newly.considered.compound.originally.proposed.
by.K..D..Kreuer93.for.use.in.the.500.to.800°C.range..It.is.very.refractory.(good.ther-
modynamic.phase.stability).and.has.good94.proton.conductivity.if.it.is.doped.with.
acceptors.(e.g.,.Y)..Proton.conductivity.has.been.increased.in.BaZrO3.grain.boundar-
ies.by.forming.solid.solutions.with.small.amounts.of.BaCeO3.95.Recently,.electrical.
and.mechanical.properties.were.measured.and.fabrication.techniques.developed.for.
barium.calcium.niobate.(Ba3Ca1+xNb2–xO0-δ),96,97 but.cell.performance.data.are.not.
yet.available..Kreuer.recently.published.a.careful.review.of.the.considerations.and.
problems.involved.with.fabricating.SOFCs.utilizing.proton-conducting.perovskites.98.
The.electrolyte.thickness.and.electrodes.have.not.been.optimized.for.maximum.per-
formance..However,.these.materials.have.not.shown.sufficient.conductivity.to.com-
pete.(in.fuel.cell.or.electrolyzer.applications).with.the.best.oxygen.ion.conductors.
until.the.temperature.is.less.than.about.700°C.
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Kobayashi.et.al.99.conducted.steam.electrolysis.experiments.using.SrZr0.9Yb0.1O3-

δ.tubular.electrolytes.(2-mm.walls).with.platinum.electrodes.(cermet.with.the.elec-
trolyte.powder).at.low.temperatures.(460.to.600°C).and.was.successful.in.generating.
hydrogen.and.oxygen..They.used.the.low.temperatures.in.an.attempt.to.avoid.exces-
sive.electronic.(hole).conductivity.in.the.electrolyte.

2.5.3 mOderate-temperature bipOlar plateS (interCOnneCtS)

At.low.to.moderate.temperatures.new.possibilities.arise.for.using.various.metals.as.
bipolar.plates.(for.series.connected.cells.in.a.bipolar.stack.arrangement)..Most.met-
als.have.too.high.(e.g.,.15.E-6.°C–1).of.thermal.expansion.to.match.that.of.zirconia.
(10.5.E-6.°C–1)..In.order.to.get.a.lower.thermal.expansion.metal.(to.match.zirconia),.
SOFC.developers.originally.tried.to.use.special.high-chromium.alloys.like.95.Cr4–5.
Fe.(Plansee.alloy).or.94.Cr–5.Fe–1.Y2O3..However,.they.ran.into.the.problem.of.high.
temperature.Cr.oxidation..The.problem.is.primarily.found.on.the.cathode.(air).side.
of.a.SOFC..The.reaction.is.Cr2O3.+.½.O2.→.2.CrO3.(high.vapor.pressure.gas)..The.
Cr.must.diffuse.through.the.Cr2O3.protective.coating.such.that.Cr.can.continually.
evaporate.as.CrO3.from.the.outer.(exposed.to.air).surface.at.temperatures.(some.lit-
erature).beginning.as.low.as.200°C..Once.in.the.vapor.state,.Cr.oxide.condenses.in.
the.LSM.cathode.and.at.the.LSM–electrolyte.interface..One.proposed.mechanism.
is.for.Mn+2.ion.to.remove.the.oxygen.from.the.CrO3,.resulting.in.precipitation.of.Cr.
crystallites.100.Kofstad.and.Bredesen101.point.out.that.a.Cr.problem.may.also.exist.at.
the.anode.(fuel).side.of.a.SOFC.if.high.water.vapor.partial.pressures.spur.the.for-
mation.and.evaporation.of.chromium.oxyhydroxides.(e.g.,.CrO2OH)..This.could.be.
a.problem.for.the.cathode.during.operation.at.high.temperatures.as.an.electrolyzer.
because.of.the.high.water.content.

The. presence. of. alloying. elements. in. the. interconnect. tends. to. minimize. the.
tendency.for.the.Cr.oxidation.to.take.place.(especially.after.oxide.scale.formation)..
Alloy.elements.like.Y,.Ce,.Hf,.Zr,.and.Al.are.reported.to.slow.scale.growth..How-
ever,.these.elements.tend.to.form.scales.with.low.electronic.conductivity,.whereas.
Cr2O3.scales.are.semiconductors..Yang.et.al.102.have.reviewed.the.alloys.being.con-
sidered. for. SOFC. bipolar. plates.. They. present. an. evaluation. of. oxidation. behav-
ior.that.indicates.chromia.scales.on.chromia-forming.alloys,.especially.the.ferritic.
stainless.steels,.can.grow.to.microns.or.even.tens.of.microns.thick.after.exposure.
for.thousands.of.hours.in.the.SOFC.environment.(even.in.the.intermediate.tempera-
ture.range)..They.note.that.this.scale.growth.will.lead.to.an.area-specific.resistance.
(ASR).that.is.likely.to.be.unacceptable..Nonetheless,.iron-based.ferritic.steels.(body.
centered.cubic.or.BCC.structure).are.generally.recommended.because.they.have.a.
reasonable.CTE.match.to.zirconia,.and.are.less.expensive.and.more.easily.fabricated.
than.chromium-based.alloys..Operating.at.the.lower.temperatures.may.help.by.slow-
ing.the.evaporation.and.diffusion.kinetics..The.Cr.issue.is.one.of.the.primary.reasons.
why.SOFC.developers.are.beginning. to.coat. the.air. side.of. the. interconnect.with.
various.conducting-oxide.diffusion.barriers.103.One.issue.is.maintaining.a.thin.but.
protective.conductive.scale.(Cr2O3).on.the.air.side;.the.other.issue.is.preventing.the.
Cr.evaporation.and.subsequent.condensation.reactions..In.order.to.limit.the.growth.
rate.of.Cr2O3.scale.on.the.metal.interconnect.(minimize.the.electrical.resistance.at.
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the.surface),.various.ceramic.(conductive).coatings.have.been.applied.on.the.air.side.
of.the.metal.interconnects..However,.some.interdiffusion.of.elements.between.the.
protective.coating.and.metallic. interconnect.has.been.observed. to. lead. to.nonde-
sirable.phases.104.Most.SOFC.generator.designs.have.noncell.components,.such.as.
gas.inlet.chambers.or.electrical.leads,.that.will.be.exposed.to.high-temperature.air.
where.CrO3.formation.could.be.problematic..The.use.of.alloys.like.Hastelloy.S.(67%.
Ni,.15.5%.Cr,.15.5%.Mo,.1%.Fe,.0.02%.La).and.Haynes.alloy.214.could.solve.these.
problems..Haynes.alloy.214.is.specifically.designed.for.service.in.high-temperature.
air.at.900°C.and.above..It.is.an.alumina.former.that.displaces.Cr2O3.on.the.metal.
surface..The.total.Cr.in.the.214.alloy.is.only.16%,.which.could.also.reduce.the.CrO3.
vaporization.issue.for.nonstack.structural.elements.

Oxidation. in. H2–H2O. mixtures. could. be. a. long-term. problem. for. uncoated.
metallic.bipolar.electrolyzer.plates.with. low.H2.content.gas..Horita.et.al.105.docu-
ments.oxidation.in.Fe-Cr.alloys.using.1%.H2-Ar.(balance).bubbled.through.water.at.
50°C.(approximately.10%.H2.content)..A.higher.H2.content.and.the.use.of.coatings.
would.greatly.lessen.this.problem.

One.solution.to.the.interconnect.oxidation.problem.is.being.developed.at.INL..
It. is. to.form.a. thin,.strontium-doped,. lanthanum.chromite.(LSC).coating.(for. low.
electrical.resistance).on.a.porous.NiAl.plate.106,107.The.NiAl.is.exposed.to.the.fuel.
gas.in.a.SOFC.or.hydrogen.plus.steam.in.an.electrolyzer..There.is.some.concern.that.
the.NiAl.structural.component.will.be.slowly.oxidized.in.a.steam/hydrogen.mixture..
Oxidation.tests.are.being.conducted.at.INL.using.a.85%.H2O/15%.H2.(minimum).
mixture.at.high.temperatures..One.oxidation.reaction.possibility.is.2.NiAl.+.3/2.O2.
→.2.Ni.+.Al2O3..However,.this.probably.will.not.cause.significant.conductivity.prob-
lems.because.of.the.formation.of.metallic.Ni..Another.possibility.is.a.thin.adherent.
coating.of.amorphous.alumina.within.the.open.pores.of.the.NiAl.structure,.but.not.a.
continuous.coating..A.noncontinuous.alumina.layer.should.not.pose.much.of.a.prob-
lem..The.other.reaction.possibility.would.be.2.NiAl.+.2.O2.→.Ni.+.NiAl2O4.(spinel);.
this.may.present.a.problem,.but.there.could.be.sufficient.leftover.nickel.to.preserve.
some.electrical.conductivity.

Other.proposed.solutions.to.interconnect.oxidation.can.be.found.by.searching.
patents..A.ceramic.plate.(e.g.,.zirconia).with.metal.filled.via.holes.extended.through.
the.thickness.has.been.proposed.by.Hartvigsen.et.al.,108.which.is.similar.to.a.patent.
application. by. Badding. et. al.109. For. application. at. intermediate. temperatures,. the.
“via”.filler.material.could.be.silver.(m.p..=.962°C).since.silver.oxide.is.not.stable.at.
high.temperatures.and.silver.is.tremendously.less.expensive.than.platinum.or.pal-
ladium..A.metallic.interconnect.plate.with.gas-tight,.silver-filled.holes.is.described.
by.Meulenberg.et.al.110.as.providing.lowered.contact.resistance.at.temperatures.up.to.
800°C..Wang.et.al.111.describe.sputter-deposited.silver/yttria-stabilized.zirconia.cer-
mets.for.electrodes.as.stable.at.temperatures.up.to.750°C..To.reduce.scale.formation.
on.the.fuel.cell.interconnect,.coating.FeCrAl.and.FeCrMn(LaTi).alloys.with.nickel.
foils.(dense,.hot.laminated).has.been.studied.at.800°C.in.a.4%.H2–3%.H2O–remain-
der.Ar.atmosphere.112.These.nickel.foils.seemed.to.be.helpful. in.preventing.oxide.
scales.. In. some.cases.a. stable.nickel.aluminide. layer.was. formed.at. the. interface.
between.the.alloy.and.the.Ni.foil.

5024.indb   51 11/18/07   5:45:07 PM



��	 Materials	for	the	Hydrogen	Economy

�.� hIgh-TemPeraTure InorganIC 
membrane eleCTrolyzers

2.6.1 hiGh-temperature OxyGen iOn COnduCtOrS

The. most. common. high-temperature. cells. being. investigated. are. solid-oxide. fuel.
cells.(SOFCs).using.yttria-.or.scandia-stabilized.zirconia.(cubic.phase).electrolytes.
that.are.rapid.oxygen.conductors..Over.many.years,.yttrium.and.scandium.have.been.
used.to.substitute.on.the.zirconium.lattice.site.to.stabilize.the.cubic.structure.and.
increase.oxygen.ion.diffusion.by.creating.oxygen.vacancies.to.compensate.for.their.
aliovalent. (Y+3.or.Sc+3.on.Zr+4. site). charges.113.Yttria.provides.excellent. structural.
stabilization.and.good.ionic.conductivity..Scandia.has.been.long.known.to.provide.
higher.ionic.conductivity,114.but.at.significant.additional.material.cost.115.Loss.of.con-
ductivity.for.scandia-stabilized.zirconia.has.been.reported116.due.to.phase.changes.
upon.aging.at.high.temperatures.(i.e.,.1,000°C)..This.instability.certainly.would.be.
less.of.a.problem.for.cells.operated.at.lower.temperatures.(e.g.,.800°C)..For.long-life.
operation.at.high.temperatures,.it.is.very.important.to.use.suitable.electrodes.that.do.
not.interact.(e.g.,.interdiffuse).unduly.with.the.electrolyte.or.lose.their.activity.(e.g.,.
sintering)..Fuel.cells.using.zirconia.electrolytes.have.traditionally.used.Ni-ZrO2.and.
doped.LaMnO3.electrodes..These.combinations.have.proven.to.be.structurally.and.
chemically. stable. at. high. temperatures. for. long. periods. with. fuel. cells. operating.
for.up.to.25,000.h.with.performance.degradation.of.less.than.0.1%.per.1,000.h.117.
Some. interdiffusion. and. formation. of. nonconductive. compounds. (e.g.,. La2Zr2O7).
has.been.reported.118.These.interactions.are.more.severe.at.high.temperatures119.and.
long.times.

Early.testing.of.electrolysis.cells.utilizing.tubular.yttria-stabilized.zirconia.elec-
trolytes.was.reported.by.Donitz.and.Erdle120.at.Dornier.System.GmbH.(Friedrich-
shafen,.Germany).and.Hino.and.Miyamoto121.at.JAERI.(Japan)..The.German.work.
was.part.of.the.high-temperature.steam.electrolysis.Project.“HOT.ELLY”.that.began.
in. about. 1980.. There. has. been. recent. successful. testing. in. the. U.S.. at. the. Idaho.
National.Laboratory.(INL).and.Ceramatec,.Inc.,.of.planar-design,.zirconia.electro-
lyte,.solid-oxide.fuel.cells.as.steam.electrolyzers.122,123.Single.cells.and.cell.stacks.
utilizing.yttria-.and.scandia-stabilized.zirconia.electrolytes.were.tested.over.a.range.
of.operating.temperatures.(700.to.850°C).and.steam/H2.input.compositions..No.acti-
vation.polarization.was.observed.near.open-circuit.voltages..There.was.a.linear.and.
symmetric. behavior. in. the. current-voltage. (I-V). characteristics. from. the. fuel. cell.
mode.to.the.electrolyzer.mode.of.operation.(up.to.the.point.where.steam.is.largely.
depleted)..Cell.degradation.characteristics.were.at.least.as.good.in.the.electrolysis.
mode.as.in.the.fuel.cell.mode.

The.operating.temperature.of.most.zirconia.membranes.has.been.within.the.
800.to.1,000°C.range..These.temperatures.may.be.consistent.with.utilization.of.heat.
from.a.new.generation.of.proposed.high-temperature.gas-cooled.reactors.124,125.The.
Very.High.Temperature.Reactor.(VHTR).reference.concept.has.been.described.as.
a.helium-cooled,.graphite-moderated,. thermal.neutron.spectrum.reactor.with.an.
outlet. temperature. of. 1,000°C. or. higher.126. In. the. U.S.. there. are. investigations.
to.combine.a.nuclear.reactor.with.a.high-temperature.steam.electrolysis.plant.to.
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generate.hydrogen..Materials.concerns.have.recently.caused.the.initial.outlet.tem-
perature.goal.for. the.U.S..design.to.be.lowered.to.900.to.950°C.127.A.schematic.
diagram. of. a. combined. nuclear–steam. electrolysis. plant. is. shown. in. figure.2.4..
Process.heat.would.be.available.for.generating.electricity.and.heating.steam,.after.
heat.exchanging.of.the.helium.coolant..The.temperature.of.the.steam.available.to.
the.electrolysis.process.will.depend.upon.the.heat.exchanger.efficiencies.and.cer-
tainly.will.be.significantly.lower.than.the.latest.proposed.outlet.temperature.of.900.
to.950°C..Some.additional.heat.that.would.increase.the.cell.temperature.may.be.
derived.from.IR.losses.within.the.electrolysis.cells..The.high-temperature.electrol-
ysis.process.will.utilize.both.heat.and.electricity.generated.by.the.reactor..Another.
VHTR.design,. the.Pebble.Bed.Modular.Reactor. (PBMR),. is.being.developed. in.
South.Africa.through.a.worldwide.international.collaborative.effort.led.by.South.
Africa’s.Electricity.Supply.Commission.(ESKOM;.supplies.approximately.95%.of.
that.country’s.electricity)..The.PBMR.currently.has.an.average.helium.coolant.exit.
temperature.of.900°C.under.normal.operating.conditions.128
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�.� baCkground

Emphasis.on.energy.security.issues.has.brought.much.needed.attention.to.economic.
production.of.hydrogen.as.the.secondary.energy.carrier.for.nonelectrical.markets..
The.recent.focus.on.hydrogen.comes.from.its.environmentally.benign.aspect..How-
ever,.much.of.the.hydrogen.currently.produced.is.used.near.the.production.facility.
for.chemical.synthesis,.such.as.ammonia.and.methanol.production,.and.for.upgrad-
ing.as.well.as.desulfurization.of.crude.oil..While.steam.reforming.of.methane.is.the.
current.method.of.production.of.hydrogen,.the.fossil.fuel.feed.consumes.nonrenew-
able. fuel. while. emitting. greenhouse. gases.. Thus,. in. the. long. run,. efficient,. envi-
ronmentally.friendly,.and.economic.means.of.hydrogen.production.using.renewable.
energy.need.to.be.developed..Additionally,.when.excess.energy.production.capacity.
exists,.for.example,.during.off-peak.hours,.efficient.generation.of.hydrogen.may.be.
an.option.to.make.an.effective.use.of.the.investment.in.power.generation.infrastruc-
ture.. Steam. electrolysis,. particularly. using. high-temperature. ceramic. membrane.
processes,.provides.an.attractive.option.for.efficient.generation.of.ultra.high.purity.
(UHP).hydrogen.
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The.electrolysis.reaction.can.be.expressed.as:

. H O e H O2 22+ → +− = .Cathode.reaction. (3.1)

.
O O e= −→ +

1
2

22 .Anode.reaction. (3.2)

.
H O H OEnergy

2 2 2
1
2

 → + .Overall.reaction. (3.3)

The.enthalpy.of.the.overall.reaction.is.∆H.=.242.KJ/mole.at.298K.and.248.KJ/mole.at.
1,000K..A.schematic.of.an.electrolysis.cell.using.an.oxygen.ion.conductor.is.shown.
in.figure.3.1..The.benefit.of.high-temperature.electrolysis.(HTE).stems.from.the.fact.
that.a.portion.of.endothermic.heat.of. reaction.can.be.supplied.by. thermal.energy.
instead.of.electric.energy..Figure.3.2.shows.the.energy.input.required.for.electrolysis.
of.steam..It.can.be.seen.that.at.higher.temperatures.substantial.energy.is.provided.
as.thermal.energy,.resulting.in.considerable.reduction.of.primary.(electrical).energy..
The.high.temperature.also.allows.high.current.density.operation.as.both.ohmic.resis-
tance.losses.from.the.electrolyte.and.electrode.materials,.and.non-ohmic.resistance.
losses.from.the.electrode.reaction.processes.are.thermally.activated..Hydrogen.pro-
duction.via. room.temperature.electrolysis.of. liquid.water.has. the.disadvantage.of.
much.lower.overall.thermal-to-hydrogen.efficiencies.of.24.to.32%.(including.power.
generation),.while.at.higher.temperatures.practical.efficiency.can.be.as.high.as.50.
to.60%.

�.� maTerIals and desIgn

The.high.operating.temperature.that.is.necessary.for.an.efficient.electrolysis.process.
requires. the.use.of.materials. that.are.stable.at. those. temperatures.. In.general,. the.
materials.and.fabrication.technology.that.are.used.for.high-temperature.solid-oxide.
fuel.cells.(SOFCs).are.directly.applicable.to.high-temperature.electrolysis.devices..
The.high-temperature.electrolysis.cell. is.commonly. referred. to.as. the. solid-oxide.
electrolysis.cell.(SOEC)..In.fact,.regenerative.fuel.cells,.where.the.same.device.can.
be.used.in.both.the.fuel.cell.and.electrolysis.modes,.are.an.interesting.option.for.load.
leveling.when.the.electricity.demand.varies.widely.during.the.day..Thus,.much.of.
the.research.work.done.in.the.SOFC.area.is.directly.applicable.to.SOEC.technology..
Thus,.not.only.the.materials.set.but.also.the.cell.and.multicell.stack.designs.of.SOEC.
have.followed.the.technology.advances.of.SOFC.development..The.cell.components,.
electrolyte,.anode,.and.cathode.in.general.are.of.similar.chemistry.among.the.vari-
ous.designs..The.interconnect.material.used.for.connecting.individual.cells.into.a.
stack.varies.with. the.cell.design.. It. should.be.noted. that. the.hydrogen.generation.
electrode.and.oxygen.evolution.electrode.in.an.SOEC.are.called.cathode.and.anode,.
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respectively,.in.contrast.to.an.SOFC,.where.the.cathode.and.anode.denote.air.and.
fuel.(hydrogen).electrodes,.respectively.

3.2.1 SerieS-COnneCted tubeS

The. earliest. large-scale. high-temperature. electrolysis. work. was. done. at. Dornier.
System. Gmbh. in. Germany.1. The. cell. used. traditional. SOFC. materials. such. as. 9.
mol%. yttria-doped. zirconia. (YSZ). as. the. electrolyte,. a. cermet. mixture. of. 50:50.
wt%.nickel.and.YSZ.as.the.hydrogen.electrode,.and.Ca-doped.LaMnO3.perovskite.
(La0.5Ca0.5MnO3).as. the.air.electrode.2.An.intermediate. layer.consisting.of.a.mix-
ture.of.perovskite.and.YSZ.was.applied.between.the.electrolyte.and.air.electrode.3.
The.electrolyte.was.sintered. to.sufficient.density. to.be.gas. impermeable,.whereas.
the.electrodes.remained.porous.to.allow.gas.diffusion.to.the.electrode–electrolyte.
interface.for.the.oxidation.and.reduction.reactions..The.electrolyte.was.about.300.

fIgure �.� Schematic.of.an.electrolysis.cell.
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microns. thick,.and. the.electrodes.were.about.250.microns. thick..The. typical.cell.
diameter.was.14.mm,.with.an.active.cell.length.of.10.mm.4–6

In.order.to.increase.the.overall.hydrogen.output,.several.cells.are.connected.in.
electrical.series.using.an.interconnect.ring.to.form.a.tubular.HTE.stack,.as.shown.
in.figure.3.3..Selection.of.material. composition. for. the. interconnect. is.one.of. the.
challenging. aspects. of. the. stack. design.. Unlike. the. electrodes,. which. face. either.
oxidizing.or.reducing.environments,. the. interconnects.must.be.stable.over.a.wide.
range.of.oxygen.partial.pressures.and.possess.high.electronic.conductivity..An.inti-
mate.mixture.of.a.perovskite.similar.to.the.air.electrode.and.V2O5-doped.CeO2.was.
reportedly.used.as. the. interconnect.7.The.perovskite.exhibits.high.conductivity. in.
the.oxygen.partial.pressures.ranging.from.1.bar.to.10–5.bar,.while.the.doped.ceria.
has.high.electronic.conductivity.at.oxygen.partial.pressures.lower.than.10–5.bar.at.
1,000°C..A.layered.structure.of.the.perovskite.and.doped.ceria.or.titania.was.also.
suggested.7..Cylindrical.tubes.of.zirconia.and.short.rings.of.interconnect.were.dif-
fusion.bonded.to.fabricate.a.series-connected.stack.of.cells,.as.shown.in.figure.3.3..
The.hydrogen.electrode.is.deposited.on.the.inside.and.the.air.electrode.on.the.outside.
using.a.spray.process.with.appropriate.masking.to.provide.a.series.electrical.connec-
tion.(also.shown.in.the.figure).

At.high.current.density.operation,.however,.the.interfaces.between.the.intercon-
nect.ring.and.the.adjacent.electrolyte.cylinders.may.act.as.an.electrolytic.cell.causing.
oxygen.migration.from.one.interface.to.the.other,.resulting.in.evolution.of.molecular.
oxygen..This.phenomenon.may.lead.to.disruption.of.the.interfacial.bond.between.the.
interconnect.and.the.electrolyte..This.necessitates.an.additional.layer.between.the.
interconnect.and.the.electrolyte.that.is.electrically.insulating..An.annular.insulating.
ring.bonded.to.one.or.both.sides.of. the. interconnect.ring.has.been.suggested.2..A.

fIgure �.� Series-connected.tubular.cell.stack.
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ceramic.insulating.material.such.as.La0.95Mg0.05Cr0.5Al0.5O3.is.preferred,.as.it.has.a.
thermal.expansion.match.with.the.electrolyte.and.interconnect.ring.

Typical. operating. conditions. of. a. 10-cell. series-connected. structure. were.
1,000°C.at.a.stack.voltage.of.13.3.V.and.a.current.density.of.0.37.A/cm2..A.hydro-
gen.production.rate.of.113.Nml/min.(6.78.Ndm3/h).was.obtained..A.10-cell.module.
arrangement.was.sealed.to.a.support.box,.and.a.stack.containing.10.modules.was.
tested.to.produce.hydrogen.at.a.maximum.rate.of.0.6.Nm3/h.8

3.2.2 tubular StaCk deSiGn

Westinghouse. Electric. Corporation. has. conducted. steam. electrolysis. tests. using.
tubular. cells.9. The. cell. materials. consist. of. YSZ. electrolyte,. 10. mol%. yttria,. Sr-
doped.LaMnO3.air.electrode,.and.a.nickel–zirconia.cermet.hydrogen.electrode..The.
individual.tubes.are.electrically.connected.using.a.Mg-doped.LaCrO3.interconnec-
tion.layer..A.combination.of.electrochemical.vapor.deposition.and.slurry.coat.pro-
cesses.was.used.to.fabricate.various.layers.of.the.cell..The.primary.difference.in.the.
material.of.construction. is. the. interconnect.material..Unlike. the. series-connected.
tube. design,. a. strip. of. interconnect. is. used.. The. Mg-doped. LaCrO3. perovskite. is.
known.for.its.stability.over.the.range.of.oxygen.partial.pressures.the.interconnect.
must.face..Several.dopants,.such.as.Ca.and.Sr.on.the.La.site.and.Co.on.the.Cr.site.
of. the.perovskite,. are.known. to. show.very.high. electrical. conductivity..However,.
many.of.those.compositions.experience.a.phenomenon.known.as.chemical.dilation.
in. reducing.atmosphere,. caused.by. the. loss.of.oxygen.with.a.concomitant. loss. in.
electrical.conductivity,.and. in.some.cases,. loss.of.strength10. increased.oxygen. ion.
conduction.to.cause.lattice.expansion.11,12.While.Mg-doped.LaCrO3.exhibits.a.low.
electrical.conductivity,.it.shows.excellent.stability.and.low.loss.of.oxygen,.minimiz-
ing.ionic.short.circuit. in. the.interconnect.as.well.as.change.in.lattice.dimensions..
Thus,.in.the.tubular.design.where.a.small.cross-section.of.the.interconnect.is.used.to.
connect.the.cells,.a.low-conductivity.material.is.favored.for.its.stability.

3.2.3 planar StaCk deSiGn

During. the.1990s.significant. research.effort.was.made. to.develop.planar.cells. for.
SOFC.operation..Thus,.much.of.the.recent.work.on.SOEC.has.focused.on.the.devel-
opment.of.planar.cells..The.advantage.of.the.planar.design.stems.from.the.fact.that.
the.current.path.of.the.device.has.a.much.larger.area.and.shorter.lengths.favoring.low.
electrical.resistance..In.addition,.much.thinner.cells.can.be.fabricated.in.comparison.
to.a.tubular.design.

The. Japan. Atomic. Energy. Research. Institute. conducted. a. steam. electrolysis.
study13. using. both. tubular. and. planar. cells.. The. tubular. cells. fabricated. using. a.
plasma.spray.technique.achieved.low.efficiency,.and.air.electrode.delamination.was.
observed.after.one.thermal.cycle..The.planar.cells,.fabricated.by.Fuji.Electric.using.
porous.metal.as.the.support,.produced.hydrogen.continuously.at.950°C..But.the.fara-
daic.efficiency.was.low.and.was.attributed.to.nonuniform.current.density.distribu-
tion.and.edge.seal. leak,.highlighting.one.of.the.primary.challenges.in.developing.
high.temperature.for.planar.devices.
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Other.groups.have.also.reported.testing.planar.cells.in.the.HTE.mode..Technol-
ogy.Management,.Inc.,.has.reported14.testing.stacks.of.up.to.12.circular.planar.cells.
with.a.reversible.cell.efficiency,.defined.as.the.ratio.of.fuel.cell.to.electrolysis.voltage.
at. the.same.cell.current.and.hydrogen/steam.feed.composition.of.90.8%.at.925°C.
and.50.mA/cm2..Risø.National.Laboratory.of.Denmark.reported.testing.their.planar.
cells.in.both.SOFC.and.SOEC.modes..While.the.area-specific.resistance,.which.is.
the.slope.of. the.current.density.vs..cell.voltage.curve,.did.not.change.appreciably.
between.the.two.modes,.the.degradation.rate.of.the.performance.in.the.SOEC.mode.
was.found.to.be.much.higher.than.that.in.the.SOFC.mode.

Ceramatec,.in.partnership.with.the.Idaho.National.Laboratory,.has.been.evalu-
ating. cell. and. stack. performance. in. the. HTE. mode. of. operation.. Photographs. of.
components.and.a.manifolded.10-cell.stack.are.shown.in.figure.3.4.

Scandia-stabilized.zirconia.electrolyte.with.standard.SOFC.electrodes. is.used.
to.construct.the.cells..Stacks.are.constructed.using.stainless.steel.interconnects..The.
surfaces.of.the.stainless.steel.are.treated.to.provide.an.electrically.conductive.scale.
with.low-scale.growth.rate.15.The.performance.characteristics.of.a.single.cell.(2.5.
cm2.active.area).and.a.25-cell.stack.(active.area.of.64.cm2.per.cell).are.shown.in.fig-
ure.3.5.and.figure.3.6..The.performance.stability.of.the.stack.is.shown.in.figure.3.7.

One.interesting.aspect.of.comparing.the.performance.of.a.single.cell.(no.inter-
connects).and.a.stack.of.identical.cell.materials.is.the.difference.in.performance..It.
is.not.uncommon.to.have.a.stack.resistance.50.to.100%.higher.than.the.single.cell.
resistance..Characterization.of.interconnect.components.shows.very.low.resistance.
contributions,.at.least.in.the.initial.stages.of.testing,.and.does.not.account.for.the.dif-
ference..As.the.reactant.is.utilized.over.the.larger.cell.area,.the.local.Nernst.potential.
continues.to.decrease.along.the.flow.direction,.and.this.will.cause.an.increase.in.the.
apparent.area-specific.resistance..However,.much.of.the.contribution.is.expected.to.
come.from.the.joining.of.the.cells.and.the.interconnects..During.the.assembly.of.a.
stack,.a.conductive.material.is.typically.applied.between.the.electrode.and.the.inter-
connect..Commonly.used.materials.include.doped.lanthanum.cobaltite.or.lanthanum.
manganite.on.the.air.electrode.and.nickel–cermet.on.the.hydrogen.electrode..Sinter-
ing.of.these.layers.occurs.over.time,.leading.to.reduced.reactant.access.to.the.elec-
trodes..Delamination.and.cracking.of.the.joining.layers.may.also.contribute.to.high.
in-plane.resistance..Investigation.of.appropriate.materials.composition.and.joining.
methods.is.also.an.area.of.considerable.interest.

Another.recent.advance.in.cell.fabrication.technology.for.planar.SOFC.is.transi-
tioning.into.evaluation.of.the.SOEC.mode.of.operation..Thin-film.YSZ.supported.on.
a.hydrogen.electrode,.nickel–YSZ.cermet,.has.shown.good.performance.character-
istics.as.an.SOFC..Hydrogen.electrode-supported.thin.YSZ.cells.have.been.success-
fully.tested.in.the.electrolysis.mode..However,.the.long-term.tests.in.the.electrolysis.
mode. have. been. reported. to. have. a. higher. degradation. rate. than. in. the. fuel. cell.
mode.16

�.� modes of oPeraTIon

Unlike.the.SOFC.mode.where.the.reaction.is.exothermic,.the.electrolysis.mode.of.
operation.is.endothermic..In.both.modes.of.operation.heat.is.released.from.the.ohmic.
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loss.due. to. the.resistance. to.current.flow..In. the.SOFC.mode,.as. the.stack.voltage.
is.decreased,. the. current. increases,. causing. the. stack. to. release.heat.. In. fact,. heat.
removal.is.one.of.the.challenging.design.and.operational.issues.that.limits.materials.
selection,.operating.point.(i.e.,.current.density),.and.stack.footprint..In.contrast,.the.
endothermic.electrolysis.reaction.and.the.exotherm.of.ohmic.loss.move.in.opposite.
directions..At.a.certain.cell.operating.voltage,. the.two.balance,.resulting.in.no.net.
heat.release..This.voltage.is.referred.to.as.the.thermal.neutral.voltage,.Etn,.defined.as

.
E H

nFtn =
∆

fIgure �.� Stack.components.and.a.manifolded.stack.
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When.an.SOEC.stack.is.operated.at.the.thermal.neutral voltage,.the.stack.opera-
tion.is.isothermal,.whereas.it.is.exothermic.above.and.endothermic.below.that.volt-
age.. In. general,. operating. the. stack. near. Etn, which. is. approximately. 1.3. V,. has.
certain.benefits,.in.particular.the.reduced.need.for.cooling.air.for.heat.removal,.or.
the.need.to.supply.the.heat.for.the.reaction..The.stack.components.generally.have.
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an.upper. limit. to. the.operating. temperature.. In.a.nonisothermal.condition,.only.a.
small.region.of.the.stack.plane.may.be.operating.at.the.upper.limit,.while.the.rest.
of.the.area.will.operate.at.a.lower.temperature..This.results.in.a.significant.reduc-
tion.in.average.current.density,.and.thus.the.hydrogen.production..The.temperature.
inhomogeneity,.however,.is.not.as.severe.in.an.SOEC.stack.as.it.is.in.an.SOFC.stack..
Numerical.modeling.results.of.the.cell.temperature.distributions.at.various.operating.
potentials.are.shown.in.figure.3.8.17

�.� alTernaTIve maTerIals for hIgh-
TemPeraTure eleCTrolysIs

As.indicated.earlier,.the.materials.and.design.for.electrolysis.cells.closely.track.the.
development.of.SOFC..In.principle,.a.set.of.materials.that.function.well.in.the.fuel.
cell.mode.can.also.be.used.in.the.electrolysis.mode..While.some.attention.has.been.
drawn.to.the.irreversibility.of.the.electrode.to.function.well.in.both.modes,18.in.gen-
eral.the.high-temperature.operation.allows.good.reversibility..The.activation.polar-
ization.near.the.open-circuit.voltage.normally.observed.in.low-temperature.devices.
is.not.seen,.and.the.slope.of.the.current.voltage.trace.does.not.change.when.tran-
sitioning.from.one.mode.to.the.other,.as.can.be.seen.from.the.performance.of.the.
zirconia.electrolyte.stack.shown.in.figure.3.6.(25-cell.stack).near.the.point.of.current.
reversal..However,.as.the.current.density.increases,.the.heat.release.in.the.fuel.cell.
mode.is.much.higher.than.in.the.electrolysis.mode,.as.indicated.by.the.model..For.
example,.figure.3.6.shows.a.temperature.increase.of.96°C.in.the.fuel.cell.mode.at.
a.current.density.of.0.25.A/cm2,.whereas.only.a.16°C. temperature. rise. is. seen. in.
the.electrolysis.mode.at.the.same.current.density.and.airflow.rate..The.increase.in.
temperature.in.the.fuel.cell.mode.lowers.the.effective.resistance.of.the.stack..It.also.
results.in.an.operating.temperature.above.the.design’s.continuous.operating.limit.

fIgure �.� Performance.stability.of.an.electrolysis.stack.
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fIgure �.� Temperature.distribution.for.various.operating.modes..Top.left:.Electrolysis.
cell.operation.at.thermal.neutral.voltage.shows.an.isothermal.distribution..Top.right:.Elec-
trolysis.cell.operation.above.thermal.neutral.voltage.shows.an.increase.of.10°C..Bottom.left:.
Electrolysis.cell.operation.below.thermal.neutral.voltage.shows.a.decrease.of.8°C..Bottom.
right:.Fuel.cell.operation.with.high.airflow.shows.an.increase.of.~40°C,.even.with.10.times.
the.airflow.rate.of.an.electrolysis.cell.
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Recent.trends.in.lowering.the.operating.temperature.of.SOFCs.have.resulted.in.
evaluating.a.variety.of.new.materials. sets..They. include.doped.cerium.oxide.and.
doped.lanthanum.gallate..Both.materials.are.excellent.oxygen.ion.conductors..The.
cerium.oxide,.however,.undergoes.a.partial.reduction.under.low.oxygen.partial.pres-
sures.to.result.in.a.mixed.ion–electron.conductor..This.results.in.internal.shorting.of.
the.cell,.leading.to.lowering.of.fuel.cell.efficiency.19.A.similar.shorting.problem.will.
occur.in.the.electrolysis.mode..At.temperatures.around.500°C.or.lower,.the.mixed.
conduction.of.ceria.becomes.negligible..However,.such.low.temperatures.negate.the.
benefit.of.high-temperature.electrolysis.

Lanthanum.gallate,. typically.doped.with.Sr.on. the.La.site.and.Mg.on. the.Ga.
site,.on.the.other.hand,.is.an.oxygen.ion.conductor.over.a.broad.range.of.tempera-
tures,.exhibiting.an.ion.transference.number.close.to.unity..A.single.cell.tested.with.
La0.8Sr0.2Ga0.8Mg0.2O3–∂.using.a.La0.8Sr0.2CoO3–∂.air.electrode.and.nickel–ceria.cer-
met.hydrogen.electrode.showed.good.reversibility.and.a.very.low.area-specific.resis-
tance..Three.different.steam.concentrations.were.used.to.identify.the.effect.of.steam.
starvation.in.the.electrolysis.mode..As.can.be.seen.in.figure.3.9,.the.electrolyte–elec-
trode.materials.set. showed.good.reversibility.across. the.open-circuit.voltage..The.
nonlinearity.in.the.performance.curve.is.caused.by.steam.starvation,.as.expected,.at.
low.steam.concentrations.of.less.than.50%.

An. alternative. electrolyte. material,. lanthanum-doped. barium. indium. oxide,.
(Ba,La)In2O5+∂,.has.been.proposed.20.This.new.material.has.been.shown.to.have.an.ionic.
transference.number.of.1.0.with.an.oxygen.ion.conductivity.better.than.that.of.YSZ.

Proton-conducting.ceramic.membranes.have.been.studied.as.SOFC.electrolytes.
for.intermediate.temperature,.around.800°C,.and.can.also.be.used.as.electrolytes.in.
steam.electrolysis..The.families.of.SrCeO3.and.BaCeO3.with.dopants.such.as.Y,.Yb,.
and.Nd.on.the.Ce.site.show.good.selectivity.for.proton.transport.21–27..The.advantage.of.
using.proton.conductors.for.electrolysis.is.that.pure.hydrogen,.without.steam.dilution,.
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can.be.obtained.as.shown.by.Iwahara.et.al.28
.However,.the.proton.conductivity.of.these.

materials.is.considerably.lower.than.the.ionic.conductivity.of.traditional.oxygen.ion.
electrolytes..At.higher. temperatures,.while. the.proton.conductivity.values. increase,.
the.transference.number.for.proton.conduction.decreases.due.to.electronic.conduction..
The.current.efficiency.is.thus.lowered.at.higher.operating.temperatures.29

�.� advanCed ConCePTs for hIgh-
TemPeraTure eleCTrolysIs

3.5.1 natural GaS-aSSiSted mOde

Higher. operating. temperature. allows. for. a. reduction. in. the. electricity. needed. for.
electrolysis..However,.materials.constraints.such.as.oxidation.of.metal.interconnect.
or.other.metallic.manifold.components.and.continued.sintering.of.porous.electrodes.
may.result. in.performance.degradation.at.high.temperatures..Pham.et.al.30,31.have.
proposed.a.method.for.reducing.the.voltage.necessary.for.steam.electrolysis,.thereby.
reducing.the.electric.power.consumption..The.process,.known.as.natural.gas-assisted.
steam.electrolysis.(NGASE),.uses.natural.gas.as.the.anode.reactant.in.place.of.com-
monly.used.air.or.steam.as.the.sweep.gas.for.removing.the.oxygen.evolved.in.the.
anode.compartment..Thus,.the.oxygen.transported.through.the.electrolyte.membrane.
partially.or.fully.oxidizes.the.natural.gas,.which.in.effect.provides.a.significant.por-
tion.of.the.driving.force.for.the.oxygen.transport.through.the.membrane.

The.Nernst.potential,.E,.of.an.electrochemical.cell.is.defined.as

.

E RT
nF

p
p

O
I

O
II

= ln 2

2

where. pO
I

2
.and. pO

II
2

.are.the.oxygen.partial.pressures.of.the.reactants.in.the.two.
chambers.separated.by.the.oxygen.ion-conducting.membrane,.F is.the.Faraday.con-
stant,. n. is. the. moles. of. electrons. involved. in. the. reaction,. R is. the. universal. gas.
constant,.and.T.is.the.temperature.in.Kelvin..When.the.cathode.gas.is.a.mixture.of.
hydrogen.and.steam.with.anode.gas.being.air,.the.Nernst.potential.is.about.0.8.to.
0.9.V,.depending.on.the.ratio.of.hydrogen.and.steam..The.steam.electrolysis. then.
requires.a.voltage.that.is.higher.than.the.open-circuit.voltage.(Nernst.potential.at.no.
current)..When.air.is.replaced.by.natural.gas.methane.on.the.anode.side,.the.Nernst.
potential.reduces.by.nearly.1.V..The.voltage.required.to.electrolyze.is.thus.lowered.
by.an.equal.amount..As.the.hydrogen.production.rate.is.proportional.to.the.current,.
the.lowering.of.the.operating.voltage.results.in.reduced.power.consumption.

In.the.NGASE.operation.both.the.anode.gas.(methane–steam).and.cathode.gas.
(hydrogen–steam).are.reducing.(low. pO2 ),.and.thus.both.electrode.materials.must.
be.capable.of. low. pO2 . stability..A.Ni-based.cermet.electrode.for.both.anode.and.
cathode.will.be.appropriate.for.this.mode.of.operation..The.authors.have.observed.
erosion.of.zirconia.electrolyte.at.temperatures.above.700°C.under.these.conditions..
This.phenomenon.may.limit.the.usefulness.of.the.NGASE.process.
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3.5.2 hybrid SOFC–SeOC StaCkS

As.mentioned.earlier,.the.SOFC.mode.of.operation.is.exothermic.while.the.SOEC.
mode.can.be.endothermic,.thermal.neutral,.or.exothermic.depending.on.the.operat-
ing.voltage..The.hydrogen.production.efficiency,.defined.as.the.ratio.of.heating.value.
of.generated.hydrogen.to.electric.power.input,.is.100%.at.the.thermal.neutral.volt-
age,.higher.in.the.endothermic.mode.as.the.operating.voltage.moves.closer.to.the.
open-circuit.voltage,.and.lower.when.the.voltage.is.higher.than.thermal.neutral..The.
efficiency.can.be.as.high.as.140%.near.the.open-circuit.voltage..It.should.be.noted.
that. thermal. inputs. are. required. to. satisfy. conservation. of. energy. when. operated.
below. the. thermal.neutral.voltage..While.high.efficiency. is.attractive,. it. typically.
comes.at.high.capital.cost,.as.the.production.rate.per.unit.cell.area.is.low..Operat-
ing. near. the. thermal. neutral. voltage. is. generally. considered. favorable. from. both.
the.operational.and.hydrogen.production.cost32.perspectives..As.the.SOEC.can.be.
operated.with.minimal.requirement.for.heat.supply.or.removal,.it.can.potentially.be.
scaled.up.to.large-footprint.devices,.unlike.SOFC,.where.the.heat.removal.require-
ment.constrains.the.overall.footprint..Thus,.in.a.reversible.fuel.cell,.one.that.operates.
in.SOFC.and.SOEC.modes,.the.cell.area.is.constrained.by.the.cooling.requirements.
in.the.SOFC.mode.

In.order.to.overcome.the.heat.removal.constraints,.a.hybrid.stack.concept.has.
been.proposed.33.By.integrating.both.SOFC.and.SOEC.cells.in.a.single.stack,.the.
exothermic.SOFC.and.endothermic.SOEC.operations.can.be.used.to.reduce.the.cool-
ing.air.requirement,.and.thus.allow.for.larger-footprint.devices..A.similar.concept.is.
under.investigation.by.other.researchers.as.well.34

3.5.3 inteGratiOn OF primary enerGy SOurCeS with 
hiGh-temperature eleCtrOlySiS prOCeSS

The.attraction.of. the.high-temperature.steam.electrolysis.process.comes.from.the.
fact. that. a. portion. of. the. required. energy. for. the. process. is. supplied. as. thermal.
energy,.thereby.reducing.the.electrical.need..When.operated.at.thermal.neutral.volt-
age,.all.input.energy.is.in.the.form.of.electric.power,.but.energy.lost.by.resistance.
to.heat.is.used.to.satisfy.the.endotherm..However,.a.judicial.choice.of.the.primary.
energy.source.must.be.made.to.take.into.account.the.cost,.efficiency,.and.environ-
mental. impact.of. the.overall.process..The.concept.of.using.electricity. to.produce.
hydrogen,. which. in. turn. will. be. used. to. produce. electricity,. makes. sense. only. if.
the.electric.power.for.electrolysis.is.inexpensive.or.from.excess.capacity,.and.thus.
the.hydrogen.becomes.an.energy.carrier..Additionally,. the.compression.of.hydro-
gen. for. transport. typically.consumes.10%.of. the.energy.content..Considering. the.
overall.environmental.effect,.combining.high-temperature.electrolysis.with.a.renew-
able.energy.source.is.a.good.option—in.particular.when.the.electricity.generation.is.
intermittent.(for.example,.with.windmill.or.solar.generators).or.the.demand.is.low.
(as.in.the.case.where.a.nuclear.generator.paired.with.an.electrolyzer.fills.the.role.of.
spinning.reserve).

When. the. high-temperature. electrolysis. process. for. hydrogen. generation. is.
supported. by. nuclear. process. heat. and. electricity,. it. has. the. potential. to. produce.
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hydrogen.at.a.very.high.efficiency.35.It.is.estimated.that.a.high-temperature.advanced.
nuclear.reactor.coupled.with.a.high-temperature.electrolyzer.could.achieve.a.ther-
mal-to-hydrogen.conversion.efficiency.of.45.to.55%.36

Alternatively,. renewable. sources. such. as. wind,. geothermal,. and. solar. energy.
can.also.be.used.as.inputs..It.is.estimated,.for.example,.that.only.1%.of.geothermal.
energy.has.been.harnessed.to.produce.electricity.from.geothermal.steam.37.It.is.fur-
ther.estimated. that.more. than.17.TWh/y.of.hydrogen.can.be.produced. in. Iceland.
alone..Similarly,.solar.cells.can.be.integrated.to.provide.the.electricity.for.the.elec-
trolysis.process..High.cost.due.to.relatively.low.efficiency.of.photovoltaic.conversion.
of.solar.to.electric.energy.has.been.the.hindrance.for.such.integration..A.wavelength.
separator,.which.separates.shorter.and.longer.wavelengths.of.solar.radiation.and.con-
verts.them.into.thermal.and.electrical.energies,.respectively,.has.been.suggested.38.
A.parabolic.concentrator.and.a.spectrally.selective.filter.are.used.for.the.separation..
A.combined.system.efficiency.of.22%.has.been.estimated.39.This.could.more.than.
double.with.advanced.multijunction.cells.now.becoming.available.

�.� maTerIals Challenges

The. SOFC. materials. can. be. in. general. applicable. to. SOEC. stacks.. The. primary.
materials.issues.in.an.SOFC.are.related.to.high-temperature.operation..At.the.operat-
ing.temperature,.both.physical.and.chemical.changes.to.the.cell.materials.can.lead.to.
performance.degradation..For.example,.the.nickel.in.the.fuel.electrode.can.coarsen.
over.time,.causing.the.loss.of.interparticle.connectivity..Both.electrodes.could.also.
densify.during.operation,.resulting.in.high.gas.diffusion.resistance.in.the.electrode,.
causing.overall.stack.resistance.to.increase.with.time..Chemical.reaction.between.
layers,.in.particular.the.air.electrode,.typically.a.lanthanum.manganite.perovskite,.
and.the.zirconia.electrolyte,.could.also.result.in.insulating.compounds.such.as.lan-
thanum.zirconate.(La2Zr2O7).

The.most.critical.component.is.the.interconnect.that.joins.the.individual.cells.to.
form.a.stack..While.much.of.the.criteria,.such.as.thermal.expansion.match,.electrical.
conductivity,.and.gas.tightness,.are.identical.to.those.of.SOFC,.there.are.distinct.dif-
ferences.in.the.SOEC.mode.that.must.be.taken.into.account.in.selecting.the.appropri-
ate.materials.set..The.cathode.stream.has.a.very.high.steam.content,.especially.near.
the.inlet..Typically.only.a.small.fraction.of.the.inlet.stream.needs.to.be.hydrogen.to.
maintain.a.fully.reduced.metallic.nickel.electrode,.and.thus.90.to.95%.of.the.inlet.
gas.is.steam..On.the.anode.side,.it. is.conceivable.that.steam.could.be.used.as.the.
sweep.gas..Typically,.a.stainless.steel.is.selected.as.an.interconnect.alloy.for.thermal.
expansion.match.and.low.cost..In.order.to.provide.an.oxide.scale.that.is.electrically.
conductive,. Fe-Cr. alloys. are. selected.. When. oxidized. in. air,. a. dense,. continuous.
chromia.scale.forms.on.the.surface..The.chromia.scale.is.conductive.and.to.a.certain.
degree.reduces.the.oxidation.rate.of.the.alloy..However,.exposure.to.high.humidity.is.
found.to.produce.a.mixture.of.chromia.and.iron.oxide..Additionally,.when.the.inter-
connect.faces.a.dual-atmosphere.condition,.oxidizing.gas.on.one.side.and.reducing.
on.the.opposite.side,.even.without.moisture.present.on.the.oxidizing.side,.the.oxide.
scale.forms.a.similar.nonprotective.mixed.oxide..It.is.suggested40.that.hydrogen.may.
diffuse.through.the.alloy.to.form.water.molecules.on.the.oxidizing.side.underneath.
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the.scale,.disrupting.the.scale.formation..In.contrast.to.the.fuel.cell.mode,.the.elec-
trolyzer.evolves.high-purity.oxygen.on.the.anode.side,.leading.to.a.potentially.severe.
environment.for.scale.growth..High.sweep.gas.flow.could.be.used.on.the.anode.to.
reduce.the.effect.of.oxygen.on.the.interconnect..However,.process.economics.may.
dictate. the.use.of.steam.to.recover.the.value-added.high-purity.oxygen..Thus,. the.
combination.of. steam.and.oxygen.poses.a. severe. corrosion.condition..While. it. is.
still.an.ongoing.area.of.research,.some.progress.has.been.made.by.heat.treating.the.
metal. surface. to. form.a. thin. chromia. scale.prior. to. assembly..An.additional. thin.
layer.of.LaCrO3.is.applied.on.top..Figure.3.10.compares.the.scales.formed.during.
long-term.testing.in.a.dual.atmosphere..Figure.3.10a.shows.the.poorly.adhered.scale.
of.an.untreated.stainless.400.series.alloy.after.200.h.to.contain.a.large.nodule.of.an.
Fe-rich. region. surrounded. by. a. Cr-rich. region.. Figure.3.10b. shows. the. pretreated.
alloy.after.1,000.h.of.test.to.contain.about.a.2-µm-thick.Cr-rich.scale..Both.samples.
had.a.constant.current.of.0.2.A/cm2.

The. potential. for. efficiently. producing. ultra. high. purity. hydrogen. using. the.
electrolysis.process.dictates.that.the.gas.streams.on.each.side.of.the.electrolyte.are.
isolated..This.is.all.the.more.critical.when.by-product.oxygen.is.collected..The.evo-
lution.oxygen.on.the.anode.side.shows.a.detrimental.effect.on.the.seal.area..While.
the.same.alkaline.earth.silicate.glass.appears.to.be.unreactive.in.the.SOFC.mode,.
severe. oxidation. occurs. in. the. edge. seal. area. in. the. SOEC. mode.. The. corrosion.
scale.near.the.seal.area.could.result.in.poor.sealing.over.time,.causing.direct.mixing.
of. the. reactants..The.potential. to.electrically. short. adjacent. interconnect.plates. is.
another.serious.problem..Application.of.an.inert.dielectric.layer.largely.reduces.the.
seal.reactivity.

Evaporation.and.condensation.of.chromium.vapor. from. the. interconnect.onto.
the.air.electrode.are.considered.critical.mechanisms.of.performance.degradation.in.
an.SOFC..While.no.details.of.similar.effect.have.been.reported.for.the.electrolysis.
stacks,.such.a.mechanism.is.likely.to.be.operative,.leading.to.performance.degrada-
tion..This.is.another.area.that.requires.attention.to.address.and.mitigate.the.problem.
in.order.to.achieve.long-term.stable.operation.of.SOEC.stacks..Much.of.the.work.in.
this.area.is.being.conducted.for.SOFC.applications.

�.� summary

The. primary. attraction. toward. the. use. of. a. high-temperature. ceramic. membrane.
process.for.water.electrolysis.is.the.potential.to.produce.ultra.high.purity.hydrogen,.
with.no.need.for.a.subsequent.cleanup.reaction,.at.a.very.high.efficiency..The.high-
temperature.process.is.also.very.well.suited.for.integration.with.renewable.energy.
sources..While.much.of. the.materials. issues. are. common. to. solid-oxide. fuel. cell.
technology,.which.is.receiving.considerable.research.focus,.there.are.some.signifi-
cant.challenges.that.are.unique.to.the.electrolysis.process..Evolution.of.high-purity.
oxygen.poses.a.considerable.challenge. in. the.selection.of.anode.and. interconnect.
materials..The.process.also.imposes.much.stricter.requirements.for.high-tempera-
ture.seal.materials.to.derive.the.benefit.of.a.high-purity.hydrogen.generation.pro-
cess..The.recent.thrust.and.advances.in.high-temperature.materials.and.the.focus.on.
hydrogen.technologies.provide.the.basis.for.rapid.progress.in.this.area.
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fIgure �.�0a Corrosion.of.stainless.steel.in.cell.operating.conditions..(a).Untreated,.air.
side.of.dual.atmosphere.under.constant.current.for.~200.h..

fIgure �.�0b Corrosion.of.stainless.steel.in.cell.operating.conditions..(b).Treated.coupon.
air.side.of.dual.atmosphere.under.constant.current.for.1,000.h..The.porous.structure.above.the.
scale.is.a.lanthanum.cobaltite.layer.added.for.electrical.connection.
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�.� InTroduCTIon

The.sulfur–iodine.(S-I).cycle.is.a.thermochemical.water-splitting.process.that.uti-
lizes.thermal.energy.from.a.high-temperature.heat.source.to.produce.hydrogen.(H2)..
It. is.comprised.of. three.coupled.chemical. reactions,.as.shown. in.figure.4.1..First,.
the.central.low-temperature.Bunsen.reaction.(Section.I).is.employed.to.produce.two.
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liquid.phases.from.sulfur.dioxide.(SO2),.iodine.(I2),.and.water.(H2O)..Under.proper.
conditions,.these.two.phases.become.immiscible.and.can.be.readily.separated..The.
lighter.upper.phase.is.sulfuric.acid.(H2SO4),.and.the.denser.lower.phase.is.an.aque-
ous.complex.of.HI,.H2O,.and.I2.(HIx)..After.separation,.the.two.liquid.phases.are.sent.
to.the.two.other.sections.for.decomposition..Section.II.(H2SO4.decomposition).first.
concentrates.the.sulfuric.acid.that.has.been.received.from.Section.I.and.then.decom-
poses.it.into.SO2,.O2,.and.H2O.at.high.temperature..The.decomposed.products.are.
returned.to.Section.I.to.continue.the.S-I.cycle..In.Section.III.(HI.decomposition).HI.
is.distilled.from.HIx.and.is.then.decomposed.into.H2.and.I2.at.intermediate.tempera-
ture..H2.is.separated.for.external.use.and.iodine.is.cycled.back.to.Section.I.to.support.
the.Bunsen.reaction..The.key.advantages.of.the.S-I.cycle.are.that.it.has.no.effluent.
and.the.reactants.are.in.easily.transportable.liquid.or.gaseous.form..All.the.chemi-
cals.used.are.recycled,.and.the.only.required.process.inputs.are.heat.and.water.

Heat. sources. that. are. capable. of. delivering. the. high. temperature. required. by.
H2SO4.decomposition.reaction. include. the.modular.helium.reactor. (MHR),1.high-
temperature.solar.tower,.and.coal-.and.natural.gas–burning.plant..Figure.4.2.shows.
a.schematic.of.a.conceptual.S-I.hydrogen–electricity.co-generation.plant.design.that.
is.supported.by.the.heat.generated.by.a.high-temperature.nuclear.reactor..The.heat.
that.is.required.to.drive.the.two.decomposition.reactions.and.the.electric.turbine.is.
delivered. through.an. intermediate.heat.exchanger. that.employs.helium.gas.as. the.
heat.transport.medium..Other.intermediate-loop.mediums,.such.as.molten.fluoride.
salt,.have.also.been.proposed.for.this.application.

The.S-I.cycle.is.capable.of.achieving.an.energy.efficiency.of.50%,.making.it.one.
of.the.most.efficient.cycles.among.all.water-splitting.processes.2.In.addition,.the.S-I.
cycle.is.similar.to.other.chemical.production.processes.in.that.it.is.highly.suitable.
to.scaling.up.to.large-scale.production.of.H2..Hence,.it.has.good.potential.to.deliver.
large.quantities.of.low-cost.hydrogen.

The.baseline.design.for.the.current.S-I.work.is.the.system.configuration.described.
in. a. report. titled. High Efficiency Generation of Hydrogen Fuels Using Nuclear 

fIgure �.� The.coupled.chemical.reactions.of.the.S-I.cycle.
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Power,3.which.describes.the.equipment.and.component.requirements.in.detail..Due.
to.the.chemicals.involved.and.the.high.reaction.temperatures,.the.S-I.cycle.presents.a.
very.corrosive.working.environment..In.order.to.realize.a.safe,.stable,.and.functional.
hydrogen.production.plant,.materials.used.to.fabricate.the.boilers,.heat.exchangers,.
and.other.components.within.each.section.must.be.carefully.selected..The.specific.
requirements.will.be.determined.by.the.process.flow.sheet.for.the.individual.section.
and.the.associated.processing.steps.

�.� s-I CyCle demonsTraTIon

The.S-I.cycle.was.invented.at.General.Atomics.in.the.mid-1970s.and.was.studied.
extensively.in.the.U.S..during.the.late.1970s.and.early.1980s.4–6.The.chemical.reac-
tions.within.the.different.sections.of.the.cycle.were.successfully.demonstrated.using.
glass.apparatus..In.addition,.a.high-temperature.metallic.H2SO4.decomposition.sys-
tem. was. built. and. tested. using. the. solar. power. tower. at. the. Georgia. Institute. of.
Technology. in.1984.7.The.decomposition.was. successfully.demonstrated.with. the.
aid. of. a. solar. heat. source.. For. the. past. 20. years,. researchers. globally,. especially.
those.in.Japan,.have.continued.research.and.development.on.the.cycle..Since.1988,.a.
complete.laboratory-scale.S-I.test.loop.has.been.in.operation.in.Japan.by.the.Japan.
Atomic.Energy.Research.Institute.(JAERI)..The.system.was.constructed.using.glass.
equipment.and.is.capable.of.delivering.30.l/h.of.hydrogen.8,9

To. demonstrate. the. feasibility. for. large-scale. hydrogen. production,. the. DOE.
Nuclear.Hydrogen.Initiative.(NHI).is.funding.the.construction.of.a.bench-scale.S-
I. loop. fabricated.with.proper.materials.of.construction. (figure.4.3).. In.addition. to.
process.demonstration,.the.materials.and.designs.used.in.this.integrated.laboratory-
scale.(ILS).loop.are.chosen.so.that.they.will.be.applicable.to.future.scale-up..This.

fIgure �.� A.schematic.for.a.nuclear.S-I.hydrogen.and.electricity.co-generation.plant.
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S-I.loop.is.being.constructed.jointly.by.Commissariat.à.l’Énergie.Atomique.(CEA;.
Section.I),.Sandia.National.Laboratory.(SNL;.Section.II).and.General.Atomics.(GA;.
Section.III)..The.three.sections.will.be.integrated.for.a.bench-scale.demonstration.
capable.of.delivering.200.to.1,000.l/h.of.H2.in.2008.10

�.� s-I ProCess floW sheeT

An.extensive.amount.of.flow.sheet.work.has.been.performed.to.define.the.reaction.
conditions.and.process.flow.streams.within.the.S-I.cycle,.which.in.turn.determine.
the. materials. performance. requirements.. Advances. in. materials. technology. can.
redefine.these.flow.sheets,.as.better-performing.materials.will.allow.the.reactions.
to.be.conducted.more.efficiently.and.extend.component. lifetime..This.can.lead.to.
an.increase.in.the.overall.cycle.efficiency.and.reduce.the.cost.of.H2.produced..It.is.
therefore.essential.for.one.to.be.familiar.with.these.flow.sheets.and.understand.the.
material.performance.requirements.in.order.to.develop.and.identify.better.construc-
tion.materials.

4.3.1 SeCtiOn i: bunSen reaCtiOn

Section.I.receives.the.recycled.SO2.gas.from.Section.II,.and.liquid.I2.from.Section.III...
They.are.then.placed.into.contact.with.excess.H2O.to.promote.a.spontaneous.reaction.
(Bunsen.reaction).at.120°C..By.adding.excess.I2,.the.reaction.products.will.form.two.
immiscible.liquid.phases.that.can.be.separated.via.gravity.6,11.The.upper.lighter.phase.
is.H2SO4.and.the.lower.denser.phase.is.an.acid.complex.of.HI,.H2O,.and.I2.(HIx)..This.
reaction.is.exothermic,.and.if.the.reaction.heat.is.not.channeled.away.efficiently.from.
the.reactor,.sulfur.will.form.as.a.result.of.side.reactions..Hence,.the.materials.used.to.
construct.the.reactor.will.need.to.be.an.efficient.heat.exchanger.in.addition.to.being.
corrosion.resistant.to.the.mixture.of.chemicals.and.gases.that.are.present..There.are.
four.basic.processing.steps.in.this.section.(figure.4.4),.with.the.Bunsen.reaction.being.
the.key.reaction..The.associated.process.conditions.are.listed.in.table.4.1.

fIgure �.� A.schematic.of.the.sulfur-iodine.integrated.laboratory.scale.demonstration.
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Other.than.the.main.Bunsen.reaction,.the.other.three.steps.in.this.section.involve.
separation.of.gases.and.H2O.from.the.flowing.chemical.stream..O2,.which.forms.as.
a.result.of.water.splitting,.is.removed.from.the.recycled.stream.to.avoid.formation.of.
complexes.in.the.rest.of.the.section..SO2.is.washed/separated.from.the.Bunsen.reac-
tor.output.to.prevent.any.side.reaction.downstream..The.last.step.in.Section.I.involves.
the.extraction.of.H2O.from.the.HIx.product.stream.before.it.is.sent.to.Section.III..This.
will. reduce. the.energy. requirement,. as.H2O.evaporation.processes. impose.a.high.
heat.demand.based.on.the.current.flow.sheet..Hence,.any.reduction.in.H2O.content.in.
the.Bunsen.reaction.products.will.be.beneficial.to.the.overall.cycle.efficiency.
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fIgure �.� Flowsheet.for.Section.I.

Table �.�

reaction Conditions for the Processing steps in section I
reaction Temperature Pressure Comments

O2.separation 10°C 12.bars Condensation.and.wash.of.incoming.
stream

O2.separation.membrane.

Bunsen.reactor 120°C 10.bars HIx–13.HI–9.5.H2O–77.5.I2.(wt%)
H2SO4.(57.wt%)
Phase.separation.by.density
HX.(heat.out).required

SO2.stripping 120°C 1.bar H2O.wash
SO2.separation.membrane.

H2O.extraction 120°C 1.bar Separation.membrane
Electro-electrodialysis

Note:.HX.=.heat.exchanger.
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4.3.2 SeCtiOn ii: SulFuriC aCid deCOmpOSitiOn

This.section.receives.H2SO4.from.Section.I.and.decomposes.it. into.SO2,.O2,.and.

H2O.at.high.temperature..These.gases.are.then.returned.to.Section.I.(figure.4.5).and.

SO2.is.used.to.support.the.Bunsen.reaction..The.decomposition.is.carried.out.in.a.

number.of.steps.under.the.conditions.listed.in.table.4.2..First,.the.incoming.acid.is.

concentrated.from.57.to.86.wt%..This.is.followed.by.pressurizing.the.acid.stream.

to.70.bars.to.match.the.pressure.of.the.He.gas.in.the.intermediate.heat.exchange.

loop.. This. will. minimize. the. stress. on. the. heat. exchange. interface. and. reduces.

creep.effects.at.the.high.SO3.decomposition.temperature..The.acid.is.heated.up.to.

around.475°C.for.vaporization..Starting.at.about.500°C,.H2SO4.gas.will.begin.to.

decompose. into.H2O.and.SO3..Further.decomposition.of.SO3. into.SO2.and.O2. is.

accomplished.by.a. catalytic. reaction.at. a. temperature. around.850°C..Some.flow.

sheet.design.has.even.proposed.conducting. the.decomposition.at.925°C.to.attain.

higher.equilibrium.conversion..This.makes.efficient.heat.conductivity.an.important.

material.property.

Since.SO3.→.SO2.+.O2.is.an.equilibrium.reaction,.one.can.enhance.the.reaction.

rate.by.removing.SO2.from.the.reactor..The.only.practical.means.to.accomplish.this.

at.the.current.decomposition.temperature.will.be.through.the.use.of.a.SO2-selective.

permeable. membrane.. The. lifetime. permeability. and. structural. integrity. of. such. a.

membrane.at.these.operating.temperatures.are.important.issues.that.will.need.to.be.

addressed.
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5024.indb   86 11/18/07   5:45:57 PM



Thermochemical	Hydrogen	Production	 ��

4.3.3 SeCtiOn iii: hi deCOmpOSitiOn

This.section.receives.HIx.from.Section.I.for.decomposition.and.produces.H2..Hydro-
gen.iodide.(HI).within.the.HIx.feed.stream.is.distilled.and.decomposed.into.H2.and.
I2,.and.there.are.two.alternatives.to.carry.out.this.process:.extractive distillation.or.
reactive distillation..The.reaction.conditions.and.chemicals.used.in.these.two.pro-
cesses.are.different,.and.their.flow.sheet.will.be.addressed.separately.

�.�.�.� extractive distillation

Extractive. distillation. utilizes. concentrated. phosphoric. acid. (H3PO4). to. extract.
HI.and.H2O.from.HIx,.as.they,.unlike.I2,.are.soluble.in.H3PO4..In.addition,.H3PO4.
breaks. the. azeotrope.between.HI. and.H2O,. thus.permitting. the.distillation.of.HI.
from. the.acid.complex. followed.by.decomposition.4,11.A.schematic.of. the.process.
flow.sheet. and. the.corresponding. reaction.conditions.are. shown. in.figure.4.6.and.
table.4.3..There.are.four.separate.steps:.(1).iodine separation,.(2).HI distillation,.(3).
phosphoric acid concentration,. and. (4). gaseous HI decomposition.. In. the. iodine.
separation.step,.concentrated.phosphoric.acid.(>96.wt%). is.added. to. the.HIx. feed.
from.Section.I.and.results.in.the.formation.of.a.two-phase.liquid.mixture.of.I2.and.HI.
+.H2O.+.H3PO4..The.denser.I2.stream.is.separated.by.gravity.and.returned.to.Section.
I.to.support.the.Bunsen.reaction..The.upper.lighter.HI–H3PO4.acid.complex.is.sent.
to.the.distillation.column.to.carry.out.HI.distillation..HI.gas.is.distilled.from.boiling.
HI.+.H2O.+.H3PO4.and.is.passed.on.to.the.decomposition.column.for.HI.decomposi-
tion.[HI(g).→.H2(g).+.I2(g)].in.the.presence.of.a.catalyst..The.decomposition.can.be.
carried.out.catalytically.at.either.high.temperature.(~350.to.450°C).in.the.gas.phase.
or.low.temperature.(150.to.300°C).in.the.liquid.phase.under.pressure..At.450°C,.the.
equilibrium.conversion.rate.of.HI.into.H2.+.I2.is.approximately.22%..Hence,.removal.
of.H2. from.the.decomposition.chamber.can.enhance. the.one-pass.conversion.rate.

Table �.�
reaction Conditions for the Processing steps in section II

reactor Temperature Pressure Comments
H2SO4.flash.and.
concentration

120°C 1.85s.bar.→.0.1.bar H2SO4.(57.wt%)

H2SO4.concentration 120°C.→.170°C 0.1.bar H2SO4.(86.wt%)
HX.(heat.in).required.

H2SO4.pressurization 170°C.→.175°C 0.1.bar.→.70.bars
H2SO4.heating 175°C.→.475°C 70.bars HX.(heat.in).required
H2SO4.vaporization 475°C.→.500°C 70.bars H2SO4.(86.wt%)

HX.(heat.in).required.
H2SO4.heating 500°C.→.750°C 70.bars SO3.formation

HX.(heat.in).required.
H2SO4.decomposition 750°C.→.900°C 70.bars Catalytic.reactor

HX.(heat.in).required
SO2.separation 750°C.→.900°C 70.bars SO2.membrane.

separator
Note:.HX.=.heat.exchanger.
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fIgure �.� Flowsheet.for.Section.III.

Table �.�

reaction Conditions for the Processing steps in section III using 
extractive distillation

reactor Temperature Pressure Comments

I2.separation 120°C 1.bar. HIx–13.HI–9.5.H2O–
77.5.I2.(wt%)

H3PO4.(96.wt%)

HI.distillation 120°C.→.170°C 1.bar HX.(heat.in).required

HI.decomposition 300°C.→.450°C 1.bar HI.gas.catalytic.
decomposition

HX.(heat.in).required

H2.separation <300°C 1.bar H2O.wash.to.separate.
trace.HI

H2.membrane.separator

H3PO4.flash 160°C. 1.→.0.1.bar H3PO4.acid.(87.wt%)

H3PO4.concentration. 165°C.→.220°C 0.1.bar 87.→.96.H3PO4.acid.
(wt%)

HX.(heat.in).required

Note:.HX.=.heat.exchanger.
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and. reduce. the. amount. of. HI. that. needs. to. be. recycled. through. the. decomposer..
The.phosphoric.acid.(H3PO4.+.H2O).that.remains.in.the.distillation.column.is.con-
centrated.from.87.to.96.wt%.through.a.series.of.boilers.via.vacuum.recompression.
(H3PO4.concentration)..The.concentrated.acid.is.added.to.the.incoming.HIx.feed.to.
anew.the.extraction.process.

�.�.�.� reactive distillation

Reactive.distillation.is.in.theory.a.simpler.process.than.extractive.distillation,.but.it.
has.yet.to.be.demonstrated.experimentally.12.There.are.two.key.differences.between.
reactive.and.extractive.distillation..First,.unlike.the.extractive.process,.the.HIx.azeo-
trope�.is.not.broken,.so.the.composition.in.both.the.liquid.and.vapor.phases.is.the.
same..Second,. the. reactive.process.must. be. conducted.under.pressure..Figure.4.7.
shows.a.schematic.of.the.reactive.distillation.flow.sheet,.and.the.processing.condi-
tions.are.listed.in.table.4.4..In.this.process,.azeotropic.HIx.is.distilled.inside.a.pres-
surized.reactive.column.and.the.HI.gas.within.the.HIx.vapor.stream.is.decomposed.
catalytically,.resulting.in.a.gas.mixture.of.HI,.I2,.H2,.and.H2O..To.accomplish.this,.
the.HIx.feed.from.Section.I.is.first.heated.to.262°C.from.120°C.and.is.then.fed.into.
the. reactive.column..At. the.bottom.of. the.column,. the.HIx.is.brought. to.a.boil.at.
around.310°C,.and.this.boiling.HIx.vapor.results.in.an.equilibrium.vapor.pressure.of.
750.psi.inside.the.distillation.column.

The.distilled.HIx.(HI,.I2,.and.H2O).vapor.flows.through.a.bed.of.catalysts.at.the.
top.half.of.the.reactive.column,.and.HI.within.the.vapor.stream.is.decomposed.into.
H2.and.I2.gases.at.around.300°C..A.condenser.at.the.top.of.the.reactive.column.con-
denses.any.unreacted.HI,.I2,.and.H2O.and.the.liquid.is.reflux.back.down.the.column..
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fIgure �.� Flowsheet.for.Section.III.(HI.reactive.distillation.decomposition).

�.HI.and.H2O.form.an.azeotrope.at.57.wt%.HI.
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Consequently,.the.HIx.at.the.bottom.of.the.reactive.column.is.I2.rich.and.is.fed.back.
to.Section.I.as.I2.supply.for.the.Bunsen.reaction..H2.is.bled.off.the.column.top.as.a.
compressed.gas.for.storage.or.use..The.environment.of.HIx.and.high.temperature.and.
pressure.required.in.the.heat.exchanger.in.the.reactive.distillation.process.make.it.
potentially.one.of.the.most.corrosive.environments.within.the.S-I.cycle.

�.� maTerIals develoPmenT for The s-I CyCle

There. are. three. ongoing. material. research. areas. that. are. important. for. the. even-
tual.success.of.the.S-I.cycle..First.and.foremost.is.the.development.of.construction.
materials.that.can.handle.the.corrosive.environment.for.the.lifetime.of.the.process.
equipment,. especially.heat.exchangers,.boilers,.and. reactors..The.other. two.areas.
involve. gas-permeable. membranes. and. catalyst. development.. Identifying. suitable.
membranes. and. reaction. catalysts. can. improve. the. efficiency.of. the.overall. cycle.
and.make.H2.production.more.economical..Effort.is.currently.ongoing.in.all.three.
disciplines.to.find.the.optimal.material.solutions.

4.4.1 materialS OF COnStruCtiOn

The.general.guidelines.for.selecting.suitable.construction.materials.for.the.S-I.cycle.
can.be.summarized.as.follows:

Materials.must.be.resistant.to.the.corrosive.working.environment.
Materials. used. to. build. the. heat. exchanger. must. have. good. thermal.
conductivity.
Components.manufactured.from.qualified.materials.must.have.suitable.mechan-
ical.and.creep.properties,.especially.those.operating.at.high.temperatures.
Metallic.alloys.materials.must.possess.good.hot.and.cold.formability,.weldabil-
ity,.and.availability.to.make.building.of.a.hydrogen.production.plant.practical.
Materials.components.design.should.allow.for.nondestructive.testing.while.
they.are.fabricated.and.when.they.are.in.service.

•
•

•

•

•

Table �.�
reaction Conditions for the main reactions in section III using reactive 
distillation

reactor Temperature Pressure Comments
HIx.heating 120°C.→.260°C 1.bar.→.50.bars HIx–13.HI–9.5.H2O–77.5.I2.

(wt%)
HX.(heat.in).required

Reactive.distillation 310°C 50.bars HIx.gas.phase.catalytic.
decomposition

HX.(heat.in).required
Column.bottom:.1.1.HI–0.7.

H2O–98.2.I2.(wt%)
HI,.I2.condensation 150°C. 50.bars
�HI.and.H2O.form.an.azeotrope.at.57.wt%.HI.
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Using.the.above.guidelines.and.the.process.conditions.outlined.in.table.4.1.to.
table.4.4,.the.following.sections.will.review.work.pertaining.to.construction.materi-
als.development.for.the.S-I.cycle.

�.�.�.� materials of Construction for section I

The. maximum. temperature. for. the. two. corrosive. acids. in. this. section,. HIx. and.
H2SO4,.is.120°C..These.two.acids.are.also.present.in.the.other.two.sections.but.at.
higher.temperatures..Liquid.HIx.is.used.in.Section.III.at.temperatures.up.to.310°C,.
and.H2SO4.acid.can.be.heated.to.300°C.and.above.during.the.concentration.process.
in.Section.II..Based.on.the.conventional.assumption.that.corrosion.can.be.exponen-
tially.accelerated.by.an.increase.in. temperature,.construction.materials.developed.
for.use.in.the.other.sections.will.be.applicable.to.the.lower-temperature.environment.
in.Section.I,.or.they.can.be.the.baseline.for.future.materials.development..Hence,.
material.development.for.Section.I.is.limited.at.the.present.time.

To.identify.suitable.materials.for.an.acid.complex.such.as.HIx,.one.can.begin.by.
surveying.materials.applicable.to.the.individual.acid/chemical..Table.4.5.to.table.4.7.
list.the.corrosion.properties.of.various.materials.in.I2,.HI.acid,.and.H2SO4..I2.is.a.
strong.oxidizer,.especially.in.liquid.form.at.high.temperature..The.corrosion.rates.
of. a. number. of. corrosion-resistant. materials. in. I2. at. 300. and. 450°C. are. listed. in.
table.4.5.13. Even. though. the. data. show. that. gold. and. platinum. are. stable. in. an. I2.
environment,.they.have.been.found.to.dissolve.in.HIx.14.Refractory.metals.such.as.
Ta.and.Nb.alloys.are.probably.the.best.candidates.within.the.I2-rich.environment.in.
Section.I.

HI. is.a.strong.reducing.acid.with.a.negative.pH..Even.though.it. is.a.common.
reagent.in.organic.chemistry,.corrosion.data.of.materials.in.HI.acid.at.elevated.tem-
peratures.are.limited..Table.4.6.shows.a.summary.of.the.available.data.15.Noble.and.
refractory.metals.have.shown.low.corrosion.rates,.but.the.temperatures.at.which.the.
data.were.taken.are.lower.than.those.in.the.Bunsen.reaction.environment..The.cor-
rosion.mechanism.of.H2SO4.depends.on.temperature.and.concentration..Within.the.

Table �.�

Corrosion rate of alloy in Pure Iodine at high Temperature
Corrosion rate(mm/yr)

alloy �00°C ��0°C

Platinum 0.00 0.22

Tungsten 0.00 0.32

Gold 0.00 0.95

Molybdenum 0.12 1.30

Tantalum 0.16 34.66

Alloy.B 2.24 18.12

Alloy.600 4.21 21.27
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Bunsen.reactor.environment,.it.is.a.reducing.acid..Materials.capable.of.containing.
H2SO4.will.be.considered.in.more.detail.in.the.next.section.

Based.on.the.available.data,.construction.materials.for.the.Bunsen.section.will.need.
to.withstand.a.combination.of.reducing.and.oxidizing.chemicals..Ta.and.Nb.refractory.
alloys.can.be.suitable.construction.materials,.as.they.are.known.for.their.performance.
under.both.reducing.and.oxidizing.conditions,.but.comprehensive. test.data.of. these.
metals.in.an.S-I.environment.are.still.lacking..Although.the.lower.reaction.tempera-
tures.of.the.Bunsen.reaction.will.make.corrosion.less.severe.than.in.the.other.two.sec-
tions,.hydrogen.embrittlement.can.become.an.issue.at.this.temperature.range.

In.addition.to.metallic.materials,.ceramics.such.as.SiC,.Si3N4,.Al2O3,.and.mullite.

are.also.materials.that.will.most.likely.perform.well.under.the.harsh.S-I.environ-
ment,. and. their. applicability. should. be. explored.. Since. the. temperature. does. not.
exceed. 120°C. in. Section. I,. fluoro-polymer. coatings. such. as. Teflon. or. glass-lined.
steel.can.also.be.viable.options..The.choices.will.depend.more.on.the.application.

The.only.corrosion.experiment.specifically.designed.for.Section.I.was.conducted.
by.Trester.and.Staley.14.In.it,.they.inserted.welded.rods.of.Zr702.and.Nb–1.Zr.into.a.
glass.liquid.phase.separator.within.the.Bunsen.section..Borosilicate.glass.is.resistant.
to.these.acids.at.this.temperature..The.immiscible.gap.at.the.HIx.and.H2SO4.interface.
moved.along.the.surface.of.the.metal.rods.as.the.reaction.progressed..Rapid.local-
ized.corrosion.was.observed.in.Zr702,.whereas.Nb–1.Zr.remained.stable.after.a.4-h.
exposure.at.105°C..Trester.and.Staley14.have.also.conducted.an.extensive.corrosion.
study.of.materials.in.various.composition.of.HIx,.which.will.be.discussed.in.Section.
4.4.1.3.1..More.recent.results.from.internal.testing.at.General.Atomics.also.showed.
that. Zr705. corrodes. rapidly. in. the. HIx–H2SO4. environment.. Figure.4.8. shows. a.

Table �.�

Corrosion rate of alloy in hI acid
alloy Temperature(°C) Corrosion 

rate(mm/yr)
Comments

Titanium 23 0.16 Concentration.57%

Niobium <100 0.00 For.all.concentrations

Gold 25 <0.04 Dilute

Palladium 25 65.73

Zr702 127 <0.04 Concentration.57.wt%

fIgure �.� Side.view.of.a.Zr7O5.coupon.tested.in. the.static.Bunsen.separator.acid.for.
450.h.
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Zr705.coupon.that.has.been.immersed.in.a.HIx–H2SO4.static.acid.mixture..The.test.
was.conducted.at.120°C.for.450.h..Rapid.corrosion.of.Zr705.in.the.area.where.it.is.
in.contact.with.HIx.has.been.observed.

Onuki.et.al.16.have.screened.a.number.of.materials.in.an.acid.mixture.of.H2SO4.
(50.wt%).and.HI.(0.1.wt%).at.temperatures.up.to.120°C.(table.4.7)..This.simulates.
the.composition.of.the.upper.liquid.phase..They.found.Ta,.Zr,.Pb,.and.quartz.glass.
to.be.corrosion.resistant.in.this.acid.complex,.whereas.common.construction.mate-
rial.such.as.stainless.steel.and.Hastelloy.did.not.possess.acceptable.corrosion.rates..
PFA.(Teflon).also.showed.satisfactory.corrosion.performance,.but.I2.absorption.by.
perfluoroalkoxy.or.PFA.has.been.observed,.which.raises.questions.about. its. long-
term.viability.

From.the.currently.available.data,.Ta,.Nb,.and.their.alloys,.glass-lined.steel,.and.
probably.SiC-based.materials.are.good.candidates..They.will.need.to.undergo.more.
extensive.testing.in.the.Bunsen.reaction.environment..Ta.and.SiC.are.good.candi-
dates.for.the.reactor.because.of.their.good.thermal.conductivity,.but.the.final.ther-
mal.properties.requirements.will.depend.on.the.heat.exchanger.design..The.Bunsen.
section.components.for.the.bench-scale.S-I.cycle.demonstration.experiment.will.be.
manufactured.from.glass-lined.steel.since.glass.has.been.demonstrated.to.be.inert.
to.all.the.chemicals.present..The.drawback.is.the.uncertainty.of.the.heat-exchanging.
capability.of.such.a.construction.to.channel.the.heat.away.from.the.reactor.

�.�.�.� materials of Construction for section II

The.sulfuric.acid.decomposition.reaction.is.divided.into.three.different.steps:.con-
centration,.vaporization,. and.decomposition..Taking. this. into.consideration,.con-
struction.material. requirements. can.be.divided. into. two.different. categories..The.
first. group. consists. of. materials. that. can. withstand. the. extreme. corrosiveness. of.
H2SO4. acid. up. to. 450°C.. The. second. group. includes. materials. that. have. suitable.
high-temperature.(850°C).mechanical.properties.and.good.thermal.conductivity.and.
are.also.resistant.to.a.gaseous.oxidation.and.sulfidation.environment.

Table �.�
Corrosion Test results in (�0 h�so� + 0.� hI wt%) solution at ��0°C

�00-h Test �000-h Test
I II I II

Quartz.glass NC 0.20 NC 0.00
Silicon.carbide NC 2.95 NC 1.97
Silicon.nitride NC 3.35 NC 0.39
PFA 0.00 NC 0.00
PPS NC + NC +
Ta NC 0.20 NC 0.00
Zr NC 0.98 NC 0.00
Pb NC 1.77 R 1.97
Fe–15.Si R 1.77
Hastelloy.C-276 SD 850.70
Note:
I:.Surface.appearance..NC.=.no.change;.SD.=.severely.damaged;.R.=.roughened;.BR.=.brown.colored.
II:.Corrosion.rate.in.mm/yr..+.=.weight.gain.
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In.general,.a.liquid.environment.is.much.more.corrosive.than.a.gaseous.environ-
ment.due.to.a.few.factors..Ion.transport,.which.is.the.driving.force.of.all.corrosion.
reactions,. is.much.higher. in. the. liquid.phase,. thus.enhancing. the.corrosion.redox.
reaction..In.a.gaseous.environment,.the.corrosion.product.will.most.likely.stay.on.
the.reaction.surface.and.may.act.as.a.barrier.to.decrease.any.further.reaction..On.the.
other.hand,.flowing.liquid.chemicals.can.dissolve.or.remove.such.corrosion.product.
and.lead.to.accelerated.corrosion.

The.step.of.H2SO4.concentration.presents.a.very.challenging.corrosion.problem..
This.is.because.the.corrosion.mechanism.of.liquid.H2SO4.is.linked.to.the.tempera-
ture.and.the.concentration.of.the.acid..H2SO4.is.reducing.in.nature.when.the.acid.
concentration.is.below.85.wt%.at.room.temperature.or.less.than.65.wt%.at.higher.
temperatures..At.high.concentration. and.high. temperature,. it. becomes.an.oxidiz-
ing.agent..Hence,.construction.materials.for.the.acid.concentration.application.will.
face.both.the.oxidizing.and.reducing.conditions..Table.4.8.shows.a.summary.of.the.
materials.that.exhibit.corrosion.to.the.higher.concentrations.of.H2SO4.13.Ta.and.Au.
have.low.corrosion.rates.in.higher.concentration.H2SO4.liquid.phase.environments..
Precious.metals.such.as.Au.and.Pt.have.shown.complete.resistance.at.all.concentra-
tions.of.H2SO4..On.the.other.hand,.their.inherent.high.cost.and.relatively.low.yield.
strength.make.them.only.viable.as.corrosion.resistance.coatings.or.cladding.for.com-
ponents..Techniques.to.apply.precious.metals.coating.to.a.base.structure.are.readily.
available,.but.care.must.be.taken.to.deal.with.inherent.defects.such.as.pinholes.that.
can.compromise.the.integrity.of.the.component.

Effort.to.develop.materials.for.the.H2SO4.concentration.process.has.emphasized.
developing.noble.metals.and.engineering.alloys.and.SiC-based.ceramics.for.H2SO4.
concentration.application.14,17–21.For.low-temperature.applications.within.the.Section.
II.process,.Hastelloy.B,. Incoloy.825,.Alloy.20,.and.glass-lined,.Teflon-lined,. and.
coated.steel.can.be.used,.as.their.behavior.in.H2SO4.is.well.documented.

Savitsky.et.al.21.reported.a.Ni-Cr.alloy.(80.Ni–15.Cr–5.Al). that.has. improved.
corrosion.performance.in.94.wt%.boiling.H2SO4.acid..The.corrosion.rate.is.about.4.
mm/yr,.compared.to.11.mm/yr.for.a.Cr-Ni.steel.alloy.(Fe–18.Ni–18.Cr–2.Ti)..How-
ever,.they.demonstrated.that.by.using.Cr+,.Ni+,.and.Al+.ion.implantation.to.alter.the.
surface.properties.of.the.Cr-Ni.steel.alloy,.they.were.able.to.reduce.the.corrosion.rate.
by.a.factor.of.3..This.is.an.interesting.technique.that.needs.to.be.explored.further.

Table �.�

Corrosion rate of alloy in sulfuric acid (wt%)

alloy Temperature(°C)
Corrosion 

rate(mm/yr) Comments

Inconel.625 80 90.19 Concentration.80%

Niobium Boiling 50.02 60%

Gold 250 <1.97 For.all.concentrations

316.stainless 93 4001.42 Concentration.80%

Tantalum. 200 <0.04 Concentration.98%
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The.casting.alloy.Duriron.(Fe–14.2.Si–0.8.C.wt%),.with.its.high.Si.content,.has.
been. shown. to. be. extremely. resistant. against. concentrated. H2SO4,. but. the. brittle.
nature. limits. machinability,. assembly,. and. maintenance. of. components.. In. light.
of.this,. iron-based.alloys.with.lower.Si.content.(4.to.6.wt%),.such.as.Saramet.23,.
Saramet.35,.and.ZeCor,.are.being.tested.for.this.application..These.alloys.have.good.
ductility.and.forming.characteristics.and.can.be.joined.by.traditional.means.such.as.
arc.welding..Investigators.at.Idaho.National.Laboratory.have.established.a.screen-
ing.effort.studying.the.applicability.of.these.alloys.and.other.materials.to.the.H2SO4.
concentration.process..Figure.4.9.shows. the.corrosion. rate.of.various.engineering.
alloys.tested.in.96.wt%.H2SO4.at.200°C..The.initial.corrosion.rate.is.relatively.high.
but.is.reduced.with.test.time..This.can.be.attributed.to.the.formation.of.a.Si-rich.pas-
sivation.layer.on.the.alloy.that.slows.the.corrosion.process.and.consequently.retards.
the.corrosion.rate.(figure.4.10)..When.the.test.is.conducted.at.375°C,.the.corrosion.
rate.has.a.similar.trend,.but.the.Si-rich.passivation.layer.grows.at.a.faster.rate.due.to.
the.faster.kinetics..The.corrosion.resistance.of.the.tested.alloys.is.thought.to.depend.
to.a.large.extent.on.adherence.of.the.Si-rich.layer.to.the.alloy.substrate..This.is.espe-
cially.true.in.a.boiling.H2SO4.acid.environment..New.experiments.will.need.to.be.
conducted.to.probe.the.effect.of.long-term.operation.and.process.variations.on.the.
corrosion.resistance.of.these.candidate.alloys.

Another. approach. to. this. problem. is. to. employ. ceramic. materials.. SiC-based.
materials.are.preferred.candidates,.as.they.have.both.excellent.corrosion.resistance.
and.high.thermal.conductivity..Researchers.at.JAERI.have.been.exploring.the.use.of.
ceramics.materials.in.boiling.H2SO4.17.They.have.shown.that.Si-based.ceramics.such.
as.SiC,.Si-SiC,.and.Si3N4.have.extremely.good.corrosion.resistance.in.concentrated.
H2SO4.acid.at.high.temperature,.and.are.even.better.than.high-Si.steel.(table.4.9).

fIgure �.� Corrosion.rate.of.selected.alloys.as.a.function.of.exposure.time.
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Construction. materials. capable. of. handling. H2SO4. vapor. were. studied. exten-
sively.during.the.early.stages.of.the.S-I.cycle.development,.as.it.was.thought.to.be.
the.most.critical.materials. issue.of. the.cycle..Because.of. the.high.operating. tem-
perature. involved,. materials. candidates. were. chosen. from. those. that. derive. their.
strength. from. solid-solution. strengthening. instead. of. precipitation. hardening,. as.
overage. conditions. can. lead. to. a. decrease. in. strength.. Different. researchers. have.
come.to.a.similar.conclusion.that.steel.with.a.high.Ni-Cr.content. is.most.suitable.
for.the.decomposition.reaction,.especially.when.the.operation.temperature.is.above.
850°C..At.this.temperature,.it.was.found.that.corrosion.due.to.H2SO4.vapor.is.simi-
lar.to.that.in.air,22.and.thus.many.qualified.high-temperature.engineering.alloys.can.

Table �.�

Corrosion rate of si-based Ceramics and high-si steel in Concentrated 
h�so� at high Temperature

h�so� acid Concentration and Temperature

�� wt%(��0°C) �� wt%(��0°C) �� wt%(��0°C)

�00 h �,000 h �00 h �00 h

SiC –0.1 –0.002 0 0

Si-SiC 0 –0.006 NA 0

Si3N4 0 –0.007 0 0

Fe–20.Si 1.1 0.13 NA NA

Fe-Si.(annealed) –0.12 0.065 0 0

Ni–Cr–Si.steel –0.28 0.96 NA 5.(17.h)

Note:.Original.corrosion.rate.(g/m2h).from.the.reference.is.used..Minus.sign.indicates.weight.gain.

fIgure �.�0 Cross-section.through.the.surface.film.that.formed.on.a.Saramet.#23.sample.
exposed.to.sulfuric.acid.at.375ºC.
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be.suitable..Alloys.that.have.been.tested.in.this.environment.include.Incoloy.800H,.
AISI310,.Inconel.600,.stainless.304,.a.70.Fe–10.Ni–18.Cr.alloy,.etc.13,14,22–26.The.high.
Cr.content.in.all.these.alloys.helps.to.passivate.the.metal.surface..Among.all.the.dif-
ferent.candidates,.Incoloy.800H.has.shown.the.best.performance,.with.a.corrosion.
rate.of.less.than.100.µm/yr.after.a.9,000-h.test.at.900°C..AISI310.was.judged.to.be.
applicable.to.lower-temperature.application.23

Construction. materials. for. vaporization. and. decomposition. of. H2SO4. have.
largely.been.defined.by.the.solar.decomposition.demonstration.that.was.carried.out.
at.Georgia.Institute.of.Technology.in.1985.19.A.schematic.of.the.solar.decomposi-
tion.experimental. setup. is. shown. in.figure.4.11.. In. this.work,. concentrated. ambi-
ent.H2SO4.(98.wt%).is.fed.into.a.dry.wall.boiler.constructed.from.Hastelloy.C-276.
operating.at.around.600°C..Inside.the.boiler.are.heated.Denstone.ceramic.balls.(56.
SiO2–38.Al2O3.wt%)..The.cold.H2SO4.acid.is.vaporized.to.about.400°C.upon.contact.
with. these.balls..The.H2SO4.vapor. is.heated. to.above.600°C.as. it.passes. through.
a. superheater. also.made.with.Hastelloy.C-276..At. this. stage,. the.vapor.begins. to.
decompose.into.H2O.and.SO3..This.gas.mixture.is.sent.to.a.decomposer.operating.
at.temperatures.above.800°C.in.order.for.the.SO3.→.SO2.+.O2.catalytic.decompo-
sition. to. take. place.. This. decomposer. was. actually. a. heat. exchanger. constructed.
from.Incoloy.800H.tubes.filled.with.Fe2O3.catalyst.pallets..Thermal.radiation.and.air.
heated.by.the.solar.tower.circulate.outside.the.tubes.and.manifolds.to.provide.heat.
for.the.decomposition.reaction..Some.of.the.tubes.had.an.aluminized.coating.on.their.
inner.wall.to.test.the.corrosion.resistance.of.such.coating..Downstream.the.unreacted.
acid.was.then.condensed.in.an.Incoloy.825.coiled.tube.and.collected..Table.4.10.is.a.
summary.of.the.corrosion.performance.of.the.various.construction.materials.tested.
in.the.experiment..The.oxidation.of.the.high-temperature.tubing.by.SO2,.SO3,.and.
O2.was.found.to.be.the.dominant.corrosion.mechanism,.and.the.degree.of.corrosion.
is.similar.to.exposure.to.air..The.performance.of.the.selected.alloys.was.satisfactory,.
but. oxidation. and. evidence. of. corrosion. were. observed.. Moderate. corrosion. was.
experienced.by.all.the.components,.and.it.will.need.to.be.reduced.in.order.to.ensure.
the.long-term.viability.of.components.
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fIgure �.�� Schematic. of. the. experimental. set. up. for. the. solar. H2SO4. decomposition.
experiment.
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The.long-term.corrosion.performance.and.creep.characteristics.of.the.alloys.in.
the.present.environment.will.need.to.be.addressed.in.the.H2SO4.decomposition.envi-
ronment..One.must.also.guard.against.carbide. sensitization,. stress.corrosion,.and.
intergranular.crack.formation.when.these.alloys.are.heated.for.an.excessive.period.
at.high.temperature..This.is.in.addition.to.possible.sulfidation.of.the.alloy.surface.at.
moderate.temperatures.due.to.incomplete.chemical.reaction.where.the.SO3/SO2.ratio.
favors.sulfide.formation..Only.limited.long-term.testing.has.been.carried.out,.and.the.
initial.signs.have.been.positive,.as.no.stress.corrosion.cracking.has.been.observed.in.
Incoloy.800H,.Inconel.600,.and.Hastelloy.XR.tested.at.850°C.24.Testing.is.currently.
underway.to.study.crack.formation.and.growth.and.creep.properties.in.Alloy.800H,.
Hastelloy. C-276,. and. other. high-temperature. alloys,. including. Inconel. 617. in. the.
H2SO4.decomposition.environment..This.hopefully.will.provide.insight.not.only.on.
the.high-temperature.mechanical.behavior.of.these.alloys,.but.also.on.the.effect.of.a.
sulfidizing.environment.

In.addition.to.engineering.alloys,.effort.is.also.ongoing.to.develop.a.SiC-based.
heat. exchanger. for. this. application.. SiC. is. extremely. stable. in. this. high-tempera-
ture.oxidation.environment..The.challenge.in.using.these.ceramic.materials.is.the.
processing.and.joining.of.materials.to.accommodate.the.brittle.nature.of.ceramics..
Effort.is.ongoing.to.develop.a.microchannel.plate.heat.exchanger,.and.success.hinges.
on.the.ability.to.join.these.plates.together..Figure.4.12.shows.a.prototype.of.such.a.
microchannel.plate.that.is.manufactured.from.C–SiC.composite.infiltrated.with.liq-
uid.Si.at.high.temperature..Such.a.manufacturing.technique.is.capable.of.producing.
a.complex.profile..It.is.expected.that.a.heat.exchanger.constructed.from.a.stack.of.
such.plates.will.be.a.viable.option.in.the.future.

Recently,. researchers. at. Sandia. National. Laboratory. developed. a. new. H2SO4.
decomposer.design.with.which.the.vaporization.and.decomposition.of.the.acid.can.
be.carried.with.a.single.bayonet.SiC.boiler–reactor..Figure.4.13a.shows.a.schematic.
of.this.design..It.consists.of.an.outer.SiC.feed.tube.with.an.SiC.outlet.tube..H2SO4.is.
vaporized.within.the.outer.tube.and.is.then.pushed.through.the.catalyst.bed.for.the.
decomposition.reaction.to.take.place..The.decomposed.products.are.channeled.out.
of.the.reactor.through.the.inner.SiC.tube,.and.its.heat.is.recuperated.in.the.lower.sec-
tion.of.the.heat.exchanger..This.design.is.very.efficient,.but.the.manufacturing.and.
joining.of.the.various.SiC.parts.remains.an.obstacle.that.needs.to.be.overcome.

Since. the. final. design. and. operation. conditions. of. the. nuclear. S-I. hydrogen.
loop. . are. still. being. finalized,. materials. of. construction. development. for. H2SO4..

Table �.�0
Principal materials of Construction for the h�so� solar decomposition 
experiment

Component materials
service Temperature 

and media(°C)
estimated depth of 

Corrosion(mil)
Boiler Hastelloy.C-276 >330.(l,.v) 10
Superheater Hastelloy.C-276 600.(v) 10
Decomposer.tube Incoloy.800H 850.(v) 10
Condenser Incoloy.825 100–400.(l,.v) 40
Note:.l.=.liquid;.v.=.vapor.
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decomposition.will.need.to.proceed.with.a.broad.scope..This.ensures.materials.appli-
cable.to.the.final.specification.will.be.in.place.when.needed..Table.4.11.lists.the.vari-
ous.construction.material.candidates.applicable. to. the.sulfuric.acid.decomposition.
process..The.candidates.can.be.classified.into.four.different.categories:.superalloys,.
ceramics,. noble.metals,. and. intermetallics..Selection.will. depend.on. the. chemical.
environment.and.manufacturing.technique..Even.though.the.surveyed.materials.have.
shown.good.corrosion.resistance.in.H2SO4,.the.effect.of.chemical.contaminants.such.
as. traces.of.HI.and.I2.and.corrosion.species.on. their.corrosion.performance. is.not.
known..These.factors.will.need.to.be.considered.in.the.development.testing.process.

�.�.�.� materials of Construction for section III

As.discussed.above,.there.are.two.pathways.to.carry.out.HI.decomposition,.and.the.
respective.process.steps.are.listed.in.table.4.3.and.table.4.4..Construction.materials.
development.has.focused.on.identifying.materials.that.can.withstand.the.different.
acids.and.chemicals.at.the.processing.conditions..HIx.acid.and.vapor.are.present.in.
both. distillation. processes,. whereas. H3PO4. is. only. used. in. extractive. distillation..
Hence,.the.following.discussion.of.candidate.construction.materials.for.Section.III.
will.be.based.on.chemical.contents.instead.of.processing.environment,.as.was.the.
case.for.the.other.two.sections..First,.data.for.general.corrosion.will.be.reviewed,.
followed.by.the.effects.of.stress.corrosion.and.chemical.contamination.

4.4.1.3.1 Materials for HIx
Corrosion.data.of.materials.in.HIx.are.extremely.limited..The.most.comprehensive.
set.is.from.Trester.and.Staley.14.Table.4.12.lists.a.summary.of.the.immersion.coupon.
test. results. from. their.work..The. test. temperature. is. similar. to. that. for. extractive.

fIgure �.�� Prototype.of.a.C-SiC.microchannel.plate.
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fIgure �.�� A. schematic. and. a. prototype. of. a. SiC. bayonet. H2SO4. vaporizer/.
decomposer.
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distillation.and.is.about.100.to.200°C.lower.than.that.required.by.reactive.distilla-
tion..Based.on.these.data,.Ta,.Nb,.Mo.(refractory.metals),.Zr.(reactive.metals),.SiC.
(ceramics),.and.carbon-based.materials.have.the.best.prospect.of.being.compatible.
with.HIx.at.higher.temperatures.

Immersion.coupon.tests.have.been.conducted.at.General.Atomics.to.study.the.
corrosion.resistance.of.a.variety.of.construction.material.candidates.in.HIx.at.tem-
peratures. used. for. extractive.distillation.26.Figure.4.14. shows. the.progression.of.
an.immersion.coupon.test.of.a.Ta–2.5.W.coupon.in.HIx.at.310°C.for.2,000.h..No.
evidence.of. corrosion,. including. the.weld. region,. can.be.observed..This. can.be.
compared.with.a.Zr705.coupon.that.shows.extensive.dissolution.after.only.120.h.in.
the.same.environment.(figure.4.15)..Immersion.coupon.testing.has.shown.that.Ta.
and.Nb.alloys.have.the.best.general.corrosion.characteristics.among.the.different.
metals.when.tested.against.HIx.at.high.temperatures.(table.4.13)..Tests.are.ongoing.
to.understand.the.effect.of.a.HIX.environment.for.occurrence.of.nucleation.and.the.
growth.of.cracks.in.Ta.and.Nb.alloys,.which.showed.good.corrosion.properties.

SiC-based.materials.have.also.shown.very.good.corrosion.resistance.in.HIx..Both.
sintered.and.chemical.vapor.deposition. (CVD).SiC.have.very. low.corrosion. rates.
when.tested.in.HIx.at.elevated.temperatures..In.addition,.Si-infiltrated.C-based.mate-
rials.(Si-SiC).also.have.good.potential..This.method.of.manufacturing.may.become.
an.attractive.option.in.the.future,.as.it.promises.an.extremely.low-cost.alternative.
to.manufacture.SiC-based.corrosion-resistant.materials25. and. reduce. the.potential.
joining.problems..Effort.is.continuing.to.resolve.the.manufacturing.techniques.and.
improve.the.inherent.mechanical.properties.of.these.SiC-based.materials.

fIgure �.�� A.Ta-2.5W.coupon.with.an.e-beam.weld.that.has.been.immersion.tested.in.
HIx.at.310ºC.
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�0�	 Materials	for	the	Hydrogen	Economy

fIgure �.�� Zr705.coupon.before.and.after.a.120-h.test.in.HIx.at.310ºC.

Table �.��

Corrosion rate of various materials in hIx at high Temperatures
Corrosion rate (mm/yr)

material boiler (��0°C) feed (���°C)

Nb–7.5.Ta –3.90 0.39

Splint.Si-SiC –3.31 0.00

SiC.(sintered) –2.60 0.00

Ceramatec.SiC.(sintered) –1.06 0.00

Mo-47Re –0.67 0.00

SiC.(CVD) –0.55 –0.55

Ta –0.51 0.08

Ta–2.5.W–2 0.00 0.00

Ta–2.5.W–1 0.04 0.00

Ta–10.W 0.04 –0.24

Nb–10.Hf 0.04 0.00

Ta–40.Nb 0.28 –0.08

Nb 0.43 0.00

Note:.Minus.sign.indicates.weight.loss.
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Thermochemical	Hydrogen	Production	 �0�

Other. ceramic. materials,. such. as. Al2O3. or. mullite,. have. also. been. shown. to.
be. stable. in. the.presence.of. I2. and.HIx,. but. their. application. in. a. traditional.heat.
exchanger.design.is.limited,.as.they.have.very.low.thermal.conductivity.even.rela-
tive.to.SiC..On.the.other.hand,.recent.modeling.results.from.a.microchannel.heat.
exchanger.indicated.that.there.may.be.an.advantage.in.using.low.thermal.conduc-
tivity.material.in.these.designs..Even.though.there.are.still.many.obstacles.to.using.
them.in.the.near.future,.ceramic-based.components.will.most.likely.play.an.impor-
tant.role.as.the.S-I.cycle.develops.

4.4.1.3.2 Materials for Phosphoric Acid
Phosphoric.acid.is.a.chemical.reagent.commonly.used.in.the.chemical.industry..How-
ever,.most.of.the.corrosion.data.of.materials.in.H3PO4.are.for.acid.concentrations.up.
to.85.wt%,.whereas.the.H3PO4.concentration.in.Section.III.ranges.from.85.to.96.wt%..
High.Mo.stainless.steel.such.as.Alloys.28.and.G-30.is.commonly.employed.in.the.
chemical.industry.to.contain.H3PO4..In.addition,.Ni-Mo.alloys.are.also.widely.used..
Table.4.14.lists.the.corrosion.rate.of.a.number.of.metals.in.85.wt%.H3PO4.[M14]..At.
high.acid.concentration.and.at.the.boiling.temperature.of.158°C,.it.has.been.shown.
that.Ta,.Nb,.and.their.alloys.have.good.corrosion.resistance.in.the.acid.and.are.good.
candidates.for.materials.of.construction..Table.4.15.shows.the.corrosion.rate.of.Ta.
and.Nb.alloys.in.80%.concentration.H3PO4.at.150.and.200°C,.respectively.23

Since.both.HI.and.H3PO4.are.reducing.in.nature,.it.is.possible.to.use.materials.
that.are.common.to.both.in.the.iodine.separation.reaction.(see.table.4.3)..The.mate-
rial.of.construction.used.to.fabricate.the.I2.separation.reactor.must.be.able.to.resist.
the.combination.of.HIx.and.H3PO4..Preliminary.test.results.show.that.the.corrosion.
behavior.of.the.various.materials.tested.in.the.HIx–H3PO4.acid.mixture.is.similar.to.
that.in.HIx.at.high.temperatures,.with.Ta.and.Nb.alloys.and.SiC-based.materials.the.
most.promising.construction.materials.candidates.

4.4.1.3.3 Materials for HI + H3PO4 and Iodine (Iodine Separation)
Construction.materials.used.for.the.iodine.separation.step.in.Section.III.will.encoun-
ter. a.flowing.mixture.of.HIx. and.H3PO4,. a. light.HI.+.H3PO4.upper.phase,. and. a.

Table �.��

Corrosion rate of alloys in h�Po�

alloy Concentration Temperature (°C)
Corrosion rate 

(mm/yr)

316.stainless 85 115 5.91

Hastelloy.C 85 Boiling 44.90

Durimet.20 75–85 115 9.06

Haynes.556 85 Boiling 33.08

Inconel.617 85 Boiling 25.99

Monel.400 85 124 10.24

Tantalum 85 100 0.00

Niobium 85 100 5.12

Silver 85 140 1.97
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�0�	 Materials	for	the	Hydrogen	Economy

denser.iodine-rich.lower.phase.that.forms.in.the.separator.(see.section.4.3.3.1)..Mate-
rials.candidates.for.use.in.HIx.and.H3PO4.have.been.discussed.previously..However,.
mixing.of.various.acids.may.lead.to.a.synergistic.corrosion.effect..Figure.4.16.shows.
a.Nb–10.Hf.coupon.that.has.been.tested.in.a.static.HIx.and.H3PO4.mixture.that.rep-
resents.the.iodine.separator.environment..A.scale.has.formed.on.the.coupon.where.
it.is.in.contact.with.the.H3PO4-rich.upper.phase..This.can.be.compared.with.a.Ta–10.
W.coupon.tested.in.the.same.environment.(figure.4.17)..Table.4.16.shows.a.summary.
of.the.corrosion.rate.of.various.materials.that.have.been.tested.in.HI.+.H3PO4,.and.
the.results.show.that.Ta.and.its.alloys.and.SiC-based.materials.are.suitable.for.this.
environment.

Based.on.data.obtained.so.far,.it.appears.that.liquid.processes.in.Section.III.will.
rely.heavily.on.Ta.and.Nb.alloys.as.construction.materials..Since.these.metals.are.
expensive.in.nature.and.have.low.yield.strength,.one.must.explore.different.manu-
facturing.means.to.reduce.the.overall.component.cost.and.enhance.the.mechanical.
properties.of.components..For.example,.cladding.can.be.used.to.bond.a.Ta.layer.to.
a.base.material.to.take.advantage.of.its.corrosion.characteristics.while.keeping.the..

fIgure �.�� A.Nb-10Hf.coupon.tested.in.a.static.HIx-H3PO4.mixture.at.140ºC.for.336.h.
new,.post.test,.and.post.test.with.scale.removed.

Table �.��

Corrosion rate of Ta and nb alloys in �0% Concentration h�Po� 
 at ��0 and �00°C

Corrosion rate (mm/yr)

alloy ��0°C �00°C

Niobium 59.06 NA

Nb–20.Ta 11.81 NA

Nb–40.Ta 8.66 492.13

Nb–60.Ta 2.76 82.68

Nb–80.Ta 0.39 29.92

Tantalum 0.05 5.31
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Table �.��
Corrosion rate of various materials Tested in a 
hIx–h�Po� mixture at ��0°C for ��0 to �,�00 h

alloy Corrosion rate (mm/yr)
Ta–10.W 0.02
Ta–2.5.W 0.03
SiC 0.08
Ta 0.11
Mo 0.45
Nb–1.Zr. 24.88
Nb 38.96
Nb–10.Hf 40.55
Zr705 91.44
Hastelloy.B2. 137.35
C-276 140.08
C-22 147.28
Nb–7.5.Ta 187.10
Monel 225.77

C

b

d

a

fIgure �.�� A.Ta-10W.coupon.tested.in.HIx-H3PO4.at.140ºC.for.1,209.hours..(A).0.h,.(B).
250.h,.(C).874.h.&.(D).1,209.h..
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cost.down..Techniques.for.cladding.or.lining.are.well.established,.and.suitable.means.
will.need.to.be.selected.for.the.application..Figure.4.18.shows.a.Ta-plated.stainless.
washer.that.has.been.tested.in.a.HIx.and.H3PO4.acid.mixture..Its.corrosion.perfor-
mance.is.similar. to. that.of.Ta.alloys.in. the.same.environment.(figure.4.18)..Other.
surface-coating.or.modification.techniques,.such.as.PVD.(physical.vapor.deposition).
processes. and. ion. implantation,. may. help. to. fabricate. components. in. addition. to.
cladding,.lining,.or.plating..The.application.of.such.materials.processing.technology.
to.manufacture.process.components.will.need.to.be.explored.

4.4.1.3.4 Materials for HI + I2 + H2 (Gaseous HI Decomposition)
In.extractive.distillation,.the.HI.→.H2.+.I2.decomposition.reaction.is.carried.out.in.
the.gas.phase.between.300.and.450°C.(see.table.4.3)..Given.that.both.HI.and.I2.will.
be.in.gaseous.form,.the.corrosiveness.of.the.environment.is.reduced..Since.refrac-
tory.Ta.and.Nb.alloys.exhibit.internal.oxidation.at.350°C.and.above,.their.applica-
tion. in. this.environment.will.be. limited..Onuki.et.al.16.had.screened.a.number.of.
engineering.alloys.and.corrosion-resistant.materials.in.a.HI/I2/6H2O.gaseous.envi-
ronment.at.temperatures.between.200.and.400°C.[M6]..Metallic.Ta,.Zr,.Ti,.and.SiC.
and.SiN.show.very.low.corrosion.rates.at.all.temperatures..Based.on.the.screening.
results,.they.conducted.1,000.h.of.long-term.testing.on.selected.materials,.and.their.
results.are.shown. in. table.4.17..Scale. formation.and.discoloring.were.observed. in.
all.specimens..Onuki.et.al.16.suggested.that.high-temperature.oxidation.of.the.metal.
surfaces.leads.to.a.protective.scale.that.limits.the.corrosion.of.metals.in.this.envi-
ronment..The.H2O.fraction.in.their.test.environment.is.much.higher.than.that.stated.
in.the.flow.sheet..Hence,.the.applicability.of.the.engineering.alloys.will.need.to.be.
verified..Trester.and.Staley14.also.conducted.preliminary.testing.of.Hastelloy.B.and.
C-276.in.a.HI.+.I2.environment.in.the.absence.of.moisture..They.concluded.that.both.
alloys.can.be.used.in.this.environment.14.Unlike.reactions.involving.liquid.phases,.it.
appears.that.commonly.available.corrosion-resistant.engineering.alloys.can.be.used.
for.the.HI.gaseous.decomposition.process,.but.this.will.require.more.long-term.test-
ing.to.confirm..Table.4.18.presents.a.compatibility.chart.of.construction.materials.
that.are.applicable.to.the.different.processes.in.Section.III.

a b
fIgure �.�� .A.stainless.washer.that.has.been.plated.with.a.Ta.layer.and.tested.in.HIx-
H3PO4.acid.mixture.at.140ºC.for.294.h...
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4.4.1.3.5 Effect of Stress Corrosion and Chemical Contaminants
In.terms.of.general.corrosion,.one.or.more.preliminary.construction.material.can-
didates. for. each. of. the. S-I. cycle. processing. steps. have. been. identified.. However,.
materials.are.subjected.to.processing.and.environment.effects.that.could.lead.to.sus-
ceptibility.to.the.stress.corrosion.phenomenon..Fabrication.methods.such.as.welding,.
machining,.and.hot.and.cold.forming.can.modify.the.corrosion.resistance.of.materi-
als.that.may.have.shown.good.general.corrosion.characteristics..Investigative.work.
has.been.ongoing.to.study.such.environmentally.assisted.crack.initiation.and.growth.
phenomena.in.C-ring,.U-bend,.double.cantilever.bean.(DCB),.and.compact.tension.
(CT).specimens.in.both.liquid.and.gaseous.test.environments.at.General.Atomics..
Figure.4.19.shows.a.Zr705.C-ring.specimen.that.was.immersed.in.HIx.at.310°C.for.
120.h;.a.crack.was.observed.after.testing..This.can.be.compared.to.a.Hastelloy.C22.
U-bend.specimen.that.has.been.tested.in.the.HI.gaseous.decomposition.environment.
at.450°C.for.1,570.h,.in.which.no.crack.was.observed.(figure.4.20)..Since.Section.III.
will.be.operated.in.a.pressurized.environment,.stress.corrosion.properties.of.candi-
date.materials.will.need.to.be.considered.

Another.key.issue.that.needs.to.be.addressed.during.materials.development.is.
the.effect.of.contaminants.within.the.process.streams..There.are.a.number.of.liquid–
liquid.separation.steps.within.the.S-I.cycle.that.result.in.a.trace.amount.of.chemical.
contamination. in. the.separated. liquid.stream..The.presence.of.such.contaminants.
may.affect.the.corrosion.performance.of.materials..Table.4.19.summarizes.the.con-
taminants.that.can.exist.in.the.different.process.fluids..The.only.previous.experiment.
that.addressed.this.involves.the.effect.of.a.minor.amount.of.HI.in.the.H2SO4.of.Sec-
tion.I.(see.table.4.7)..More.recent.investigations.on.this.subject.at.General.Atomics.
have.illustrated.the.potential.pitfalls.of.contamination..Figure.4.21.shows.the.effect.
of.contaminants.on.the.corrosion.performance.of.C706.(Cu-Ni.alloy).in.concentrated.
phosphoric.acid..Even.though.C706.exhibits.a.satisfactory.corrosion.rate.in.96.wt%.

Table �.��
Corrosion Test results in a vapor medium of hI–I�–h�o (�/�/�) vapor at 
various Temperatures for �,000 h duration

�00°C �00°C �00°C
I II III I II III I II III

Fe–1.Cr–0.5.
Mo

BK R 3.94 DB R 3.94 BK R 7.88

SUS444 BK P 3.94 DB R 7.88 GB R 7.88
SUS315L BK N 3.94 DB R 7.88 BR R 7.88
Inconel.600 BK N 0 DB N 0.05 BK R 3.94
Hastelloy.
C-276

BK N 0 DB N 0 BK R 1.87

Ti N N 0 N N 0 GR N 0
Note:
I:.Surface.appearance..N.=.no.scale;.BK.=.black;.DB.=.dark.brown;.GB.=.greenish.brown;.BR.=.brown;.

GR.=.gray.
II:.Surface.appearance.after.descaling..N.=.no.change;.P.=.pitted;.R.=.roughened.
III:.Corrosion.rate.in.mm/yr.
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H3PO4.acid.with.a.trace.amount.of.HI,.it.corrodes.rapidly.when.a.trace.amount.of.I2.
is.added.into.the.acid.complex..This.shows.that.much.more.work.remains.to.be.done.
to.understand.contamination.effects.

4.4.2 SeparatiOn membraneS

Separation.membranes.can.be.extremely.important.to.the.economic.success.of.the.
S-I.cycle,.as.they.can.improve.the.overall.efficiency.of.the.cycle.through.removal.of.
water,.SO2,.and.H2.from.the.chemical.stream..This.can.reduce.the.amount.of.excess.
heat.needed.to.boil.off.the.water.and.improve.the.conversion.efficiency.of.decomposi-
tion.reactions..There.are.three.potential.membrane.applications.within.the.S-I.cycle:

. 1..H2O. separation. from. the. HIx. liquid. phase. from. the. Bunsen. reaction. to.
reduce.the.heat.input.required.in.the.subsequent.distillation.processes

. 2..SO2.separation.from.the.H2SO4.decomposition.gas.product.stream.to.improve.
the.conversion.efficiency.and.perhaps.shift.the.reaction.to.a.lower.temperature

. 3..H2.separation. from.the.HI.gaseous.decomposition. reaction. to. reduce. the.
amount.of.recycle

�.�.�.� h�o separation

Nafion-117,.a.perfluorinated.polymer.membrane,.has.been.studied.for.use.in.a.direct.
separation.of.H2O.from.HIx..Its.ability.to.remove.H2O.from.a.flow.stream.of.HIx.at.
125°C.has.been. successfully.demonstrated. (figure.4.22)..The.permeability.or.flux.
through.the.Nafion-117.membrane.is.temperature.dependent.and.inversely.correlated.
to.the.water.concentration.27,28

Nafion.membranes.have.also.been.used.to.carry.out.other.concentration.schemes..
Hwang.et.al.29.employed.an.electro-electrodialysis.approach.to.raise.the.concentra-
tion.of.HI.within.the.HIx.solution.at.110°C..Nafion.acts.as.a.cation.exchange.mem-
brane.in.an.electrolysis.cell.in.which.HI.is.formed.at.the.cathode..This.raises.the.HI.
concentration.within.the.HIx.catholyte.(figure.4.23)..In.addition.to.this,.the.increase.
in.HI.content.helps.to.break.up.the.azeotropic.between.HI,.I2,.and.H2O.and.facili-
tates.the.distillation.of.HI.from.HIx..Researchers.at.JAERI.have.taken.this.concept.

fIgure �.�� A.Zr705.C-ring.specimen.under.tensile.loading.to.98%.of.yield.stress.that.
has.been.tested.in.HIx.acid.

5024.indb   111 11/18/07   5:46:25 PM



���	 Materials	for	the	Hydrogen	Economy

Table �.��

Contaminants in Process streams That may affect the Corrosion 
environment

section Process Contaminants

II H2SO4.concentration HIx.from.Section.I.
Corrosion.products.from.other.sections

III Iodine.separation H2SO4.from.Section.I.
Corrosion.products.from.other.sections

III H3PO4.concentration H2SO4.and.HIx.from.Section.I.and.iodine.
separation.

Corrosion.products.from.other.sections

III HI.distillation.(reactive.and.
distractive)

H2SO4.from.Section.I.
Corrosion.products.from.other.sections

fIgure �.�0 C22-U-bend.specimen.coupon.tested.in.the.gaseous.HI.gaseous.decomposi-
tion.environment.

 A B C D

E F G H

0 h 576 h 970 h 1570 h
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a.step.further.and.explored.the.possibility.of.using.the.Nafion.membrane.to.run.an.
electrochemical.membrane.Bunsen.reactor.30,31

Long-term. testing. has. shown. stable. transport. characteristics. in. Nafion. when.
operated.at.the.Bunsen.reaction.temperature,.but.more.testing.is.needed.28.The.trans-
port.kinetics,.permeability,.and.capability.to.manufacture.a.membrane.of.substan-
tial.area.are.key.issues.that.need.more.research.and.development..There.are.ample.
opportunities.to.test.other.membranes.for.this.application.

fIgure �.�� C7O6.alloy.coupons. tested. in.conc..H3PO4.acid,.conc..H3PO4.acid.with.a.
trace.amount.of.HI.and.conc..H3PO4.acid.with.a.trace.amount.of.HI.and.I2.

Feed H2O Concentration (wt%)
20 22 24 26 28 30

104

1000

100

10

104

1000

100

10

Fl
ux

 (g
/m

2 h
)

Separation Factor

fIgure �.�� Naflon-117®.performance.using.an.HI/water/I2.feed.at.125ºC.
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�.�.�.� so� separation

The.second.possible.application.of.membrane.in.the.S-I.cycle.is.to.separate.SO2.from.
SO3.and.O2.gases.during.the.SO3.→.O2.+.SO2.decomposition.reaction..The.biggest.
challenge.is. that. the.membrane.will.have.to.operate.at. temperatures.between.800.
and.950°C,.and.no.existing.commercial.membrane.has.been.shown.to.meet.these.
requirements..Work.is.underway.at.Oakridge.National.Laboratory.to. identify.and.
test.suitable.porous.ceramics.that.are.capable.of.this.application.

�.�.�.� h� separation

In.the.gaseous.HI.decomposition.reaction,.H2.separation.membranes.can.play.a.criti-
cal.role..The.decomposition.reaction.HI.→.H2.+.I2.is.an.equilibrium.reaction.that.has.
a.conversion.efficiency.of.around.22%.at.450°C..One.can.enhance.the.decomposition.
rate.by.removing.hydrogen.from.the.reactor..Therefore,.functional.membranes.that.
can.separate.hydrogen.from.the.reactor.will.lead.to.a.reduction.in.the.amount.of.HI.
gas.that.needs.to.be.recycled.through.the.reactor..In.addition,.an.effective.separation.
membrane.can.maintain.the.purity.of.the.H2.gas.produced..A.number.of.hydrogen.
separation.membranes.have.been.developed.for.many.applications..Unfortunately,.
most.of.them.employ.metals.such.as.Pd,.Pd-Ag,.and.Zr..Since.these.materials.have.
been.shown.to.be.susceptible.to.corrosion.in.an.iodine-rich.environment,.they.are.
not.suitable.for.this.application..Hwang.et.al.32.have.prepared.silica.membranes.by.
CVD.that.have.shown.high.permeability.of.H2. from.a.H2–H2O–HI.gaseous.mix-
ture. at. elevated. temperatures. (figure.4.24).. A. separation. factor. of. more. than. 600.
between. H2. and. HI. has. been. observed.32,33. The. importance. of. such. a. separation.
membrane.has.been.demonstrated.by.Nomura.et.al.34.They.calculated.that.the.use.of.

fIgure �.�� Schematic.of.the.electro-electrodialysis.process.to.concentrate.the.HIx.acid.
feed.from.the.Bunsen.reaction.
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such.membranes.can.improve.the.overall.cycle.thermal.efficiency.by.1%..Ideally,.the.
membrane.should.have.a.high.thermal.conductance.so.that.a.membrane.reactor.can.
be.used.35.There.is.a.need.for.the.development.of.such.a.membrane,.possibly.using.
porous. SiC. or. SiC-based. materials.. The. manufacturing. process. of. the. silica. and.
other.membrane.will.need.to.be.addressed.to.improve.the.reliability.and.cost.of.such.
a.tubular.membrane.reactor.

4.4.3 CatalyStS

The.sulfuric.acid.and.the.HI.decomposition.reactions.in.Sections.II.and.III.are.both.
catalytic.processes..A.variety.of.oxides,.activated.charcoal,.and.platinum.have.been.
employed.as.the.catalyst.for.these.reactions..Ongoing.research.in.this.area.is.trying.
to.identify.the.optimal.catalyst.support.to.minimize.the.overall.cost.and.integration.
of.the.catalyst.into.the.process.systems.
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fIgure �.�� Separation.factor.of.H2.from.H2-HI-H2O.for.various.silica.membranes.
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�.�.�.� sulfuric acid decomposition

As.mentioned.in.above,.the.catalytic.decomposition.reaction.SO3(g).→.SO2(g).+.½.
O2(g).is.carried.out.at.850°C.and.above.in.order.to.obtain.an.appreciable.conversion.
rate..The.reaction.is.greatly.enhanced.by.the.application.of.a.catalyst..However,.cata-
lysts.have.been.observed.to.fail.due.to.formation.of.volatile.acid,.which.causes.sup-
port.poisoning.and.catalyst.attrition.at.this.temperature.36,37.If.an.optimum.catalyst.
can.be.identified,.the.reaction.temperature.can.be.lowered.

The.first.solar.demonstration.H2SO4.decomposition.experiment.employed.Fe2O3.
pellets.as.the.catalyst..They.were.packed.inside.the.tubes.of.a.heat.exchanger..Ade-
quate.decomposition.took.place,.but.breakdown.and.minor.wear.of.the.pellets.were.
observed..Figure.4.25.shows.a.plot.of.SO3.conversion.as.a.function.of.temperature.
for.various.catalysts.38.The.carrier.gas.is.N2,.which.contains.4.mol%.of.SO3.flowing.
at.atmospheric.pressure..Based.on.experimental.results,.it.was.found.that.the.order.
of.activities.is.Cr2O3.>.Fe2O3.>.CuO.>.CeO2.>.NiO.>.Al2O3..At.temperatures.higher.
than.700°C,.the.activity.of.Cr2O3.is.similar.to.that.of.platinum.at.atmospheric.pres-
sure..One.of.the.drawbacks.in.using.oxides.as.a.catalyst.in.this.reaction.is.that.they.
have.a. tendency. to. form.metal. sulfate.at. lower. temperatures,.which. reduces. their.
activity.for.the.reaction..In.addition,.the.vapor.pressure.of.these.oxides.is.not.negli-
gible.at.this.high.of.a.working.temperature,.which.may.affect.their.long-term.perfor-
mance..Work.is.ongoing.to.identify.an.oxide-based.catalyst.that.does.not.subscribe.
to.sulfate.formation..For.now,.platinum,.despite.its.high.cost,.is.the.preferred.catalyst.
for.sulfuric.decomposition.36

The.Pt.catalyst.needs.to.be.supported.to.reduce.cost,.and.this.is.commonly.done.
by.plating.Pt.onto.porous.metal.oxide.such.as.Al2O3,.TiO2,.and.ZrO2.at.about.0.1.wt%..
Such.catalyst.is.commercially.available..Pt-based.catalysts.need.to.have.high.catalytic.
activity.and.stability..They.are.controlled.in.turn.by.factors.such.as.interaction.with.
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the.reaction.environment,.support.poisoning,.amount.of.exposed.surface.area,.and.
formation.of.acid.salts..Of.the.commercially.available.catalysts.that.have.been.tested,.
the.conversion.rate.declines.as.testing.continues.(figure.4.26)..Working.is.ongoing.to.
find.a.suitable.support.and.loading.fraction.to.ensure.long-term.performance.

A.novel.idea.to.incorporate.Pt.into.the.materials.of.construction.for.the.H2SO4.
decomposition. reaction. heat. exchanger. has. been. put. forth. by. R.. Ballinger.39. By.
adding.1.to.5.wt%.Pt.to.heat.exchanger.construction.material,.such.as.Alloy.800H.and.
Inconel.617,.the.metals.become.self-catalytic.and.the.decomposition.of.H2SO4.can.be.
carried.without.the.addition.of.catalyst.pellets..Figure.4.27.shows.the.micrograph.of.
Alloy.800H.alloys.with.a.2.wt%.Pt.addition..At.this.low-level.addition,.it.has.been.
reported.that.no.change.is.observable.in.the.alloy,.but.an.improvement.in.the.material.
potential.as.a.catalyst.is.observed..Development.effort.is.ongoing.to.characterize.the.
effectiveness.of.such.alloys.for.aiding.the.H2SO4.decomposition.reaction.

�.�.�.� hI decomposition

The.decomposition.of.HI.takes.place.in.the.gaseous.phase.between.300.and.450°C,.
depending.on.the.distillation.process..Due.to.the.corrosive.nature.of.HI,.I2,.and.H2,.
only.a.limited.number.of.catalysts.have.been.evaluated.in.the.process..Pt.and.Pd-
based.catalysts.are.not.suitable,.as.they.will.exhibit.severe.corrosion.if.any.measur-
able.amount.of.moisture.is.present.in.the.chemical.stream..Activated.charcoal.is.the.
only.satisfactory.catalyst.found.to.date..However,.it.has.been.observed.that.iodine.
can.be.trapped.inside.the.charcoal.pores.if.the.decomposition.temperature.is.too.low..
Hence,.a.higher.reaction.temperature.is.required.in.order.to.maintain.the.reflux.of.
iodine..Unfortunately,.this.can.lead.to.accelerated.corrosion..There.is.a.need.to.iden-
tify.a.catalyst.that.can.promote.the.decomposition.at.a.lower.temperature,.which.will.
be.beneficial.to.the.process..There.is.currently.no.work.ongoing.in.this.area.
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�.� summary

Commercial.success.of.sulfur–iodine.hydrogen.production.depends.largely.on.the.
capacity.to.identify.materials.of.construction.that.can.handle.the.corrosive.environ-
ments.and.on.the.ability.to.manufacture.process.components.with.these.materials.
economically..This.chapter.has.reviewed.a.cross-section.of.materials.data.generated.
by.testing.in.the.various.process.settings.within.the.cycle..Ta.alloys.and.SiC.have.
been.shown.to.have.good.corrosion.characteristics.in.all.the.liquid.environments,.but.
individual.candidates.have.also.been.suggested.for.use.in.particular.conditions..Both.
of.these.materials.have.unique.mechanical.properties,.and.much.effort.is.needed.in.
order.to.use.them.for.component.fabrication.

In. addition,. the. effect. of. cross-contamination. of. both. process. streams. and.
corrosion.products.on.their.corrosion.performance.will.need.to.be.addressed..For.
high-temperature.sulfur.acid.decomposition,.a.number.of.metallic.alloys.have.been.
identified,.but.their.long-term.creep.characteristics.remain.an.issue..Reactors.con-
structed.from.SiC.will.be.undergoing.testing.in.the.near.term..Even.though.they.are.
extremely.corrosion.resistant,.obstacles.in.component.fabrication.with.such.ceramic.
materials. remain.. Various. Hastelloys. have. demonstrated. very. good. general. and.
stress.corrosion.behavior. in. the. intermediate-temperature.HI.decomposition.envi-
ronment,.but.the.effect.of.moisture.in.the.vapor.stream.will.need.to.be.studied..Two.
other.important.S-I.cycle-related.material.areas.are.separation.membranes.and.cata-
lysts..Different.water.and.hydrogen.separation.membranes.have.been.investigated..
Their. long-term.viability. and. cost.will. need. to.be. examined..Pt. and.oxide-based.

fIgure �.�� Micrograph.of.Alloy.800.+.2.wt%.Pt.at.100X.
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SO3.decomposition.catalysts.and.their.substrates.are.being.studied.extensively.in.an.
effort. to. improve. their.performance.. Intelligent.designs. to. incorporate.Pt. into. the.
decomposer.construction.materials.have.shown.promise..Similar.energy.is.needed.
to.study.HI.decomposition.catalysts.
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�.� InTroduCTIon

The.world’s.energy.infrastructure.is.under.pressure.from.rapidly.increasing.demand..
Recent.worldwide.events.have.increased.public.anxiety.about.the.cost.of.gasoline.
and.heating.fuels,.and.the.security.of.these.resources.has.become.an.issue..Finally,.
the.amount.of.pollution.and.CO2.that.society.is.generating.is.increasing,.and.every-
one,.from.individual.villages.to.entire.countries,.is.looking.for,.or.should.be.look-
ing.for,.a.sustainable,.secure.energy.system..Currently,.the.world.has.over.6.billion.
individuals,.all.powered.by.solar.energy..The.food.we.eat.and.the.oxygen.we.breathe.
come.from.photosynthesis..Can.energy.from.the.sun,.which. indirectly.powers.all.
animal.life.on.the.planet,.including.ourselves,.also.give.us.hydrogen.from.water.to.
be.used.as.a.renewable.energy.carrier?

This.review.will.discuss.the.development.of.photobiological.hydrogen.produc-
tion.processes,.where.microorganisms. (algae.or. cyanobacteria). function. as. living.
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photocatalysts..In.this.context.it.is.appropriate.to.consider.microorganisms.a.mate-
rial,.analogous.to.a.traditional.chemical.catalyst..In.the.same.way.that.chemical.cata-
lysts.are.developed,.microorganisms.require.improvements.in.kinetics,.selectivity,.
resistance.to.deactivation,.and.efficiency..This.review.will.highlight.improvements.
required. in. the. biological. system,. the. materials. requirements. for. photobioreactor.
systems.in.which.H2.will.be.produced.from.water,.and.economic.considerations.for.
the.process..This.is.a.challenging.problem,.but.the.development.of.new.processes.
that. can.contribute. to.hydrogen.production. from.sources.other. than. fossil. carbon.
carriers.is.critical.to.the.sustainability.of.the.hydrogen.economy.

Biological.H2.production.is.expected.to.be.one.of.many.processes.that.contribute.
to.the.ultimate.supply.of.H2..But.it.is.useful.to.consider.that.in.an.area.of.less.than.
5,000.square.miles.(about.0.12%.of.the.U.S..land.area).of.bioreactor.footprint.in.the.
desert.southwest,.photobiological.processes.could.in.principle.produce.enough.H2.to.
displace. all. of. the. gasoline. currently. used. in. the. U.S.. (236. million. vehicles).. The.
underlying.assumptions.are.that.H2.could.be.produced.from.water.at.10%.efficiency.
(the.maximum.theoretical.efficiency.of.an.algal.H2.production.system.is.about.13%).
and.that.fuel.cell–powered.vehicles.could.get.60.miles/kg.of.H2.(M..Mann,.personal.
communication).

�.� desCrIPTIon of The ProCess

The.photobiological.production.of.H2.is.a.property.of.only.three.classes.of.organ-
isms:.photosynthetic.bacteria,.cyanobacteria,.and.green.algae.1.These.organisms.use.
their.photosynthetic.apparatus.to.absorb.sunlight.and.convert.it.into.chemical.energy..
Water.(green.algae.and.cyanobacteria).or.an.organic/inorganic.acid.(photosynthetic.
bacteria).is.the.electron.donor..This.review.will.focus.on.oxygenic.organisms.such.as.
green.algae.and.some.cyanobacteria,.which.produce.hydrogen.directly.from.water,.
without.an.intermediary.biomass.accumulation.stage..This.process.is.considered.to.
have.the.highest.potential.sunlight.conversion.efficiency.to.H2,.which,.as.mentioned.
above,.could.be.on.the.order.of.10.to.13%.2,3.To.accomplish.this,.green.algae.and.
cyanobacteria. can.utilize. the.normal.components.of.photosynthesis. to. split.water.
into.O2,.protons,.and.electrons,.deriving.the.requisite.energy.from.sunlight..How-
ever,.instead.of.using.the.protons.and.electrons.to.reduce.CO2.and.storing.the.energy.
as. starch.molecules. (the.normal. function.of.photosynthesis),. these.organisms.can.
recombine.the.protons.and.electrons.and.evolve.H2.gas.under anaerobic conditions 
(figure.5.1).using.a.reaction.catalyzed.by.an.induced.hydrogenase.enzyme.

The.enzymes.responsible.for.H2.production.are.metallocatalysts4,5.that.belong.to.
the.classes.of.[NiFe]-.(in.cyanobacteria).or.[FeFe]-.(in.green.algae).hydrogenases..
Although.sustained.and.continuous.photobiological.H2.production.has.been.achieved.
with.green.algae.(see.section.5.2.2),.the.establishment.and.maintenance.of.culture.
anaerobiosis. is.currently.a.sine qua non. for. the.process..This. requirement. results.
from.the.following.biological.realities:
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. 1..The.hydrogenase.genes.in.green.algae.and.in.some.cyanobacteria.are.not.
expressed.(the.genes.are.not.turned.on).in.the.presence.of.O2,6–9.and.a.vari-
able.period.of.anaerobiosis.is.required.to.induce.gene.transcription.10–12

. 2..The.expression.and.function.of.the.genes.that.catalyze.the.assembly.of.the.
catalytic.metallocluster.of. the. algal. [FeFe]-hydrogenases. require. anaero-
biosis,13. while. in. most. cyanobacteria,. the. [NiFe]-hydrogenase. genes. are.
expressed.and.the.protein.assembled.in.the.presence.of.O2;.in.this.case,.the.
proteins.are.assembled. in.an. inactive. form,.but. can.be.activated.quickly.
when.exposed.to.anaerobic.conditions.14,15

. 3..The.activity.of.the.catalytic.metallocluster.of.the.hydrogenases.is.inhibited.
reversibly.(in.cyanobacteria).or.irreversibly.(in.green.algae).by.the.presence.
of.O2.4,16–18

Until.recently,.culture.anaerobiosis.was.achieved.by.a.variety.of.means,.including.
continuous.purging.with.inert.gases,19,20.addition.of.exogenous.reductants,21.or.addition.
of.O2.scavengers.to.the.medium.21,22.All.of. these.methods.are.expensive,.especially.
considering.the.large.scale.of.potential.commercial.applications..Two.approaches.have.
been.developed.recently.to.circumvent.the.O2.sensitivity.challenge.and.may.lead.to.the.
development.of.inexpensive.H2.production.photobiological.systems..The.first.involves.
(1).engineering.[FeFe]-hydrogenases.for.increased.O2.tolerance23.or.(2).expressing.bac-
terial.[NiFe]-hydrogenases,.known.to.have.high.O2.tolerance,.in.cyanobacteria.(P.-C..
Maness,.personal.communication)..The. second.approach. involves. the.manipulation.
of.green.algal.physiology. to. induce.culture.anaerobiosis,. expression.of. the.hydrog-
enase. enzyme,. and. sustained. H2. photoproduction. from. water.24. Although. the. first.
approach.may.eventually.yield.an.enzyme.that.is.fully.functional.in.the.presence.of.
O2,.it.is.clearly.a.longer-term.effort.that.will.require.intensive.molecular.engineering.of.
enzymes.and.metabolic.pathways..The.feasibility.of.the.second.approach,.on.the.other.
hand,.has.been.demonstrated.in.the.laboratory,.and.its.economics.have.been.estimated.
based.on.its.maximum.potential.performance.25,26.In.the.next. two.sections,.we.will.
describe.other.research.issues.that.need.to.be.addressed.in.order.to.further.develop.an.
O2-tolerant.hydrogenase.(section.5.2.1).or.induce.culture.anaerobiosis.(section.5.2.2).

- O2

Light
Absorption

and
Photo-

chemistry  

Redox
Chemistry

 (water oxidation 
produces O2,

electrons and a 
proton gradient 

across the 
chloroplast
membrane
through an 

electron-
transport-
facilitated 
reaction)

CO2 fixation
CO2 + e- + ATP  starch 

(ATP is obtained in a 
coupled dissipation of the 
H+ gradient by the ATP 

synthase)
+ O2

H2 gas production 
2 H+ + 2 e-  H2
(catalyzed by the 

hydrogenase enzyme) 

fIgure �.� . Representation.of.the.major.steps.required.for.photosynthetic.CO2.fixation.
(upper.right.box).and.hydrogen.production.(lower.right.box).
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5.2.1 OxyGen-tOlerant hydrOGenaSe SyStemS

The.development.of.an.O2-tolerant.hydrogenase.(by.either.mutagenesis.of.existing.
hydrogenases.or.transforming.O2-tolerant.hydrogenase.genes.from.bacteria.into.cya-
nobacteria).is.only.one.of.the.biological.requirements.needed.to.obtain.a.photosyn-
thetic.system.that.produces.H2.efficiently.and.at.high.rates.under.aerobic.conditions..
As.indicated.above,.the.genes’.encoding.for.an.O2-tolerant.enzyme.and.its.accompa-
nying.assembly.enzymes.must.also.be.expressed.under.aerobic.conditions,.and.the.
assembly.process.must.occur.in.the.presence.of.O2.as.well..These.are.major.issues.
that.we.have.just.recently.started.to.investigate.in.green.algae,13,27,28.and.the.factors.
required.for.optimal.expression.of.the.hydrogenase.genes.in.algae.and.cyanobacteria.
are.not.completely.understood.at.present.

However,.even.if.the.hydrogenase-O2-sensitivity.problem.is.solved,.other.major.
issues.remain.to.be.addressed.before.a.biological.system.might.become.a.commer-
cial.reality..The.first,.which.is.common.to.both.green.algae.and.cyanobacteria,. is.
the.existence.of.competing.pathways.for.photosynthetic.reductants..In.both.organ-
isms,. the. major. competing. pathway. under. aerobic. conditions. is. the. CO2. fixation.
pathway.. In. green. algae,. photosynthetically. reduced. ferredoxin. donates. electrons.
to.FNR.(ferredoxin–NADPH–oxidoreductase),.FTR.(ferredoxin–thioredoxin.reduc-
tase),.nitrite.reductase,.sulfite.reductase,.glutamate.synthase,.or.hydrogenase.29.The.
binding.affinity.of.ferredoxin.to.each.of.these.enzymes.varies.from.2.6.µM.(in.the.
case.of.FNR30).to.20.µM.(in.the.case.of.nitrite.reductase31).and.has.been.estimated.to.
be.10.to.35.µM.in.the.case.of.the.hydrogenase.32–34.These.estimates.suggest.that.the.
interaction.between.ferredoxin.and.hydrogenase.will.have.to.be.genetically.manipu-
lated.in.order.to.ensure.that.most.of.the.photosynthetically.generated.reductants.will.
be.utilized.for.H2.production.

In.the.case.of.cyanobacteria,.two.additional.competing.pathways.must.be.taken.
into. account. as. well.. One. of. them. involves. the. uptake. hydrogenase. found. in. N2-
fixing.cyanobacteria,35–37.which.consumes.the.H2.gas.produced.by.either.the.bidi-
rectional. hydrogenase. or. nitrogenase.. This. problem. can. be. easily. addressed. by.
genetically.knocking.out.the.uptake.hydrogenase.gene.in.the.organism.of.choice.38,39.
The.second.competitive.pathway.is.a.homologue.of.respiratory.Complex.I.present.
in.the.membranes.of.cyanobacteria.and.proposed.to.form.a.complex.with.the.bidi-
rectional.hydrogenase. through.a.diaphorase.subunit.14,40.This.means. that.although.
functionally. able. to. accept. reductants. from. the. photosynthetic. electron. transport.
chain,. as. indicated. in. figure.5.1,. the. cyanobacterial. hydrogenase. may. also. play. a.
physiological.role.in.using.these.reductants.(in.the.form.of.NADPH).to.support.res-
piration..Indeed,.this.role.of.hydrogenases.may.explain.the.lack.of.H2.accumulation.
in.cyanobacteria.under.illumination,.and.the.detection.of.measurable.light-induced.
H2. production. only. in. mutants. defective. in. the. NADPH. dehydrogenase. complex,.
homologous. to.Complex. I.15.Although.desirable,. the. redirection.of.photosynthetic.
reductants.away. from. the.CO2.fixation.pathway.and. toward.hydrogenase.has.dire.
implications.for.the.rates.of.H2.production,.at.least.in.the.case.of.green.algae..In.the.
absence.of.CO2.fixation,.the.ATP.generated.by.the.operation.of.the.photosynthetic.
electron.transport.pathway.is.not.consumed..ATP.is.generated.by.dissipation.of.the.
proton.gradient.established.across.the.two.sides.of.the.thylakoid.membranes,.which.
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in.turn.is.coupled.to.the.function.of.the.ATPase.enzyme..Thus,.it.is.clear.that.the.loss.
of.the.CO2.fixation.pathway.will.inevitably.lead.to.a.static,.maximum.proton.gradi-
ent.between.the.lumenal.and.stromal.sides.of.the.membrane..Under.these.conditions,.
photosynthetic.electron.transport.in.green.algae.is.downregulated,41–43.and.the.rates.
of.H2.photoproduction.become.limited..This.problem.is.currently.being.addressed.by.
designing.and.inserting.artificial.proton.channels.across.the.thylakoid.membrane,.to.
be.expressed.only.under.conditions.of.H2.photoproduction.42.It.is.obvious.that.more.
focused.research.is.required.in.this.area.

The.existence.of.an.undissipated.proton.gradient.in.cyanobacteria,.and.its.possi-
ble.effect.on.photosynthetic.electron.transport.rates,.is.less.clear16.and,.to.our.knowl-
edge,.is.not.currently.being.addressed.by.any.research.group.

Finally,. in. order. to. ensure. that. close. to. the. theoretical. 13%. light. conversion.
efficiency. is.achieved.under.solar. illumination,. the. low-light.saturation.properties.
of. green. algae. and. cyanobacteria. in. mass. culture. need. to. be. considered. as. well..
Due.to.the.presence.of.large.amounts.of.light-harvesting.antenna.pigments,.the.light.
reactions.of.photosynthesis.in.both.organisms.saturate.at.less.than.1/5.that.of.full.
solar. intensity.44.As.a. result,.more. than.80%.of. the.absorbed.photons.are.wasted,.
reducing.the.culture.productivity.to.very.low.levels.45.It.may.be.possible.to.elimi-
nate.this.energy.inefficiency.by.truncating.the.pigment.antennae.complex.of.algae/
cyanobacteria.to.their.minimum.functional.size.(about.40.Chl/Photosystem.II.and.
96.Chl/Photosystem.I)..At.these.stoichiometries,.the.light.conversion.apparatus.of.
photosynthesis.consists.only.of.reaction.centers.and.their.proximal.light-harvesting.
antennae.46,47.Many.researchers.have.reported.mutants.with.decreased.antenna.size.
and.increased.photosynthetic.productivity.25,48–56.However,.the.H2-production.capa-
bility.of.these.mutants.has.not.yet.been.evaluated.

In.summary,.an.optimal.H2-photoproducing.biological.system.would.have.to.be.
able.to.function.at.high.rates.and.with.about.10%.solar.light.conversion.efficiency.
in.an.aerobic.atmosphere,.simultaneously.evolving.H2.and.O2.gases.at.a.ratio.of.2:1..
Materials.and.gas.separation.issues,.as.well.as.photobioreactor.designs.to.address.
these,.will.be.discussed.in.section.5.3.

5.2.2 anaerObiC hydrOGenaSe SyStemS

In.contrast.to.a.photosynthetic.system.that.utilizes.an.O2-tolerant.hydrogenase.under.
development.to.photoproduce.H2.from.water,.an.alternative.process.based.on.manip-
ulation.of.the.physiology.of.algae.was.developed.by.some.of.us.a.number.of.years.
ago.24.As.originally.published,.the.process.was.based.on.the.specific.effects.of.sulfate.
deprivation.on.the.O2-evolving.properties.of Chlamydomonas reinhardtii..Under.this.
condition,.C. reinhardtii.is.unable.to.maintain.the.fast.turnover.of.the.D1.Photosys-
tem.II.reaction.center.protein.57.As.a.consequence,.the.photosynthetic.O2.evolution.
activity.of.the.cells.gradually.decreases.to.a.level.lower.than.their.respiratory.activ-
ity,.and.this.leads.to.culture.anaerobiosis..Once.the.cultures.become.anaerobic,.the.
hydrogenase.gene.is.induced.and.the.culture.starts.producing.H2.gas..The.H2-pro-
ducing.activity.is.temporary,.however,.due.to.the.eventual.nonspecific.effects.of.sul-
fur.deprivation.on.other.cellular.functions..Hydrogen.production.can.be.reactivated.
by.a.short.incubation.(about.2.days).of.the.cultures.in.sulfur-replete.medium.in.order.
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to.reconstitute.photosynthetic.function.and.critical.cellular.enzymes.58.Alternatively,.
continuous.H2.production. can.be.maintained.by. the.use.of. a. two-reactor. system,.
where.O2.evolution.and.H2.production.are.physically.separated.in.different.photo-
bioreactors.59.Hydrogen.production.has.been.observed.continuously.for.6.months.in.
such.a.system,.but.at.lower.specific.rates.and.low.cell.suspension.concentrations.

Although.sulfur-deprived.cultures.can.be.manipulated.to.produce.H2.continu-
ously.in.the.light,.the.maximum.rates.of.H2.production.observed.are.only.about.25%.
of. the.corresponding.maximum.potential.of.photosynthetic.electron. transport,41,60.
suggesting. that. there. are. either. (1). limitations. in. the. activity. of. critical. electron.
transport.components.or.(2).downregulation.of.photosynthesis.by,.perhaps,.the.accu-
mulated.proton.gradient.(see.section.5.2.1)..In.addition,.the.presence.of.a.large.light-
harvesting.antenna.is.also.a.disadvantage.when.using.sulfur-deprived.algae.in.mass.
cultures.for.producing.H2,.as.discussed.above.

Recently.we.demonstrated.that.sulfur-deprived.algal.cells.can.be.immobilized.
onto.glass.fibers.in.order.to.increase.the.culture.density.and.potentially.the.light.con-
version.efficiency.of.a.mass.culture..Under.these.conditions,.the.algae.produced.H2.
for.longer.periods.at.only.slightly.lower.specific.H2.production.rates.when.compared.
to.algal.suspension.cultures,.but.at.twice.the.rate.per.volume.of.photobioreactor.61.
However,.this.was.achieved.with.constant.purging.with.argon.gas.and.liquid.medium.
replacement,.which.may.have.a.significant.role.in.process.cost.

A.recent.development62.may.contribute.to.further.increase.the.rates.of.H2.pro-
duction.by.sulfur-deprived.cultures..It.was.observed.that.a.mutant.of.C. reinhardtii 
that.overaccumulates.starch.is.defective.in.state.transitions,.has.decreased.rates.of.
cyclic.electron. transfer.around.Photosystem.I,.and.photoproduces.H2.gas.at. rates.
significantly.higher.than.those.of.its.parental.wild-type.(WT).strain..These.results.
support.the.fact.that.starch.degradation.during.sulfur.deprivation.plays.a.triple.role.
in.H2.production:.(1).as.an.electron.donor.to.the.photosynthetic.electron.transport.
chain,41,63.(2).as.a.regulatory.factor.for.hydrogenase.gene.transcription,27.and.(3).as.a.
substrate.for.aerobic.respiration,.responsible.for.keeping.the.cultures.anaerobic.58,63.
It.remains.to.be.seen.whether.the.H2.production.activity.of.the.mutant.can.indeed.
be.optimized.for.commercial.applications.since. the.WT.organism,. in. the.case.of.
Kruse.et.al.’s62.work,.was.a.very.poor.H2.producer.compared.to.other.C. reinhardtii.
strains.

The.process.of.sulfate.uptake.by.C. reinhardtii.occurs.in.two.steps:.sulfate.anions.
are.transported.into.the.cytosol.through.the.operation.of.a.plasma.membrane.trans-
porter.system,64.and.from.there.they.are.translocated.into.the.chloroplasts.through.a.
newly.discovered.chloroplast.enveloped–localized.sulfate.permease.holocomplex.65–

67.One.of.the.sulfate.permease.genes,.SulP,.was.attenuated.by.antisense.technology..
The.resulting.transformants.displayed.different. levels.of.sulfate.permease.activity.
and.exhibited.phenotypes.of.sulfur-deprived.cells.66.The.H2-production.capability.
of.these.transformants.could.be.detected.even.in.the.presence.of.100.µM.sulfate.in.
the.medium,.and.varied.between.60.and.100% of.the.activity.of.the.wild-type.strain.
measured.in.the.absence.of.sulfate..In.principle,.these.transformants.could.be.used.
in.photobioreactors.for.H2.production.under.controlled.sulfate.levels,.as.long.as.the.
cultures.were.able.to.maintain.robust.respiratory.activity.to.sustain.anaerobiosis.in.
the.light..Clearly,.this.will.require.a.regulated.expression.of.the.antisense.SulP.gene,.
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to. allow. the.cultures.periods.of.normal.photosynthetic. activity. to. replace. storage.
material.required.for.respiration.

Until.recently,.the.sulfur-deprivation.process.was.dependent.on.the.presence.of.
acetate.in.the.medium,.at.least.during.the.initial.steps.of.sulfur.deprivation.63,68.As.
the.cultures.became.anaerobic,.the.active.uptake.of.acetate.ceased,.and.the.cultures.
started.using.degraded.starch.as.the.substrate.for.respiration.instead.of.extraneous.
acetate.63. Although. the. cost. of. added. acetate. was. not. a. major. contributor. to. the.
cost.of.the.system,26.it.was.believed.that.the.consumption.of.an.extraneous.organic.
source.of.carbon.by.the.cultures.detracted.from.the.claims.that.the.system.is.based.
on. direct. biophotolysis.69. Two. recent. publications,. however,. report. H2. production.
by. sulfur-deprived.cultures. resuspended. in. the. total. absence.of. added.acetate.70,71.
For.high.H2-production.rates,.the.photoautotrophic.system.requires.careful.control.
of.the.light.intensity.during.different.phases.of.the.process.in.order.to.balance.the.
rates.of.O2.evolution.and.starch.degradation.71.This.development.demonstrates.that.
H2.photoproduction.can.be.dependent.totally.on.photosynthetic.water.oxidation,.and.
that.it.is.possible.to.optimize.a.system.that.does.not.require.any.added.sources.of.
organic.carbon.

Finally,.it.is.worth.mentioning.that.H2.photoproduction.induced.by.sulfur.depri-
vation.is.not.a.property.exclusive.to.C. reinhardtii..For,.example,. the.marine.uni-
cellular.alga.Platymonas subcordiformes.has.been.sulfur.deprived. in. the.absence.
of.acetate. in. the.medium.and.has.been.reported. to.produce.some.H2.gas.72,73.The.
experimental.conditions.for.optimal.H2.production.by.this.organism.are.still.being.
identified,.and.research.is.ongoing.in.many.laboratories.aimed.at.identifying.other.
organisms.from.nature.that.exhibit.similar.properties.

An. optimal. anaerobic. H2-photoproducing. system. will. consist. of. two. stages:.
one.for.production.of.cellular.storage.material.by.photosynthesis,.and.the.other.for.
H2.photoproduction.under. sulfur.deprivation. (either.physiologically.or.genetically.
induced)..The.maximum.solar.energy.conversion.efficiency.of.this.system.is.expected.
to.be.about.1%..This.is.due.to.the.fact.that.the.maximum.rate.of.H2.photoproduction.
cannot. be. higher. than. the. corresponding. rate. of. respiration. required. to. maintain.
anaerobic.cultures.(maximum.respiration.in.C. reinhardtii. is.about.20.µM.O2•mg.
Chl–1•h–1,.and.maximum.H2.photoproduction.rate.is.400.µM.H2•mg.Chl–1•h–1)..As.is.
the.case.with.an.O2-tolerant.hydrogenase.system,.an.anaerobic.H2-photoproducing.
system.will.also.require.mutants.with.truncated.antenna.in.order.to.operate.at.maxi-
mum.efficiency.under.solar.illumination..However,.the.latter.will.only.produce.H2.
gas,.so.that.gas.separation.issues.do.not.play.a.role.or.contribute.to.the.overall.cost.
of.the.system..Immobilized.systems.may.turn.out.to.have.cost.advantages.over.sus-
pension.culture.systems.in.that.changes.between.sulfur-replete.and.sulfur-deprived.
conditions.are.as.easy.as.turning.a.valve.

�.� reaCTor maTerIals

Engineering.design.of.full-scale.photobioreactors.and.the.balance.of.the.facility.for.
photobiological.hydrogen.production.has.not.been.considered.beyond.very.general.
concepts..Consequently,.there.has.been.little.effort.to.identify.construction.material.
and. establish.boundaries. for. specifying.materials.performance. and.properties.. In.
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2004.and.2005.the.U.S..Department.of.Energy.started.a.small.project.at.the.National.
Renewable.Energy.Laboratory.(NREL).to.provide.an.initial.look.at.the.question.of.
material.requirements.

5.3.1 phOtObiOreaCtOrS

There. is.a.substantial.amount.of. literature. that.has. investigated.biotechnology.for.
algal.mass.cultivation.as.well.as.photobioreactor.systems.for.growing.algae.74.A.full.
range.of.open.and.closed.photobioreactors.are.shown.schematically.in.figure.5.2..A.
recent.review2.and.a.cost.analysis75.have.begun.to.discuss.solar.photobioreactor.con-
cepts.and.specific.challenges.for.practical.application.of.a.closed.biological.H2.pro-
duction.system..Both.used.what.is.considered.to.be.an.optimistic.assumption.of.10%.
efficiency.for.conversion.of.sunlight.to.H2..Assuming.a.production.capacity.required.
to.meet.the.needs.of.an.average.service.station.supplying.fuel.for.the.transportation.
sector.and.a.maximum.insolation.of.1.kW/m2.at.full.sun,.one.can.calculate.a.required.
reactor.area.on.the.order.of.110,000.m2.(about.27.acres)..The.area.will.be.sensitive.
to. solar. insolation.averaged.over.a.year,.which.will.depend.on. location.76.For. the.
purposes.of.this.discussion,.the.above.bioreactor.area.will.serve.as.the.commercial.
scale.required.for.the.production.of.useful.amounts.of.H2..Open.ponds.and.raceways.
for.commercial.production.of.algae.approach.this.scale,.but.no.closed.bioreactors.of.
this.size.have.been.constructed.77.Designs.for.shallow.solar.ponds.for.thermal.appli-
cations.may.also.provide.some.guidance.for.the.reactor.application.78–80

Capturing. energy. from. the. sun. for. the.production.of.H2. creates.unique. chal-
lenges.for.reactor.design.and.materials.of.construction..The.reactors.must.be.closed.
to.contain.H2.and.exclude.O2..The.low.energy.density.of.the.sunlight.dictates.a.large.
area.for.collecting.solar.energy.for.use.by.direct,.light-driven.photobiological.water-
splitting.technologies..The.total.area.of.the.solar.collector.will.be.about.the.same.
whether.the.sunlight. is.used.at.ambient. intensity.(one.sun).or.concentrated.before.
being.directed.into.a.reactor..The.difference.will.be.in.the.reactor.design..A.one-sun.
reactor.has. the.same.geometric.area.as. the. light.aperture..The. reactor. for.a. solar.
concentrating.system.will.be.more.compact,.but.the.geometric.area.of.the.sunlight.
collection.optics.will.likely.be.somewhat.greater.than.for.the.same.production.level.
from.a.one-sun.system..This.is.because.of.the.losses.inherent.in.concentrator.ele-
ments.and.those.that.transmit.light.into.the.reactor..The.trade-off.is.in.the.bioreactor.
cost.and.performance.vs..the.cost.of.the.concentrating.optics..Concentrating.reac-
tor.systems.would.also.require.planar.or.optical.fiber.light-transmitting.elements.to.
carry.the.light.from.the.line.focus.or.dish.concentrating.collector.into.the.reactor.76 
Only. the.specular.component.of. the.sunlight. is.concentrated..A.nonconcentrating.
system.will.use.both.the.specular.and.diffuse.components.of.the.sunlight..Hence,.
they.are. less.affected. than.are.concentrating.systems.by.cloud.cover,.other.atmo-
spheric.effects. that.cause.scattering,.and.are.more.tolerant. to.such.things.as.dust,.
soil,.and.surface.imperfections.in.the.transparent.reactor.cover.material.

Some.work.has.been.done.on.photoreactor.concepts.that.would.collect.sunlight.
using.dish.solar.concentrators.that.direct.concentrated.sunlight.onto.the.aperture.of.
a.light.pipe.or.optical.fiber.system.76,81,82 An.optical.fiber.system.would.then.carry.
light.into.the.reactor.and.disperse.it.evenly.throughout.the.bioreactor.volume. Such.a.
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system.would.reduce.the.area.through.which.light.enters.the.H2-production.reactor,.
and.this.would.reduce.(but.not.completely.eliminate).the.impact.of.potential.H2.per-
meation.through.the.transparent.material. It.would.also.move.the.durability.require-
ments.for.optical.properties.from.the.photobioreactor.cover.material.to.the.collection.
mirrors.and.secondary.concentrator. Work.on.the.engineering.and.performance.has.
been.done.for.different.configurations.of.both.open.and.closed.reactors,.mainly.in.
the.context.of.production.of.high-value.products.83

5.3.2 phOtObiOreaCtOr materialS

The.bases.for.selecting.key.materials.properties,.identifying.polymer.types.for.con-
sideration,.evaluating.properties.of.materials.of.construction,. and.finding.sources.
of.materials.were.discussed.in.a.recent.report.to.the.U.S..Department.of.Energy.84.
A.summary.of.the.key.operating.requirements.is.given.in.table.5.1..Specifications.

(a)

(e) (f) (g)

(h) (i) (j)

(b) (c) (d)

fIgure �.� . Schematic. diagrams. of. the. most. common. outdoor. algal. photobioreactor.
systems:. (a). circular.pond,. (b).paddle.wheel. raceway,. (c). sloping.panel. reactor,. (d).helical.
tubular.reactor,.(e).plane.tubular.reactor,.(f). two-plane.tubular.reactor,.(g).espalier.tubular.
reactor,.(h).sloping.tubular.reactor,.(i).vertical.alveolar.panel.reactor,.and.(j).hanging.sleeve.
reactor..(Figure.6.from.Torzillo,.G..and.Vonshak,.A.,.in.Recent Advances in Marine Biotech-
nology,.Fingerman,.M..and.Nagabhushanam,.R.,.Eds.,.Science.Publishers,.Inc.,.Enfield,.NH,.
2003,.p..45..With.permission.)
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for.important.material.properties.have.not.been.established..The.list.of.properties.
would.include.such.things.as.transmittance,.outdoor.lifetime,.biocompatibility,.H2-
and.O2-permeation.rates,.physical.and.mechanical.properties,.chemical.resistance,.
and. those. properties. required. for. particular. reactor. configurations.. The. materials.
that.can.be.considered.are.subject.to.an.almost.unlimited.range.of.modifications..A.
given.type.of.polymer,.polycarbonate,.for.example,.can.be.produced.with.different.
organic. groups. on. the. polymer. chain,. different. stabilizer. packages,. and. different.
protective.coatings..Each.will.have.unique.durability.characteristics..It.is.necessary.
to.select.candidate.materials.and.evaluate.durability.and.performance.with.the.solar.
H2.requirements.as.targets..The.initial.cost.of.materials.and.the.system.maintenance.
costs.associated.with.materials.degradation.over.time.are.major.economic.consider-
ations.for.solar.systems.

The. importance. of. understanding. the. performance. and. lifetime. of. materials.
exposed.to.sunlight.and.weather.has.long.been.recognized.for.architectural,.adver-
tising.display,.and.greenhouse.applications..It. is.critical.for.renewable.energy.and.
energy-efficiency.technologies.such.as.photovoltaic.and.solar.thermal.electric.gen-
eration,.solar.hot.water.and.space.heating,.and.high-performance.windows..The.eco-
nomics.of.the.renewable.energy.and.fuels.sectors.are.strongly.affected.by.the.capital.
and.operating.costs.associated.with.the.materials.used.to.collect,.reflect,.and.trans-
mit.the.energy.from.sunlight,.or.encapsulate.the.photoactive.components.

Glass.has.many.advantages.as.a.glazing.material;.however,.weight.and.cost.of.
low-iron.glass.with.high.transmission.for.the.solar.spectrum,.coupled.with.the.large.
areas. that. are. required,. have. fueled. the. search. for. polymers. that. can. be. used. as.
glazings.and.mirrors.in.solar.applications..Work.on.lifetime.and.durability.of.poly-
mers.for.glazing.and.heat.exchanger.components.for.solar.water.heating.systems.has.
been.reviewed.85–89.Polymer.materials. for.solar. reflectors.have.been. the.subject.of.
development.since.the.push.for.renewable.energy.began.in.the.1970s..This.has.been.
covered.in.a.number.of.U.S..Department.of.Energy.reports.90,91.Materials.for.con-
struction,.including.polymers,.for.shallow.solar.ponds.were.reviewed.in.a.thesis.85.
Materials.of.construction.were.also.considered.in.an.early.evaluation.of.the.cost.for.
a.solar.photocatalytic.H2.production.reactor.92

Extensive. information. on. the. durability. of. polymers. based. on. outdoor. and.
accelerated.weathering.tests.is.available.from.work.carried.out.at.NREL.and.other.

Table �.�

Photobiological hydrogen Photobioreactor requirements
Property range

Spectral.requirement >400–900.nm.(depends.on.the.organism)

Light.intensity 0.05–0.10.sun.intensity.(may.be.increased.by.
antenna.size.truncation)

Hydrogen.pressure As.high.as.practical

Oxygen.pressure ppm.to.few.percent.(depends.on.the.organism)

Gas.permeation.rates As.low.as.practical

pH 6.5–8.2.(biological.limits)
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places.over.the.last.25.years..In.the.NREL.work,.outdoor.exposure.is.done.at.sites.in.
Golden,.CO,.Miami,.FL,.and.Phoenix,.AZ..These.sites.are.representative.of.moder-
ate,.hot.humid,.and.hot.dry.climates,.respectively..Accelerated.testing.is.done.with.
standard.commercial.equipment..Much.of.this.work.has.been.performed.using.the.
durability.of.optical.properties.as.the.indicator.of.lifetime.since.the.application.was.
for.concentrating.mirrors.or.encapsulating.photovoltaic.solar.cells.93

The. best. performers,. as.measured. by. optical. properties. after. accelerated. and.
real-time.weathering.tests,.are.acrylics,.polycarbonates,.polyesters,.and.fluorinated.
polymers.such.as.Teflon®.and.related.materials.93. It.should.be.noted. that.with. the.
exception.of.the.fluorinated.polymers,.the.durability.depends.on.UV.and.oxidation.
protection.additives.or.overlayers..Real-time.and.accelerated.weathering.effects.on.
transmittance. are. shown. in. figure.5.3. for. some. of. the. better-performing. materi-
als.93.The.outdoor.data.are.from.the.NREL.Golden,.CO,.site,.and.the.accelerated.
tests.were.done.in.an.Atlas.Ci5000.Weatherometer.at.NREL..Optical.durability.test.
results,.updated.with.new.data.collected.in.2005,.are.presented.graphically.as.plots.
of.percent.hemispherical.transmittance.solar.weighted.between.300.and.1,200.nm.
vs..the.total.UV.dose.(100.MJ/m2)..This.allows.the.real-time.and.accelerated.results.
to.be.plotted.on.the.same.scale.(see.top.scale.in.figure.5.3)..The.UV.dose.in.acceler-
ated.tests.is.converted.to.the.equivalent.amount.of.time.it.would.take.to.achieve.that.
dose.outdoors..The.equivalent.exposure.time.is.calculated.by.multiplying.the.time.in.
accelerated.test.conditions.by.the.acceleration.factor..For.example,.in.figure.5.3,.the.
optical.performance.of.the.Sunguard®.polycarbonate.construction.begins.to.fall.off.
after.a.UV.dose.equivalent.to.about.5.to.6.years.outdoors.

A.key.property.of.potential.construction.materials.for.solar.H2.photobioreac-
tors.is.the.rate.of.H2.and.O2.permeation.through.the.materials..Data.on.the.perme-
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fIgure �.� Accelerated. and. real-time. weathering. of. polymer. materials. obtained. at.
NREL..PET,.polyethyleneteraphthalate;.PVDF,.polyvinylidenedifluoride;.PE,.polyethylene;.
PC,.polycarbonate;.PMMA,.polymethylmethacrylate.
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ability.coefficient,.P. (cm3·mm/m2·day·atm),.of.O2.are.available. for.a.wide. range.
of. polymers.94. However,. similar. data. for. H2. permeation. are. limited.. Some. data.
that. we. did. find. are. presented. in. table.5.2.. The. temperature. dependence. of. the.
permeability.coefficient.follows.the.pattern.for.rates.of.chemical.processes.in.that.
the.permeation.rate.roughly.doubles.for.every.10°C.rise.in.temperature..Because.
of. the. shortage.of.data. for.H2.permeation,.work.was.done.under. subcontract. to.
NREL.in.2005.to.obtain.data.on.more.of.the.polymers.of.interest.for.solar.applica-
tions..These.data.are.shown.in.figure.5.4.93.The.results.are.preliminary.but.should.
be. representative. of. the. performance. of. received. polymer. materials.. Errors. are.
estimated. to. be. on. the. order. of. ±10%.. The. higher. permeability. coefficients. for.
the. thicker.polymers.may.reflect. the.difficulty.of.sealing.the.samples. in. the.test.
fixture..Oxygen-permeation.rates.at.NREL.were.measured.on.a.Mocon.Oxytran.
instrument..To.our.knowledge,.there.is.no.information.available.on.the.effect.of.
polymer.weathering.on.H2.or.O2.permeation..One.can.assume.that.permeability.
will. increase.with. time.. It. can.be.anticipated. that. the.gas-permeation. specifica-
tion.for.biological.H2-reactor.materials.must.be.as.low.as.is.technically.practical..
A.recent.review.of.technology.for.reducing.gas.permeation.of.polymers.in.high-
technology.applications.provides.some.information.on.the.performance.and.cost.of.
barrier.coatings.95.The.main.effort.has.been.barrier.coating.to.reduce.O2.and.water.
permeation..Again,.we.are.not.aware.of.any.work.done.to.reduce.H2-permeation.
rates.through.different.polymers.

Looking.ahead. to. the.operation.of.commercial.photobiological.H2.production.
plants,.one.can.see.the.potential.for.materials.enhancements.that.will.help.with.the.
cleaning.of.outside.surfaces,.preventing.biofilm.growth.on.inner.surfaces,.reducing.
O2.permeation.into.and.H2.permeation.out.of.the.bioreactors,.and.increasing.the.life-
time.of.the.construction.materials..These.challenges.must.be.addressed.within.rigor-
ous.cost.constraints.in.order.for.the.process.to.compete.in.a.commodity.market.

Table �.�

hydrogen and oxygen Permeability Coefficients: literature values

Polymer designation

Permeability 
Coeffient (P)cm�·mm/

m�·day·atm 
hydrogen, h�

Permeability 
Coeffient (P)cm�·mm/
m�·day·atm oxygen, 

o�

Polyethylene HDPE 156 49

Tetrafluoroethylene TFE 520 222

Polyester PET 39.4 2.4

Polycarbonate PC Not.available 67.9

Silicone 17716 19685

Source:.Massey,.L.K.,.Permeability Properties of Plastics and Elastomers: A Guide to Packaging and 
Barrier Materials,.2nd.ed.,.Plastic.Design.Library/William.Andrew.Publishing,.Norwich,.NY,.
2003,.Appendix.II.
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�.� eConomICs and CosT drIvers for 
PhoTobIologICal hydrogen ProduCTIon

A.recent.cost.analysis.has.looked.at.the.economics.of.biological.H2.production.using.
a.C. reinhardtii.green.algal.system.such.as.those.described.in.section.5.2.75.Although.
photobiological.H2.production.with. cyanobacteria.occurs.via. a.different.pathway,.
many.of.the.same.design.factors.influence.the.process.economics.for.both.methods.
of.H2.production..The.economics.can.be.analyzed.by.looking.at.both.operating.and.
capital.costs..The.two.cost.components.can.be.combined,.and.then.a.final.H2-produc-
tion.cost.in.dollars.per.kilogram.of.H2.can.be.calculated.using.a.discounted.cash-flow.
analysis..In.addition.to.items.such.as.equipment.costs.or.labor.rates.that.clearly.affect.
capital.costs.or.operating.expenses,.there.are.some.process.variables.that.affect.the.
overall.economics,.such.as.the.specific.H2-production.rate.of.the.organism.utilized.

5.4.1 OperatinG COStS

Many.operating.costs.are.the.same.as.those.for.any.conventional.chemical.produc-
tion.process,. such.as.operating. labor,. raw.materials,.and.equipment.maintenance..
However,. some. expenses,. such. as. cleaning. optical. surfaces. or. preventing. biofilm.
growth.on.the.photobioreactor.surfaces,.are.unique.to.photobiological.processes.

Labor.costs.should.be.minimized,.as.with.any.manufacturing.operation..Depend-
ing.upon.the.robustness.of.the.system.and.the.amount.of.process.control.instrumen-
tation,.it.might.in.later.generations.of.the.system.be.possible.to.achieve.unattended.
or.remote.operation.of.a.biological.H2.production.facility..Using.a.wastewater.treat-
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different.plastic.materials.93.FEP,.fluorinated.ethylene.propylene;.PFA,.perfluoroalkoxy.fluo-
rocarbon;.ETFE,.ethylene-tetrafluoroethylene.
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ment.facility.for.comparison,.many.smaller.treatment.plants.operate.unattended..In.
other.cases,.remote.operation.might.be.possible.with.one.control.room.for.multiple.
locations..In.Denmark,.processes.as.complex.as.power.plant.operations.are.operated.
remotely..Remote.or.unattended.operation.would.naturally.require.a.higher.level.of.
instrumentation,.but.could.greatly.reduce.operating.costs,.especially.for.a.smaller.
facility.where.labor.would.be.a.larger.portion.of.the.operating.expenses.

The. initial. assumption. might. be. that. a. photobiological. H2. process. would. not.
require.any.raw.materials..However,.any.biological.process.requires.water.and.an.
adequate. supply. of. macronutrients. (i.e.,. nitrogen. and. phosphorus). and. possibly.
some.supplemental.micronutrients,.depending.upon.what.nutrients.and.minerals.are.
already.present.in.the.water.supply.to.the.process..One.method.to.reduce.raw.mate-
rial.costs.would.be.to.utilize.the.waste.stream.from.another.process..For.example,.
effluent. streams. from.wastewater. treatment. anaerobic.digesters. are.nitrogen. rich,.
and.blowdown.streams.from.power.plants.are.relatively.pure.

Likewise,.waste.disposal.is.another.operating.cost..Generally,.in.any.biological.
process. some. liquid. is.purged. to.prevent.buildup.of. soluble.waste.components. to.
unacceptable. levels..The.wastewater. in. the.case.of.photobiological.processes.will.
probably.require.minimal.treatment.(i.e.,.primary.treatment.for.solids.removal)..If.a.
supplemental.carbon.source,.such.as.acetate,.is.required,.additional.treatment.would.
be.necessary..Because.of.the.potentially.large.size.of.a.photobiological.system,.the.
water.and.wastewater.treatment.requirements.might.exceed.the.capacity.of.an.exist-
ing.publicly.owned.facility.in.the.area.

With.respect.to.solid.waste.disposal,.it.should.be.recognized.that.over.time.there.
is.an.accumulation.of.inert.cell.debris.from.dead.cells..While.much.of.the.material.
in.dead.cells.is.released.for.uptake.by.growing.cells,.in.biological.waste.treatment.
systems.a.significant.percentage.of.the.cell.mass.remains..This.level.of.inert.material.
will.build.up.in.the.system.if.it.is.not.periodically.removed..Solid.waste.disposal.can-
not.be.ignored..It.represents.a.significant.expense.for.two.reasons:.(1).Photobioreac-
tors.can.expect.to.be.operated.at.cell.concentrations.of.1%.cell.mass.or.less.(unless.
an.immobilized.system.is.employed)..The.solids.must.generally.be.increased.to.25%.
solids.or.higher.for.disposal.in.a.landfill.and.must.be.approximately.45%.solids.to.
have.any.net.fuel.value.if.burned..Considerable.costs—both.operating.and.capital—
are.associated.with.dewatering.and.drying..The.second.reason.waste.disposal.cannot.
be.ignored.is.because.landfill.costs.can.be.hundreds.of.dollars.per.wet.ton.of.waste.

Ideally,.some.beneficial.use.of.the.waste.cell.material.could.be.found..Because.of.
the.high.protein.content,.it.might.be.used.for.cattle.feed..The.algae.could.also.poten-
tially.be.used.to.make.biodiesel.fuel..Dewatering,.drying,.and.transportation.costs.
should.be.minimized.by.locating.the.H2.facility.near.the.waste.consumer..Transport.
costs.for.waste.sludge.must.consider.the.amount.of.water.accompanying.the.solid.
waste..Any.water.leaving.in.the.waste.represents.a.net.water.makeup.requirement.to.
the.plant.

Electricity.may.be.a.significant.expense..With.large.pond.systems.or.other.bio-
reactor.configurations,.a.rational.design.is.required.to.minimize.pumping.and.com-
pression. costs.. In. conventional. chemical. production. facilities,. pumping. costs. are.
minimal.and.can.be. ignored.without.dramatically.affecting. the.results.of.an.eco-
nomic.analysis..However,.with. the.potential. for.hundreds.of. thousands.of.gallons.
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of.water.in.the.facility,.even.a.small.change.in.elevation.can.represent.a.significant.
pumping.cost..Low-head.piping.designs,.similar.to.the.hydraulic.design.of.a.waste-
water.treatment.plant,.with.a.minimum.number.of.valves.should.be.considered.

Gas.compression.can.also.be.significant..In.some.reactor.designs,. inert.gas. is.
bubbled.through.reactors.or.used.to.scour.reactor.surfaces.to.prevent.cell.adhesion.to.
light-transmitting.surfaces..The.pressure.drop.through.a.nozzle.or.even.a.few.inches.
of.differential.pressure.can.represent.a.high-electricity.use.item.for.a.large.process..
The.second.area.where.gas.compression.comes.into.play.is.in.the.purification.and.
storage.of.the.H2.product..Pressure.swing.adsorption.(PSA).generally.requires.three.
atmospheres.of.pressure.and.works.more.efficiently.at.higher.pressures..Operation.
of.the.bioreactor.at.elevated.pressures.may.minimize.compression.costs,.if.it.does.
not.interfere.with.the.organism’s.ability.to.produce.H2.or.add.significantly.to.capital.
and.operating.costs.

Maintenance.costs.will.depend.upon.the.amount.of.mechanical.equipment,.the.
complexity.of.the.equipment,.and.the.level.of.instrumentation..An.additional.consid-
eration.is.the.need.to.clean.both.the.inner.and.outer.optical.surfaces.of.the.bioreactors..
Any.soil.on.the.outside.surfaces.will.reduce.light.transmission,.directly.affecting.the.
H2-production.capacity..The.loss.in.transmission.with.time.and.the.frequency/cost.of.
cleaning.should.be.included.and.may.be.seasonal..The.inner.surface.of.the.bioreactor.
must.also.be.kept.clear..If.cells.attach.to.the.inside.of.the.light-transmitting.surface,.
they.might.completely.block.the.light.from.entering.the.reactor.

5.4.2 Capital COStS

Two.major.capital.costs.are.the.bioreactors.and.the.H2-compression/storage.system,.
if.required..As.mentioned.above,.with.a.light.conversion.efficiency.of.10%.or.less,.
a.large.photobioreactor.area.would.be.required.to.make.any.significant.amount.of.
H2..Therefore,. the.cost.of. the.“window”.material,.along.with. the. limited. lifetime.
of.many.materials.when.exposed. to. the. sun,.makes.photobioreactor.window.cost.
a.prime.consideration..The.goal.is.to.have.a.low-cost.material,.such.as.plastic.film.
with.a.lifetime.of.5.to.10.years.or.more.(see.section.5.3.2)..It.is.generally.accepted.
that.acrylics.and.glass.are.too.expensive..With.a.stand-alone.photobioreactor.without.
storage,.the.window.cost.can.be.one-third.of.the.total.capital.cost.75.With.processes.
requiring. O2. exclusion. or. operating. at. elevated. pressures,. gas. permeability. may.
become.a.concern.and.may.require.more.expensive.construction.materials.

Hydrogen.storage.can.be.expensive,.especially.for.a.small.production.facility..
If.a.photobioreactor.must.meet.a.continuous.daily.H2.demand—like.at.a.filling.sta-
tion—H2. storage.must. be. included. in. the. cost. analysis. to. supply.H2. at. night. and.
during.cloudy.periods..High-pressure.compressed.H2.storage.can.double.the.cost.of.
H2.production.75.A.better.application.of.an.intermittent.H2.supply.would.be.to.feed.a.
pipeline.network.where.H2.is.pooled.from.other.renewable.or.nonrenewable.sources..
Another.option.might.be.to.locate.a.photobioreactor.at.an.existing.H2.facility.to.take.
advantage.of.its.existing.storage.and.purification.equipment.and.make.a.portion.of.
the.plant’s.output.renewable.

The.purity.of.H2.produced.will.affect. further.purification.costs..PSA.is.com-
monly.used.for.H2.purification,.and.it. is.best.suited.for.H2.concentrations.of.50%.

5024.indb   137 11/18/07   5:51:58 PM



���	 Materials	for	the	Hydrogen	Economy

or.higher..If.by-products,.such.as.carbon.dioxide,.are.present,.they.may.need.to.be.
removed..If.a.sweep.gas.is.used.in.the.bioreactor.design,.this.will.affect.purifica-
tion.costs.and.options..If.remote.or.unattended.operation.is.planned,.the.amount.of.
instrumentation.will.increase,.with.an.associated.increase.in.capital.costs..Because.
of.the.presence.of.H2,.explosion-proof.equipment.might.also.be.required,.increasing.
capital.costs.

5.4.3 General deSiGn COnSideratiOnS

The.number.1.factor.affecting.cost.is.the.specific.H2-production.rate..With.higher.
H2.production.rates.per.algal.cell,.the.nutrient.requirements.are.lower,.the.required.
bioreactor.area.drops,.and.waste.is.reduced..Examples.of.biological.improvements.to.
increase.the.H2-production.rate.were.discussed.in.sections.5.2.1.and.5.2.2..The.exact.
photobioreactor.configuration,.such.as.the.pond.depth,.reactor.volume,.and.cell.con-
centration,.is.affected.by.the.specific.H2-production.rate..For.example,.if.antennae.
size.is.reduced,.light.penetrates.deeper.into.the.pond.of.algae.and.the.lower.layers.
are.more.productive..If.cell.concentration.is.lowered,.light.also.penetrates.deeper,.
but.the.overall.system.volume.requirement.increases.

Once.the.specific.H2-production.rate.has.been.optimized,.the.next.most.impor-
tant.factor.is.the.sunlight.itself..While.laboratory.results.may.be.presented.in.kg/day.
or.kg/hour,.production.is.actually.dependent.upon.both.the.light.intensity.and.how.
long. the.algal.cells.are.exposed. to. light..The.physical.size.of. the.photobioreactor.
will.depend.upon.the.amount.of.light.available.at.the.site..The.daily.production.will.
depend.on.the.number.of.hours.of.light.and.the.average.light.intensity..Finally,.for.
stand-alone.supply.systems,.the.amount.of.storage.will.depend.upon.the.length.of.the.
night.and.the.number.of.cloudy.days.that.occur.in.a.row.

The.best.way.to.model.a.production.system.is.to.use.actual.solar.insolation.data..
Hourly.average.data.are.readily.available.for.many.sites.(National.Solar.Radiation.
Database,. for. example).. In. two. studies,. hourly. insolation. data. were. used. to. opti-
mize. the. production. unit. size. and. the. storage. capacity. for. dedicated. stand-alone.
systems.75,96.If.yearly.data.are.used.to.estimate.annual.production,.at.least.one.other.
year.should.be.chosen.and.used.to.check.the.analysis.

Along.with.concerns.of. lost.production.during.cloudy.periods,. the.amount.of.
downtime.associated.with.maintenance.will.also.affect.the.overall.economics..Ide-
ally,. the. photobioreactor. would. operate. continuously.. If. operated. in. batch. mode,.
there.would.be.a.period.of.limited.H2.production.while.the.cell.density.increased.at.
the.start.of.a.new.batch..If.the.system.needs.to.be.emptied.for.maintenance.purposes,.
or.if.the.cell.culture.is.lost.due.to.equipment.failure.or.contamination,.lost.production.
will.significantly.affect.the.economics..The.length.of.time.required.to.build.up.cell.
mass.in.a.wastewater.treatment.plant.during.start-up.can.be.weeks,.for.example.

An.early.system.designed.for.the.sulfur-deprived.process.required.several.days.
to.poise.the.cells.for.H2.production.58.This.transition.period.represented.lost.produc-
tion.compared.to.continuous.operation..Daily.start-up.of.the.photobioreactor.at.sun-
rise.may.also.decrease.production.if.it.extends.into.the.daylight.hours..Some.other.
operations,.for.example,.H2.liquefaction.processes,.would.not.be.a.logical.choice.for.
a.diurnal.cycle.because.of.the.losses.and.inefficiencies.of.starting.up.and.shutting.
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down.the.process.every.day..Gas.compression,.on.the.other.hand,.can.be.started.and.
stopped,.or.be.regulated.to.match.changes.in.production.as.clouds.pass.overhead.

One.general.design.concern.with.bioreactors.is.how.to.manage.contamination..
In.a.laboratory.setting.it.is.possible.to.autoclave.glassware.and.operate.small.reac-
tors.with.pure.cultures..In.the.pharmaceutical.field,.it.is.common.practice.to.steam.
sterilize.bioreactors.up.to.20,000.l..However,.with.larger.bioreactors,.it.would.not.
be.practical.to.build.a.photobioreactor.capable.of.withstanding.steaming.at.elevated.
pressures..Vapor.sterilization.might.work,.or.chemicals.can.be.used.to.reduce.bio-
burden.levels,.but.it.would.probably.still.be.expensive..Antibiotic.resistance.is.some-
times.used.in.the.lab.to.favor.the.growth.of.a.desired.organism.over.other.bacteria,.
but.this.has.limited.application.on.a.large.scale.due.to.high.cost.and.concerns.about.
the.possibility.of.releasing.antibiotic-resistant.organisms.into.the.environment.

In.biological.wastewater.treatment.plants,.no.attempt.is.made.to.use.pure.strains.
of.microorganisms..Instead,.conditions.such.as.pH,. temperature,.growth.rate,.and.
substrate. levels.are.controlled. to. favor.and.select. the.desired.organism.over.other.
organisms..The.undesirable.organisms.are.still.present,.but.growth.pressures.slow.
their.growth.rate.and.keep.them.at.an.acceptable.level..The.same.approach.would.be.
desirable.for.the.operation.of.a.large-scale.photobioreactor..For.example,.if.there.is.no.
carbon.source.present,.the.growth.of.nonphotosynthetic.bacteria.would.be.limited.

One.final.consideration,.common. to.all.economic.analyses,. is. the.question.of.
economy.of.scale..Generally.the.economics.of.most.processes.get.better.with.size..
The.increased.production.rate.overcomes.fixed.costs,.and.large-volume.purchasing.
can.reduce.both.capital.and.operating.costs..A.large.power.plant.can.be.operated.by.
the.same.number.of.people.as.a.smaller.one,.meaning.the.labor.cost.per.kilowatt-
hour.of.electricity.is.less.for.a.larger.plant..Combining.a.solar.H2.process.with.a.com-
plementary.wind.process.or.a.nonrenewable.process.could.help.take.advantage.of.
economy.of.scale.with.respect.to.H2.storage.and.utility.equipment.as.well.as.labor.

5.4.4 CaSe Study

For.a.stand-alone.photobiological.(sulfur-deprived,.algal).H2-production.facility.pro-
ducing.300.kg/day.of.H2,.the.total.capital.investment.was.estimated.to.be.$5.million.
with.a.H2.selling.price.of.approximately.$14/kg.of.hydrogen.and.a.15%.return.on.
investment..This.system.assumed.moderate.improvements.in.the.H2-production.rate.
and.included.PSA.purification.with.high-pressure.compressed.H2.storage..The.total.
photobioreactor.area.was.110,000.m2.with.a.10-cm.pond.depth,.0.2.g/l.cell.concen-
tration,.and.$10/m2.reactor.cost.75

By.feeding.a.H2.pipeline.and.eliminating.the.high-pressure.compressed.gas.stor-
age,. the.H2.cost.drops. from.$13.53/kg. to.$5.92/kg..Eliminating. the.high-pressure.
storage.cuts.the.capital.cost.by.more.than.$1.million..In.addition,.feeding.a.pipeline.
eliminates.any.storage.capacity.limitation,.so.for.the.same.110,000.m2.reactor.area,.
the.daily.production.rate.increases.from.300.kg/day.to.446.kg/day.75

Eliminating. the.PSA.only.saves.$0.50/kg.for.comparable.production.systems..
The.effect.of.economy.of.scale.was.investigated.by.increasing.the.production.capac-
ity. from.300.kg/day. to.600.kg/day,.with.a.corresponding.doubling.of. the.storage.
capacity..This.resulted.in.a.12%.reduction.in.H2.selling.price..One.reason.costs.were.
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not.reduced.more.is.because.the.bioreactor.cost.in.this.analysis.was.assumed.to.vary.
linearly.with.reactor.surface.area.75

Reducing.the.photobioreactor.unit.price.from.$10/m2.to.$1/m2.dropped.the.H2.
selling.price.from.$13.53/kg.to.$8.97/kg..For.the.pipeline.delivery.scenario,.the.H2.
selling.price.dropped.from.$5.92/kg.to.$2.83/kg.with.the.lower.reactor.cost..Because.
industrial.compressed.gas.storage.is.considered.mature.technology,.no.future.cost.
reductions. were. assumed. for. the. storage. equipment.. From. the. perspective. of. the.
U.S..Department.of.Energy’s.H2.cost.goal.of.$2.50/kg,.this.comes.very.close..If.an.
aerobic.biological.H2.production.system,.capable.of.using.the.maximum.efficiency.of.
photosynthesis,.can.be.developed.employing.low-cost.materials,.the.H2.price.might.
fall.to.less.than.$1.00/kg..Furthermore,.ocean-based.photobioreactors.are.expected.
to.have.unique.cost.advantages.

�.� ConClusIon

Photobioreactors.pose. some.unique.challenges.with. respect. to. reactor.design.and.
the.intermittent.nature.of.light-driven.processes..However,.innovative.new.materials.
and. systems.design,.particularly. for. the.photobioreactor,. and. taking.advantage.of.
synergies.with.existing.processes,.can.go.a.long.way.to.improving.process.econom-
ics..Most.importantly,.one.cannot.ignore.factors.like.nutrient.supply,.waste.disposal.
(or.possible.waste.treatment.in.the.future),.pumping/compression.requirements,.and.
the.possibility.of.co-product.generation.when.working.on.a.large.scale..The.future.
will.depend.on.how.clever.we.can.be.in.developing.the.technology.and.how.competi-
tive. the. technology. is.compared. to.other.alternative-energy.options..The.fact. that.
organisms. manufacture. themselves. from. very. cheap. raw. materials. and. can. keep.
themselves.in.good.repair.favors.biological.approaches.
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�.� InTroduCTIon

The.U.S..Department.of.Energy’s.Office.of.Fossil.Energy.sponsors.a.wide.variety.of.
research,.development,.and.demonstration.programs.aimed.at.maximizing.the.use.
of. vast. domestic. fossil. resources. and. ensuring. a. fuel-diverse. energy. sector.while.
responding.to.global.environmental.concerns..Development.of.cost-effective,.mem-
brane-based.reactor.and.separation.technologies.is.of.significant.interest.for.appli-
cations. in. advanced. fossil-based. power. and. fuel. technologies.. Because. concerns.
over.global.climate.change.are.driving.nations.to.reduce.CO2.emissions,.hydrogen.
is.considered.the.fuel.of.choice.for.the.electric.power.and.transportation.industries..
In.his.2003.State.of.the.Union.address,.President.Bush.announced.a.Hydrogen.Fuel.
Initiative.to.develop.hydrogen.production.and.distribution.technologies.for.powering.
fuel.cell.vehicles.and.stationary.fuel.cell.power.sources..The.goal.of.this.initiative.
is.to.lower.the.cost.of.hydrogen.enough.to.make.fuel.cell.cars.cost-competitive.with.
conventional.gasoline-powered.vehicles.by.2010,.and.to.advance.the.methods.of.pro-
ducing.hydrogen.from.renewable.resources,.nuclear.energy,.and.coal.

As.part.of.the.effort. to.devise.cost-effective,.efficient.processes.for.producing.
and.utilizing.hydrogen,.Argonne.National.Laboratory.(ANL).is.developing.dense,.
hydrogen-permeable.membranes.for.separating.hydrogen.from.mixed.gases.at.com-
mercially.significant.fluxes.under.industrially.relevant.operating.conditions..Of.par-
ticular.interest.is.the.separation.of.hydrogen.from.product.streams.that.are.generated.

�.Work.supported.by.the.U.S..Department.of.Energy,.Office.of.Fossil.Energy,.National.Energy.Technology.
Laboratory’s.Hydrogen.and.Gasification.Technologies.Program,.under.Contract.W-31-109-Eng-38.
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during.coal.gasification,.methane.partial.oxidation,.reforming,.and.water–gas.shift.
reactions..Because.the.membrane.will.separate.hydrogen.without.using.electrodes.or.
an.external.power.supply.(i.e.,.its.operation.will.be.nongalvanic),.it.requires.materi-
als.that.exhibit.suitable.electronic.and.protonic.conductivities.as.well.as.high.hydro-
gen.diffusivity.and.solubility..Good.mechanical.properties.will.also.be.necessary.to.
withstand.operating.stresses,.and.to.maximize.the.hydrogen.flux.and.maintain.high.
hydrogen.selectivity,.the.fabricated.materials.must.be.thin.and.dense.

The. ANL. membrane. development. effort. focused. initially. on. BaCe0.8Y0.2O3–δ.

(BCY),.because.it.is.a.mixed.proton–electron.conductor.whose.high.total.electrical.
conductivity1,2.suggested.that.it.might.yield.a.high.hydrogen.flux.without.using.elec-
trodes.or.electrical.circuitry..Despite.having.a.high.total.electrical.conductivity,.its.
electronic.component.of.conductivity.was.insufficient.to.support.a.high.nongalvanic.
hydrogen.flux.3,4.To.increase.the.electronic.conductivity.and.thereby.the.hydrogen.
flux,.we.developed.various.cermet.(i.e.,.ceramic–metal.composite).membranes,. in.
which.a.metal.powder.is.dispersed.in.a.ceramic.matrix.5,6.In.these.cermets,.the.metal.
enhances. the.hydrogen.permeability.of. the.ceramic.phase.by. increasing. the.elec-
tronic.conductivity.of.the.composite..If.the.metal.has.a.high.hydrogen.permeability,.
it.may.also.provide.an.additional.transport.path.for.the.hydrogen.

The.ANL-1,.-2,.or.-3.cermet.membranes.are.classified.on.the.basis.of.the.hydro-
gen.transport.properties.of.the.metal.and.matrix.phases..In.ANL-1.membranes,.a.
metal. with. low. hydrogen. permeability. is. distributed. in. the. hydrogen-permeable.
matrix.of.BCY..ANL-2.membranes.also.have.a.matrix.of.hydrogen-permeable.BCY,.
but.they.contain.a.hydrogen.transport.metal,.i.e.,.a.metal.with.high.hydrogen.perme-
ability..In.ANL-3.membranes,.a.metal.with.high.hydrogen.permeability.is.dispersed.
in. a. ceramic. matrix. of. low. hydrogen. permeability,. e.g.,. Al2O3,. ZrO2,. or. BaTiO3..
Each.membrane. is. identified.by.a.number.representing.the.class.of.membrane,.as.
described.above,.and.a.letter.indicating.a.specific.combination.of.metal.and.matrix.
phases..For.example,.ANL-3a.is.an.ANL-3.membrane.that.contains.a.specific.metal.
in.an.Al2O3.matrix,.whereas.ANL-3b.contains.a.different.combination.of.hydrogen.
transport.metal.and.ceramic..A.letter. is.not. included.when.general.comments.are.
made.about.an.entire.class.of.membranes,.e.g.,.ANL-3.membranes.

Hydrogen.permeation.through.ANL-1a.is.higher.than.that.in.monolithic.BCY.
because.the.metal.in.ANL-1a.increases.its.electronic.conductivity..Because.the.metal.
in.ANL-1a.has.low.hydrogen.permeability,.only.a.small.part.of. the.hydrogen.dif-
fuses.through.the.metal.phase..ANL-2a.membranes,.in.which.a.hydrogen.transport.
metal. replaces. the.metal.of.ANL-1a,.give.a.still.higher.hydrogen.flux..The.metal.
in.ANL-2a.facilitates.hydrogen.diffusion.by.increasing.the.electronic.conductivity.
and.by.providing.an.alternative.path.for.hydrogen.diffusion..Although.BCY.and.the.
metal.phase.both.contribute. to.hydrogen.permeation. through.ANL-2.membranes,.
most.of.the.hydrogen.diffuses.through.the.metal.phase.7.Because.BCY.contributes.
relatively.little.to.the.hydrogen.flux,.has.poor.mechanical.properties,.and.is.chemi-
cally.unstable.under.some.conditions.of. interest,8.ANL-3.membranes.were.devel-
oped..These.membranes.contain.a.hydrogen.transport.metal.in.a.thermodynamically.
stable.ceramic.matrix.with.superior.mechanical.properties,.e.g.,.Al2O3.or.ZrO2..They.
have.high.hydrogen.permeability,. improved.strength,.and.greater.chemical. stabil-
ity.compared.to.ANL-2.membranes,.and.have.given.the.highest.hydrogen.flux.(20.
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cm3(STP)/min-cm2).to.date.for.an.ANL.membrane..In.this.chapter,.the.hydrogen.flux.
rates.of.ANL-1,.-2,.and.-3.membranes.are.compared..Also,.because.the.membranes.
will.contact.gas.streams.that.contain.CO,.CO2,.and.H2S,.their.chemical.stability.is.an.
important.issue..We.thus.report.the.hydrogen.flux.of.ANL-2.and.-3.membranes.vs..
time.during.exposure.to.feed.gases.containing.various.levels.of.H2S,.CO2,.and.CO.

�.� exPerImenTal

Preparation.of.BCY.powders.for.ANL-1.and.-2.membranes.is.described.in.detail.else-
where.5.BCY.and.metal.powders.were.mixed.together.to.prepare.powders.for.ANL-1a.
and.-2a.membranes..Powders.for.ANL-3.membranes.were.prepared.by.mixing.one.of.
two.hydrogen.transport.metals.with.ceramic.powders.that.are.reported.to.be.poor.pro-
ton.conductors.8.All.membranes.contained.40.vol%.metal,.except.where.otherwise.
noted..The.powder.mixtures.were.pressed.uniaxially. to.prepare.disks. (≈22.mm.in.
diameter.and.≈2.mm.thick).for.sintering..Cermet.membranes.were.sintered.in.either.
air.or.4%.H2/balance.He,.N2,.or.Ar.in.the.temperature.range.of.1,350.to.1,420°C.

A.sintered.disk.was.polished.with.600-grit.SiC.paper.to.obtain.the.desired.thick-
ness.and.produce.faces.that.were.flat.and.parallel.to.one.another..The.polished.disk.
was.then.affixed.to.an.Al2O3.tube.by.a.procedure.described.elsewhere.9.A.seal.formed.
after.heating.to.950°C,.when.spring-loaded.rods.squeezed.a.gold.ring.between.the.
membrane.and.the.Al2O3.tube..One.side.of.the.sample.was.purged.with.4%.H2/bal-
ance.He.during.sealing,.while.the.other.side.was.purged.with.100.ppm.H2/balance.
N2..The.leakage.rate.following.this.procedure.was.typically.<10%.of.the.total.per-
meation.flux..The.hydrogen.flux.through.the.membranes.was.measured.as.a.function.
of.time.and.temperature.during.exposure.to.various.feed.gases.

The.flow.rate.of.sweep.gas.(100.ppm.H2/balance.N2).during.permeation.mea-
surements. was. controlled. with. an. MKS. mass. flow. controller. and. was. measured.
using.a.Humonics.Field-Cal.570.flow.calibrator..The.sweep.gas.was.analyzed.with.
a. Hewlett-Packard. 6890. gas. chromatograph.. Feed. gases. included. dry. or. wet. 4%.
H2/balance.He,.100%.H2,.and.simulated.syngas.(66%.H2,.33%.CO,.and.1%.CO2)..For.
wet.feed.gas,.4%.H2/balance.He.was.bubbled.through.a.water.bath.at.room.tempera-
ture.to.give.≈0.03.atm.H2O;.for.the.dry.condition,.4%.H2/balance.He.was.introduced.
directly.into.the.furnace.from.the.gas.cylinder..The.stability.of.ANL-3e.membranes.
in.H2S-containing.atmospheres.was.determined.by.measuring.the.hydrogen.flux.vs..
time. in. atmospheres. with. progressively. higher. H2S. concentrations.. Gas. mixtures.
for.these.tests.were.prepared.using.mass.flow.controllers.to.blend.ultra.high.purity.
(UHP).He.with.H2. that. contained.a.known.H2S.concentration..The.compositions.
of.the.gas.mixtures.and.the.H2S-containing.gas.used.to.prepare.them.are.given.in.
table.6.1.

�.� resulTs

Figure.6.1.compares.the.hydrogen.fluxes.for.ANL-1a,.-2a,.and.-3b.membranes.using.
a.feed.gas.of.4%.H2/balance.He..To.compensate.for.slight.differences.in.membrane.
thickness,.the.measured.fluxes.were.normalized.to.a.thickness.of.0.50.mm..The.actual.
thickness.of.each.membrane.is.shown.in.the.inset.of.figure.6.1..The.flux.of.ANL-1a,.
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while.the.lowest.for.these.membranes,.is.significantly.higher.than.that.of.BCY.alone,.
because.ANL-1a.contains.a.continuous.metal.phase..Without.this.continuous.metal.
phase,. the.electronic.conductivity.of.BCY.is. too. low. to.support.a.significant.non-
galvanic.hydrogen.flux.5.Like.ANL-1a,.the.ANL-2a.membrane.contains.a.matrix.of.
BCY,.but.the.metal.phase.of.ANL-1a.with.low.hydrogen.permeability.is.replaced.by.
a.hydrogen.transport.metal..The.addition.of.this.favorable.path.for.hydrogen.diffusion.
significantly.increases.the.flux.of.ANL-2a.relative.to.ANL-1a,.especially.at.higher.
temperatures.. Comparing. the. properties. of. the. ANL-2a. and. -3b. membranes. also.
highlights.the.importance.of.the.metal.phase..Although.ANL-2a.contains.a.hydro-
gen-permeable.matrix,.whereas.ANL-3b.does.not,.the.hydrogen.flux.for.ANL-3b.was.
≈35%.higher.at.900°C.and.≈80%.higher.at.600°C..ANL-3b.gave.the.highest.flux.for.
these.membranes.because.its.metal.phase.had.the.highest.hydrogen.permeability.

A.40-µm-thick.ANL-3a.membrane.containing.50.vol%.of.a.hydrogen.transport.
metal.attained.the.highest.hydrogen.flux.(20.cm3(STP)/min-cm2).to.date.for.an.ANL.
membrane;.however,.these.membranes.sometimes.contain.interconnected.porosity.
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fIgure �.� Hydrogen.flux.through.ANL-1a,.-2a,.and.-3b.membranes.using.wet.4%.H2/
balance.He.as.the.feed.gas..Measured.fluxes.were.normalized.to.a.thickness.of.0.50.mm.to.
compensate.for.differences.in.membrane.thickness..The.actual.thickness.of.each.membrane.
is.given.in.the.inset.

Table �.�

Compositions of gas mixtures used to Test stability of anl-�e membranes
Composition of gas mixture gases used to Prepare mixture

51.ppm.H2S/19.2%.H2/balance.He 250.ppm.H2S/balance.H2.and.UHP.He

97.ppm.H2S/19.4%.H2/balance.He 500.ppm.H2S/balance.H2.and.UHP.He

400.ppm.H2S/79.8%.H2/balance.He 500.ppm.H2S/balance.H2.and.UHP.He

2922.ppm.H2S/19.2%.H2/balance.He 1.5%.H2S/balance.H2.and.UHP.He
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after.sintering..To.more.reproducibly.fabricate.ANL-3.membranes.without.intercon-
nected.porosity,.we.developed.ANL-3e.membranes,.which.contain.the.same.hydro-
gen.transport.metal.as.ANL-3a.membranes.but.have.a.ceramic.matrix.that.densifies.
more. readily.. Figure.6.2. shows. that. the. hydrogen. flux. through. an. ANL-3e. mem-
brane,.like.that.through.an.ANL-3a9.or.-3b.membrane,10.increases.linearly.with.the.
difference.in.the.square.root.of.the.hydrogen.partial.pressure.in.the.feed.and.sweep.
gases..This.behavior.is.characteristic.of.bulk-limited.hydrogen.diffusion.through.a.
metal11.and.is.expected,.because.the.membrane.contains.a.hydrogen.transport.metal.
and.the.ceramic.phase.has.a.low.hydrogen.permeability..Such.behavior.suggests.that.
reducing.the.membrane.thickness.may.increase.the.hydrogen.flux.

Figure.6.3. shows. the.hydrogen.flux.of.ANL-3e.membranes.vs.. the. inverse.of.
membrane.thickness.at.900°C.using.100%.H2.as.the.feed.gas..The.hydrogen.flux.var-
ies.linearly.with.the.inverse.of.membrane.thickness,.confirming.that.it.is.controlled.
by.bulk.diffusion.over.this.thickness.range.(22.to.100.µm)..At.lesser.thickness,.how-
ever,.interfacial.reactions.may.become.rate.limiting..The.highest.flux.for.the.ANL-
3e. membranes. (19.0. cm3(STP)/min-cm2). was. only. slightly. lower. than. that. for. an.
ANL-3a.membrane.(20.cm3(STP)/min-cm2).12.However,.if.the.ceramic.matrix.only.
supports.the.hydrogen.transport.metal.without.influencing.its.hydrogen.permeation,.
the.ANL-3e.membrane.should.have.had.the.higher.flux,.because.it.was.slightly.thin-
ner.(22.µm.vs..40.µm).and.contained.an.equal.concentration.(50.vol%).of.the.same.
hydrogen.transport.metal..This.apparent.anomaly.suggests.that.the.ceramic.phase.
plays.a.secondary.role.in.hydrogen.permeation.

The. chemical. stability. of. hydrogen. separation. membranes. is. a. critical. issue,.
because.they.will.operate.at.elevated.temperatures.and.pressures.in.atmospheres.con-
taining.CO,.CO2,.and.H2S,.among.other.constituents..Figure.6.4.shows.the.hydrogen.
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flux.through.an.ANL-3b.membrane.vs..time.at.several.temperatures.in.an.atmosphere.
of.simulated.syngas.(66%.H2,.33%.CO,.and.1%.CO2)..A.feed.gas.of.4%.H2/balance.
He.was.flowed.before.and.after.exposure.to.syngas.at.each.temperature,.and.the.leak-
age.rate.of.hydrogen.was.determined.by.measuring.the.helium.concentration.in.the.
sweep.gas..No.helium.leakage.was.measured.at.any.of.the.temperatures..Figure.6.4.
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shows.no.noticeable.decrease.in.flux.during.up.to.190.h.of.operation.at.each.tem-
perature..Similar.tests.with.another.ANL-3b.membrane.showed.no.decrease.in.the.
hydrogen.flux.during.120.h.of.exposure.to.syngas.at.900°C.

The. importance. of. a. chemically. stable. matrix. is. clearly. demonstrated. in. fig-
ure.6.5,.where.the.hydrogen.flux.is.plotted.vs..time.for.ANL-2a.and.-3d.membranes.
during.their.exposure.to.dry.and.wet.syngas.of.composition.2.0%.CH4,.19.6%.H2,.
19.6%.CO,.and.58.8%.CO2.(mol%)..ANL-3d.membranes.contain.the.same.hydro-
gen.transport.metal.as.ANL-3b.membranes,.but.they.have.an.Al2O3.matrix.rather.
than.the.BaTiO3.matrix.of.ANL-3b.membranes;.they.were.developed.to.improve.the.
mechanical.strength.of.thin.membranes..Figure.6.5.shows.that.in.environments.with.
high.concentrations.of.CO2,.the.Al2O3.matrix.of.ANL-3d.is.chemically.more.stable.
than.the.BCY.matrix.of.ANL-2a..The.permeation.rate.through.ANL-2a.decreased.
dramatically.after.only.several.minutes,.whereas.the.hydrogen.flux.through.ANL-3d.
was.stable.for.>3.h..Scanning.electron.microscopy.on.the.ANL-2a.surface.after.the.
permeation.measurements. showed. that. the.BCY.matrix.had.decomposed. to. form.
BaCO3.and.other.phases..These.results.show.that.a.chemically.stable.matrix.such.as.
Al2O3.or.ZrO2.will.be.required.for.application.of.the.membrane.in.atmospheres.with.
high.CO2.concentrations.

Figure.6.6.shows.the.hydrogen.flux.of.an.ANL-3e.membrane.(thickness.=.100.
µm).vs..time.at.several.temperatures.in.a.feed.gas.of.51.ppm.H2S.and.19.6%.H2/bal-
ance.He..For.measurement.of.the.initial.(time.=.0.h).hydrogen.flux.at.each.tempera-
ture,.UHP.H2.and.UHP.He.were.mixed.with.mass.flow.controllers.to.give.the.same.
hydrogen.concentration.that.the.H2S-containing.gas.would.subsequently.have..Next,.
UHP.H2.was.switched.to.H2.with.250.ppm.H2S,.and.the.flux.was.measured.vs..time..
At.every.temperature,.the.hydrogen.flux.decreased.slightly.during.the.first.hour.of.
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exposure.but.was. stable. thereafter..At.900°C,. the.flux.actually. increased. slightly.
during.longer.exposures,.and.the.final.flux.was.only.≈3%.lower.than.the.initial.flux..
The.reason.for.the.initial.decrease.in.flux.is.not.understood.at.this.point,.but.thermo-
dynamic.data.indicate.that.a.reaction.between.the.hydrogen.transport.metal.and.H2S.
is.not.favorable.under.these.conditions.

Figure.6.7.shows.the.hydrogen.flux.of.an.ANL-3e.membrane.(thickness.=.200.
µm).vs.. time.at.900°C. in. feed.gases.with.different.H2S.concentrations..As. in. the.
earlier.measurements.with.51.ppm.H2S,. a.mixture.of.UHP.H2.and.UHP.He.was.
used.for.the.initial.reading,.then.UHP.H2.was.switched.to.an.H2S-containing.gas..
For.measurements.with.a.given.H2S.concentration,.the.hydrogen.concentration.was.
constant.during.the.initial.and.subsequent.measurements..In.the.gas.mixtures.with.
97.ppm.H2S.(19.4%.H2).and.400.ppm.H2S.(79.8%.H2),.the.hydrogen.flux.decreased.
moderately.(~10%).in.the.first.hour.of.exposure.and.then.was.stable,.perhaps.even.
increasing.slightly.with.time.

The.hydrogen.flux.of.the.ANL-3e.membrane.decreased.sharply.after.gas.contain-
ing.2,922.ppm.H2S.(19.2%.H2).was.introduced.into.the.reactor..The.flux.decreased.
≈60%.during.the.first.hour.of.exposure.and.≈70%.after.2.h.of.exposure,.and.continued.
to.decrease.at.longer.exposures..In.addition,.leakage.through.the.sample.increased.
with.time,.as.indicated.by.the.measured.He.concentration.in.the.sweep.gas..After.70.
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h.of.exposure,.the.sample.was.cooled.in.He..Penetration.of.the.sample.by.isopropyl.
alcohol,.from.one.face.to.the.other,.showed.that.the.sample.contained.interconnected.
porosity.after.the.permeation.test.in.2,922.ppm.H2S;.alcohol.had.not.penetrated.the.
sample. before. the. permeation. test.. Also,. examination. of. the. sample. by. scanning.
electron.microscopy. indicated.a. loss.of.metal. from. the.membrane. surface..Thus,.
the.sharp.drop.in.hydrogen.flux.and.increase.in.leakage.rate.were.likely.caused.by.
loss.of.the.hydrogen.transport.metal..In.combination.with.the.results.for.lower.H2S.
concentrations,.this.finding.indicates.that.the.stability.limit.for.ANL-3e.membranes.
in.H2S-containing.atmospheres.is.in.the.range.of.400.to.2,922.ppm.H2S.

�.� ConClusIons

We.have.developed.cermet.membranes.that.nongalvanically.separate.hydrogen.from.
gas.mixtures..The.highest.measured.hydrogen.flux.was.20.0.cm3(STP)/min-cm2.for.
an.ANL-3a.membrane.at.900°C;.the.flux.through.an.ANL-3e.membrane.was.nearly.
as.high..The.effect.of.hydrogen.partial.pressure.on.hydrogen.flux.indicates.that.the.
flux.is.limited.by.the.bulk.diffusion.of.hydrogen.through.the.metal.phase..The.depen-
dence.of.hydrogen.flux.on.membrane.thickness.confirmed.this.conclusion.over.the.
range.in.thickness.that.was.studied.(22.to.100.µm)..Although.interfacial.reactions.are.
expected.to.become.important.at.some.smaller.thickness,.these.results.suggest.that.
decreasing.the.membrane.thickness.will.increase.the.hydrogen.flux..The.hydrogen.
flux.of.ANL-3b.and.-3d.membranes.showed.no.degradation.in.a.syngas.atmosphere.
for. times.up. to.190.h,.while. the.hydrogen.flux. through.ANL-3e.membranes.was.
stable,.after.a.small.initial.decrease,.for.up.to.120.h.in.atmospheres.containing.up.
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to.400.ppm.H2S..These.results.indicate.that.ANL-3.membranes.may.be.suitable.for.
long-term,.practical.hydrogen.separation.
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�.� InTroduCTIon

Carbon. and. low-alloy. steels. are. common. structural. materials. for. high-pressure.
hydrogen.gas.vessels.and.pipelines..These.steels.are.low.cost,.and.a.wide.range.of.
properties.can.be.achieved.through.alloying,.processing,.and.heat.treatment.1.Fab-
ricating.complex.structures.such.as.gas.containment.vessels.and.pipelines.is.read-
ily.accomplished.with.steels.since.these.materials.can.be.formed,.welded,.and.heat.
treated.in.large.sections.

The.containment.and.transport.of.high-pressure.hydrogen.gas.in.steel.structures.
present.a.particular.challenge..Hydrogen.gas.can.adsorb.and.dissociate.on.the.steel.
surface.to.produce.atomic.hydrogen.2,3.The.subsequent.dissolution.and.diffusion.of.
atomic.hydrogen.into.steels.can.degrade.mechanical.properties,.a.phenomenon.gen-
erally.referred.to.as.hydrogen.embrittlement..The.manifestation.of.hydrogen.embrit-
tlement.is.enhanced.susceptibility.to.fracture..Hydrogen.reduces.typical.measures.of.
fracture.resistance.such.as.tensile.strength,.ductility,.and.fracture.toughness,.acceler-
ates.fatigue.crack.propagation,.and.introduces.additional.material.failure.modes.3.In.
particular,.steel.structures.that.do.not.fail.under.static.loads.in.benign.environments.
at.ambient.temperature.may.become.susceptible.to.time-dependent.crack.propaga-
tion.in.hydrogen.gas.

The.objective.of.this.chapter.is. to.provide.guidance.on.the.application.of.car-
bon.and. low-alloy. steels. for.hydrogen.gas.vessels.and.pipelines,. emphasizing. the.
variables. that. influence. hydrogen. embrittlement.. Section. 7.2. reviews. published.
experience.with.hydrogen.gas.vessels.and.pipelines.. Industrial.gas.and.petroleum.
companies.have.successfully.used.carbon.and.low-alloy.steels.for.hydrogen.gas.con-
tainment.and.transport,.but.only.within.certain.limits.of.material,.environmental,.
and. mechanical. conditions.4–6. In. the. proposed. hydrogen. energy. infrastructure,. it.
is.anticipated.that.hydrogen.gas.vessels.and.pipelines.will.be.subjected.to.operat-
ing. conditions. that. are.outside. the.windows.of. experience..Thus,. section.7.4.will.
demonstrate. trends. in. hydrogen. embrittlement. susceptibility. for. steels. as. a. func-
tion. of. important. material,. environmental,. and. mechanical. variables.. The. metric.
for.hydrogen.embrittlement.susceptibility.is.based.on.fracture.mechanics.properties..
Fracture.mechanics.principles.are.reviewed.in.section.7.3.

This.chapter.focuses.on.effects.of.hydrogen.gas.on.steel.structures.at.near-ambient.
temperatures..For.these.conditions,.atomic.hydrogen.is.in.solid.solution.in.the.steel.lat-
tice.and.can.facilitate.fracture.through.one.of.several.broadly.accepted.mechanisms.7,8.
Excluded. from. this. chapter. are. references. to.hydrogen. embrittlement.mechanisms.
that.are.promoted.by.elevated.temperatures.or.aqueous.environments..A.well-known.
mechanism.in.this.category.is.hydrogen.attack,.which.involves.a.chemical.reaction.
between.atomic.hydrogen.and.carbon.in.steel.to.form.methane.gas..The.formation.of.
high-pressure.methane.gas.in.internal.fissures.and.depletion.of.carbon.from.the.steel.
enable.material.failure.3.Other.mechanisms.not.referenced.in.this.chapter.involve.the.
internal.precipitation.of.high-pressure.hydrogen.gas.3.Failure.caused.by.the.internal.
formation.of.methane.or.hydrogen.gas.is.not.considered.pertinent.to.steel.structures.
used.in.the.containment.and.transport.of.high-pressure.hydrogen.gas.5

This.chapter.is.not.intended.to.provide.detailed.guidance.on.the.design.of.hydro-
gen.gas.vessels.and.pipelines..General.design.approaches.for.structures.in.hydrogen.
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gas.as.well.as.details.on.vessels.and.pipelines.are.available.4,5,9,10.While.this.chapter.
emphasizes.hydrogen.embrittlement.of.steels,.it.does.not.represent.a.comprehensive.
review.of.the.subject..The.literature.on.hydrogen.embrittlement.of.steels.is.extensive.
(e.g.,.references.11–15).and.includes.numerous.review.articles.3,16–18.The.content.of.this.
chapter.does.complement.previous.publications.that.address.hydrogen.compatibility.of.
structural.materials.for.hydrogen.energy.applications.9,19–21.Finally,.while.this.chapter.
presents.some.specific.data.to.illustrate.hydrogen.embrittlement.trends.in.steels,.the.
document.is.not.intended.to.serve.as.a.data.archive..Such.a.data.compilation.has.been.
created.to.guide.the.application.of.materials.in.a.hydrogen.energy.infrastructure.22

�.� revIeW of hydrogen gas vessels and PIPelInes

This.section.summarizes.the.experience.of.industrial.gas.and.petroleum.companies.
with.steel.hydrogen.gas.vessels.and.pipelines..Extensive. information. is.published.
in.two.European.Industrial.Gases.Association.(EIGA).documents,.which.were.cre-
ated.to.provide.guidance.on.the.design.of.hydrogen.gas.vessels.and.pipelines.4,5.The.
document.on.hydrogen.gas.pipelines5.was.developed. jointly.with. the.Compressed.
Gas.Association.(CGA).and.has.been.published.concurrently.as.the.CGA.document.
G-5.6..Presentations.from.a.workshop.sponsored.by.the.U.S..Department.of.Energy6.
served.as.additional.sources.of.information.on.hydrogen.piping.systems..From.this.
collective.published.information,.the.material,.environmental,.and.mechanical.con-
ditions.that.have.been.identified.by.industrial.gas.producers.and.consumers.to.impact.
performance.of.steel.hydrogen.gas.vessels.and.pipelines.are.reported.below.

7.2.1 hydrOGen GaS VeSSelS

The.information.reported.here.is.for.cylindrical.and.tube-shaped.steel.vessels,.where.
the.primary.function.of.the.vessels.is.to.distribute.hydrogen.gas.4.Current.European.
hydrogen.gas.distributors.have.several.hundred.thousand.vessels.in.service,.which.
supply.up.to.300.×.106.m3.of.hydrogen.gas.to.customers.annually..Over.the.past.two.
decades,.these.hydrogen.gas.vessels.have.functioned.safely.and.reliably.

Failures.of.hydrogen.gas.vessels.have.been.encountered.in.Europe,.particularly.
in.the.late.1970s.4.Subsequent.studies.of.hydrogen.gas.vessels.led.to.the.conclusion.
that.failures.were.ultimately.enabled.by.hydrogen-enhanced.fatigue.crack.propaga-
tion.from.surface.defects.

�.�.�.� material Conditions affecting vessel steel in hydrogen

Experience.indicates.that.failure.of.hydrogen.gas.vessels.has.been.governed.primar-
ily.by.properties.of.the.steel,.particularly.strength.and.microstructure.4.These.vari-
ables.affect.the.susceptibility.of.the.steel.to.hydrogen.embrittlement.

The.published.experience.for.reliable.hydrogen.gas.vessels.pertains.to.a.narrow.
range.of.steel.conditions.4.Hydrogen.gas.vessels.in.Europe.are.fabricated.from.steel.
designated.34CrMo4..The.steel.composition.(table.7.1).is.distinguished.by.the.alloy-
ing.elements.chromium.and.molybdenum.and.the.concentration.of.carbon.

The. 34CrMo4. steels. are. processed. to. produce. a. “quenched. and. tempered”.
microstructure..The.heat.treatment.sequence.to.produce.this.microstructure.consists.
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of.heating.in.the.austenite.phase.field,.rapidly.cooling.(quenching).to.form.martens-
ite,. then.tempering.at.an.intermediate.temperature.1.For.hydrogen.gas.vessels,. the.
heat. treatment.parameters.are.selected.to.produce.a.uniform.tempered.martensite.
microstructure.and.to.limit.tensile.strength.(σuts).below.950.MPa.4

Vessels.used.for.hydrogen.gas.distribution.are.seamless,.meaning.the.vessel.body.
is.fabricated.without.welds..Hydrogen.gas.vessels.are.ideally.seamless.since.welding.
alters.the.desirable.steel.microstructure.produced.by.quenching.and.tempering.and.
introduces.residual.stress..Welds. in.high-pressure.hydrogen.gas.vessels.fabricated.
from.low-alloy.steels.have.contributed.to.hydrogen-assisted.cracking.23

�.�.�.� environmental Conditions affecting vessel steel in hydrogen

The.severity.of.hydrogen.embrittlement.in.steel.is.affected.by.gas.pressure,.since.this.
variable.dictates.the.amount.of.atomic.hydrogen.that.dissolves.in.steel.17.Working.
pressures.for.steel.vessels.in.hydrogen.distribution.applications.are.typically.in.the.
range.of.20.to.30.MPa.4

The.inner.surface.of.hydrogen.gas.vessels.is.susceptible.to.localized.corrosion.
due.to.impurities.that.can.exist.in.the.steel.and.hydrogen.gas.4.Interactions.between.
localized.corrosion.and.hydrogen.embrittlement.have.not.been.specified;.however,.
impurities. in. the. gas. and. steel. are. known. to. affect. hydrogen. embrittlement,. as.
described.in.section.7.4.

�.�.�.� mechanical Conditions affecting vessel steel in hydrogen

In.addition.to.gas.pressure,.hydrostatic.tensile.stress.increases.the.hydrogen.concen-
tration.in.metals.18.This.leads.to.high,.localized.concentrations.of.atomic.hydrogen.at.
stress.risers,.such.as.defects,.thus.promoting.hydrogen.embrittlement..Defects.can.form.
on.the.inner.surface.of.hydrogen.gas.vessels.from.manufacturing.or.during.service..
One.manifestation.of.defects.that.forms.during.service.is.localized.corrosion.pits.4

One. of. the. detrimental. mechanical. loading. conditions. for. steel. hydrogen. gas.
vessels. is. cyclic. stress,. which. drives. fatigue. crack. propagation.4. Pressure. cycling.
results. from.filling.and.emptying.vessels.during.service..The.presence.of. surface.
defects.influences.the.mechanical.conditions.in.the.steel.vessel.wall..Surface.defects.
intensify.local.stresses,.which.provide.the.mechanical.driving.force.for.fatigue.crack.
propagation. and. concentrate. atomic. hydrogen. in. the. steel.. Cracks. propagate. by.
hydrogen.embrittlement.acting.in.concert.with.cyclic.stress..After.a.certain.number.
of.vessel.filling–emptying.cycles,. fatigue.cracks. reach.a. critical. length..Then. the.
cracks.can.extend.by.hydrogen.embrittlement.mechanisms. that.operate. in.a.filled.
hydrogen.vessel.under.static.pressure.

Table �.�
Composition (wt%) of ��Crmo� steela

Cr mo C mn si Pb sb fe P + sb

0.90–1.20 0.15–0.25 0.30–0.37 0.50–0.80 0.15–0.35 0.025.max. 0.025.max. Balance
a. The. composition. limits. for. 34CrMo4. vary. slightly. among. European. countries..The. specification. in.

table.7.1.is.from.Germany.4.The.34CrMo4.steel.composition.is.almost.identical.to.either.AISI.4130.or.
AISI.4135.steel.47

b. Limits.for.P.and.S.in.new.hydrogen.gas.vessels.are.0.025.wt%.
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7.2.2 hydrOGen GaS pipelineS

The. information.summarized.here. is. for. steel. transmission.and.distribution.piping.
systems. that. carry. hydrogen. gas.. The. industrial. gas. companies. have. accumulated.
decades.of.experience.with.hydrogen.gas.transmission.pipelines.and.currently.oper-
ate.over.900.miles.of.pipeline.in.the.United.States.and.Europe.6.These.pipelines.have.
been.safe.and.reliable.for.specific.ranges.of.material,.environmental,.and.mechanical.
conditions.

�.�.�.� material Conditions affecting Pipeline steel in hydrogen

Although.steel.pipelines.have.been.operated.safely.with.hydrogen.gas,.specific.limits.
have.been.placed.on.properties.of. the.steels.. In.particular,. relatively. low-strength.
carbon.steels.are.specified.for.hydrogen.gas.pipelines.5.Examples.of.steels.that.have.
been.proven.for.hydrogen.gas.service.are.ASTM.A106.Grade.B,.API.5L.Grade.X42,.
and.API.5L.Grade.X52.5,6.The.compositions.of.these.steels.are.provided.in.table.7.2.
and.table.7.3..The.API.5L.steels.containing.small.amounts.of.niobium,.vanadium,.
and.titanium.are.referred.to.as.microalloyed.steels..Microalloyed.X52.steel.has.been.
used.extensively.in.hydrogen.gas.pipelines.5

Steels.for.hydrogen.gas.pipelines.are.processed.to.produce.uniform,.fine-grained.
microstructures.5.A.normalizing.heat.treatment.can.yield.the.desired.microstructure.
in.conventional.steels..A.typical.normalizing.heat.treatment.consists.of.heating.steel.
in.the.austenite.phase.field.followed.by.air.cooling.1.A.more.sophisticated.process.
of.hot.rolling.in.the.austenite–ferrite.phase.field.is.used.to.manufacture.fine-grained.
microalloyed.steels.1

Material.strength.is.an.important.variable.affecting.hydrogen.embrittlement.of.
pipeline.steels..One.of.the.principles.guiding.selection.of.steel.grades.and.processing.

Table �.�
Composition (wt%) of a�0� grade b steela

C mn P s si Crb Cub mob nib vb fe
0.30.
max.

0.291.06 0.035.
max.

0.035.
max.

0.10.
max.

0.40.
max.

0.40.
max.

0.15.
max.

0.40.
max.

0.08.
max.

Balance

a. Specification.is.for.seamless.pipe.48

Table �.�

Composition (wt%) of aPI �l steelsa

C mn Pb sb nb + v + Ti fe

Grade.X42 0.22.max. 1.30.max. 0.025.max. 0.015.max. 0.15.max. Balance

Grade.X52 0.22.max. 1.40.max. 0.025.max. 0.015.max. 0.15.max. Balance
a. Product.Specification.Level.2.composition.for.welded.pipe.49

b. Recommended.maximum.concentrations.of.P.and.S.are.0.015.and.0.01.wt%,.respectively,.for.mod-
ern.steels.in.hydrogen.gas.service.5
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procedures.is.to.limit.strength..The.maximum.tensile.strength,.σuts,.recommended.
for.hydrogen.gas.pipeline.steel.is.800.MPa.5

The.properties.of.welds.are.carefully.controlled.to.preclude.hydrogen.embrittle-
ment..One.of.the.important.material.characteristics.governing.weld.properties.is.the.
carbon.equivalent.(CE)..The.CE.is.a.weighted.average.of.elements,.where.concentra-
tions.of.carbon.and.manganese.are.significant.factors.5.Higher.values.of.CE.increase.
the. propensity. for. martensite. formation. during. welding.. Nontempered. martensite.
is.the.phase.most.vulnerable.to.hydrogen.embrittlement.in.steels.9,21.Although.low.
values.of.CE.are.specified.to.prevent.martensite.formation.in.welds,5.these.regions.
are.often.still.harder.than.the.surrounding.pipeline.base.metal..The.higher.hardness.
makes. welds. more. susceptible. to. hydrogen. embrittlement.. The. maximum. tensile.
strength.for.welds.is.also.recommended.as.800.MPa.

�.�.�.� environmental Conditions affecting Pipeline steel in hydrogen

Similar.to.hydrogen.gas.vessels,.the.hydrogen.embrittlement.susceptibility.of.pipe-
line.steels.depends.on.gas.pressure.. Industrial.gas.companies.have.operated.steel.
hydrogen.pipelines.at.gas.pressures.up.to.13.MPa.6

Hydrogen.gas.pipelines.are.subject.to.corrosion.on.the.external.surface..While.
corrosion. damage. has. created. leaks. in. hydrogen. gas. pipelines,5,6. interactions.
between.corrosion.and.hydrogen.gas.embrittlement.have.not.been.cited.as.concerns.
for.pipelines.

�.�.�.� mechanical Conditions affecting Pipeline steel in hydrogen

Hydrogen.gas.transmission.pipelines.are.operated.at.near.constant.pressure5,6;.there-
fore,.cracking.due.to.hydrogen.embrittlement.must.be.driven.by.static.mechanical.
forces..Cyclic.loading,.which.can.drive.fatigue.crack.propagation.aided.by.hydro-
gen.embrittlement,.has.not.been.a.concern.for.hydrogen.gas.transmission.pipelines.5.
Experience.from.the.petroleum.industry,.however,.has.demonstrated.that.hydrogen-
assisted.fatigue.is.possible.with.hydrogen.gas.distribution.piping.6

Defects.can.form.on.the.inner.and.outer.surfaces.of.steel.pipelines.from.several.
sources,. including. welds,. corrosion,. and. third-party. damage.5,6. Welds. are. of. par-
ticular.concern. since. steel.pipelines.can. require. two.different.welds:. longitudinal.
(seam).welds. to.manufacture.sections.of.pipeline.and.girth.welds. to.assemble. the.
pipeline.system..These.welds.are.inspected.to.detect.the.presence.of.defects..Similar.
to.hydrogen.gas.vessels,.defects.in.pipeline.walls.intensify.stresses.locally,.creating.
more. severe. mechanical. conditions. for. crack. extension. and. concentrating. atomic.
hydrogen.in.the.steel.

�.� ImPorTanCe of fraCTure meChanICs

Experience.has.revealed.that.defects.can.form.on.the.surfaces.of.both.hydrogen.gas.
vessels.and.pipelines.4,5.Since.elevated.stresses.arise.near.defects.in.pressurized.ves-
sels.and.pipelines,.establishing.design.parameters.based.on.average.wall.stresses.and.
material.tensile.data.(i.e.,.strength.and.ductility).can.be.nonconservative..The.design.
of.structures.containing.defects.is.more.reliably.conducted.using.fracture.mechanics.
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methods..The.application.of.fracture.mechanics.to.structures.exposed.to.hydrogen.
gas.has.been.well.documented.3,7,9,10

Fracture.mechanics.methods. are. commonly. implemented. in.materials. testing.
protocols..Fracture.mechanics-based.material.properties.are.needed.for.engineering.
purposes,.i.e.,.design.of.defect-tolerant.structures,.but.scientific.studies.of.materials.
often.measure. these.properties.as.well..Laboratory.fracture.mechanics.specimens.
impose.severe.mechanical.conditions.for.fracture,.and.these.conditions.can.promote.
fracture.phenomena.that.are.not.revealed.by.other.testing.methods..For.this.reason,.
fracture. mechanics-based. materials. tests. are. appealing. for. assessing. hydrogen.
embrittlement..This.section.gives.brief.background.information.on.fracture.mechan-
ics.applied.to.structures.and.materials.in.hydrogen.gas.

The.average.wall.stress.and.the.local.stress.near.defects.are.related.through.the.
linear.elastic.stress.intensity.factor.(K)..The.magnitude.of.the.local.stress.is.propor-
tional.to.the.stress.intensity.factor,.K,.according.to.the.following.relationship:24,25

.
σ y

K

x
=

2π . (7.1)

where.σy.is.the.local.tensile.stress.normal.to.the.crack.plane.and.x.is.the.distance.in.
the.crack.plane.ahead.of.the.crack.tip..The.stress.intensity.factor,.K,.is.proportional.
to.the.wall.stress.and.structural.dimensions,.viz.:24,25

	
K aw= βσ π . (7.2)

where.σw.is.the.wall.stress,.the.parameter.β.is.a.function.of.both.defect.geometry.and.
structure.geometry,.and.a.is.the.defect.depth.

Design.parameters.of.structures.containing.defects.can.be.established.through.
the.stress.intensity.factor,.K..The.failure.criterion.for.structures.that.contain.defects.
and.are.subjected.to.static.or.monotonically.increasing.loads.is.as.follows:

	
K Kc≥ . (7.3)

where.K. is. the.applied.stress. intensity. factor.and.Kc. is. the.critical.value.of.stress.
intensity.factor.for.propagation.of.the.defect..The.Kc value.is.a.property.of.the.struc-
tural.material.and.can.depend.on.variables.such.as.the.service.environment..Com-
bining.equations.7.2.and.7.3,.the.following.relationship.can.be.established:

	
βσ w ca Kπ ≥ . (7.4)

Equation.7.4.is.the.essential.relationship.for.design.of.structures.containing.defects..
Assuming.Kc.is.known.for.the.structural.material.and.service.environment,.equation.
7.4.can.be.used.in.the.following.manner:
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If.the.structure.dimensions.and.defect.depth.are.known,.the.maximum.wall.
stress.can.be.calculated.
If.the.structure.dimensions.and.wall.stress.are.known,.the.maximum.defect.
depth.can.be.calculated.
If.the.wall.stress.and.defect.depth.are.known,.the.structural.dimensions.can.
be.calculated.

The.failure.criterion.in.equation.7.4.pertains.to.structures.subjected.to.static.or.
monotonically.increasing.loads..Extension.of.a.defect.under.these.loading.conditions.
is.sustained.as.long.as.equation.7.4.is.satisfied..Defects.can.also.extend.by.fatigue.
crack.propagation.when. the. structure. is. loaded.under. cyclic. stresses..The. rate. of.
fatigue.crack.propagation.is.proportional.to.the.stress.intensity.factor.range,.i.e.:24

	

da

dN
C Kn= ∆

. (7.5)

where.da/dN.is.the.increment.of.crack.extension.per.load.cycle,.C.and.n are.material-.
and.environment-dependent.parameters,.and.∆K.is.the.stress.intensity.factor.range..
The.stress.intensity.factor.range,.∆K,.is.defined.as.(Kmax –.Kmin),.where.Kmax.and.Kmin.
are.the.maximum.and.minimum.values.of.K,.respectively,.in.the.load.cycle..Kmax and.
Kmin.are.calculated.from.equation.7.2..The.relationship. in.equation.7.5. is. relevant.
for.fatigue.crack.propagation.at.Kmax values.less.than.Kc,.but.does.not.describe.crack.
propagation.in.the.lowest.range.of.∆K.

It.must.be.noted.that.the.fracture.mechanics.framework.described.above.only.
applies.when.plastic.deformation.of.the.material.is.limited..Substantial.plastic.defor-
mation.may.accompany.propagation.of.existing.defects.in.structures.fabricated.from.
relatively.low-strength.materials,.e.g.,.carbon.steels..In.these.cases,.the.linear.elastic.
stress.intensity.factor,.K,.does.not.accurately.apply.in.structural.design..Alternately,.
elastic-plastic.fracture.mechanics.methods.may.apply.24

The.hydrogen.embrittlement.susceptibility.of.structural.steels.can.be.quantified.
using. fracture. mechanics–based. material. properties.. The. critical. values. of. stress.
intensity.factor.for.propagation.of.a.defect.under.static.and.monotonically.increasing.
loads.in.hydrogen.gas.are.referred.to.as.KTH.and.KIH,.respectively,7.in.this.chapter..
For.cyclic.loading,.the.material.response.is.given.by.the.da/dN.vs..∆K.relationship.
measured.in.hydrogen.gas..Enhanced.hydrogen.embrittlement.is.indicated.by.lower.
values.of.KTH.and.KIH.but.higher.values.of.da/dN..Fracture.mechanics.properties.of.
materials.in.hydrogen.gas.are.typically.measured.under.controlled.laboratory.condi-
tions.using.standardized.testing.techniques.26–28.These.properties.provide.consistent,.
conservative.indices.of.hydrogen.embrittlement.susceptibility.

�.� vessels and PIPelInes In  
 hydrogen energy aPPlICaTIons

An.open.question.is.whether.steels.currently.used.in.hydrogen.gas.vessels.and.pipe-
lines.can.be.employed.for.similar.applications.in.the.hydrogen.energy.infrastructure..

•

•

•
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The.answer.depends.on.several.factors,.including.structural.design.constraints.as.well.
as.steel.properties..The.information.in.section.7.2.demonstrates.that.steels.are.suitable.
structural.materials.provided.hydrogen.gas.vessels.and.pipelines.are.operated.within.
certain.limits..In.the.proposed.hydrogen.energy.infrastructure,.it.is.anticipated.that.
hydrogen.gas.vessels.and.pipelines.will.be.subjected.to.service.conditions.that.are.
outside.the.windows.of.experience..For.example,.hydrogen.gas.will.likely.be.stored.
and. transported.at.pressures. that.exceed. those. in.current. industrial.gas.and.petro-
leum.industry.applications..The.objective.of.this.section.is.to.provide.insight.into.pos-
sible.limitations.on.steel.properties.by.illustrating.trends.in.hydrogen.embrittlement.
susceptibility. as. a. function. of. important. material,. environmental,. and. mechanical.
variables.

The. hydrogen. embrittlement. data. in. this. section. are. for. structural. steels. that.
are.similar.to.those.used.in.current.hydrogen.gas.vessels.and.pipelines..In.particu-
lar,.data.were.selected.for.steels.having.compositions,.microstructures,.and.tensile.
strengths.that.are.germane.to.steels.in.hydrogen.gas.vessels.and.pipelines..In.some.
cases,.data.are.presented.for.steels.having.properties.that.deviate.substantially.from.
those.used.in.gas.vessels.and.pipelines..These.cases.are.noted.in.the.text,.but.the.
data.trends.still.provide.important.insights..Fracture.mechanics.data.were.selected.
to.demonstrate.hydrogen.embrittlement.trends,.since.these.data.pertain.to.structures.
containing. defects. and. provide. conservative. indices. of. fracture. susceptibility. in.
hydrogen.gas.

Much.of.the.data.demonstrate.that.caution.must.be.exercised.in.extending.cur-
rent.steels.to.operating.conditions.outside.the.windows.of.experience..However,.other.
data.suggest.that.the.hydrogen.embrittlement.resistance.of.steels.can.be.improved.

7.4.1 eFFeCt OF GaS preSSure

Steels. become. more. susceptible. to. hydrogen. embrittlement. as. the. materials. are.
exposed.to.higher.gas.pressures..Thermodynamic.equilibrium.between.hydrogen.gas.
and.dissolved.atomic.hydrogen.is.expressed.by.the.general.form.of.Sievert’s.law:17

.
C S f= . (7.6)

where.C.is.the.concentration.of.dissolved.atomic.hydrogen,.the.fugacity,.f,.of.the.
hydrogen.gas. is. related. to. the.pressure. (and. temperature).of. the. system,. and. the.
solubility, S,.of.atomic.hydrogen.in.the.steel.is.a.temperature-dependent.material.
property.. equation. 7.6. shows. that. as. fugacity. (pressure). increases,. the. quantity.
of. atomic.hydrogen.dissolved. in. the. steel. increases;. consequently,. embrittlement.
becomes.more.severe..This.trend.is.illustrated.from.KTH,.KIH,.and.da/dN data..Fig-
ure.7.1. shows.data. for.both. low-alloy. steels. (KTH). and.carbon.steels. (KIH),.where.
critical. K. values. decrease. as. hydrogen. gas. pressure. increases. for. both. types. of.
steel.10,29.Data.for.a.low-alloy.steel.in.figure.7.2.demonstrate.that.da/dN.measured.
at.a.fixed.stress.intensity.factor.range,.∆K,.continuously.increases.as.hydrogen.gas.
pressure.increases.30.Finally,.figure.7.3.shows.that.increasing.hydrogen.gas.pressure.
also.accelerates.da/dN.in.a.carbon.steel,.but.only.at.lower.∆K.values.31
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The.data.in.figure.7.1.through.figure.7.3.indicate.that.steel.vessels.and.pipelines.
in.hydrogen.economy.applications.(i.e.,.at.high.hydrogen.gas.pressure).could.be.more.
vulnerable.to.hydrogen.embrittlement.than.estimated.from.current.experience..The.
quantities.of.hydrogen.needed.for.a.hydrogen-based.economy.suggest.that.gas.could.
be. stored. and. transported. at. pressures. that. exceed. current. limits.. The. American.
Society.of.Mechanical.Engineers.(ASME).is.developing.standards.for.hydrogen.gas.
vessels.with.working.pressures.up.to.100.MPa.32.Current.hydrogen.gas.vessels,.how-
ever,.have.maximum.working.pressures.in.the.range.of.20.to.30.MPa.4.Figure.7.1.and.
figure.7.2.demonstrate.that.vessels.fabricated.from.low-alloy.steels.become.increas-
ingly.more. susceptible. to.hydrogen. embrittlement. as.pressures. increase. above.30.
MPa..Current.hydrogen.gas.pipelines.are.operated.at.pressures.up.to.13.MPa.6.Fig-
ure.7.1.and.figure.7.3.indicate.that.enhanced.hydrogen.embrittlement.susceptibility.
must.be.considered.for.pipelines.operating.above.13.MPa.

7.4.2 eFFeCt OF GaS impuritieS

Hydrogen.gas.embrittlement.in.steels.can.be.altered.by.the.presence.of.low.concen-
trations.of.other.gases.in.the.environment..Certain.gases.such.as.oxygen.can.impede.
the. adsorption. of. hydrogen. gas. on. steel. surfaces.. Consequently,. the. kinetics. of.
atomic.hydrogen.dissolution.in.steel.can.be.greatly.reduced,.and.the.apparent.hydro-
gen.embrittlement.determined.from.short-term.testing.is.mitigated.2,3.Sulfur-bearing.
gases.such.as.hydrogen.sulfide.can.have.the.opposite.effect:.the.presence.of.these.
gases.exacerbates.hydrogen.embrittlement.33,34
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The.effect.of.various.gas.additives.on.hydrogen.embrittlement.in.a.low-alloy.steel.
is.illustrated.in.figure.7.4.35.The.data.in.figure.7.4.show.the.ratio.of.fatigue.crack.prop-
agation.rate.in.hydrogen.gas–containing.additives.to.fatigue.crack.propagation.rate.in.
hydrogen.gas.only..A.ratio.near.1.0.indicates.that.fatigue.crack.growth.rates.are.equal.
in. the. two.environments..The.data.demonstrate. that.oxygen.and.carbon.monoxide.
gases.in.low.concentrations.can.mitigate.hydrogen.embrittlement,.while.gases.such.as.
methyl.mercaptan.and.hydrogen.sulfide.can.compound.hydrogen.embrittlement.

The.data. in.figure.7.4.are.effective. in.demonstrating.the.potential. impact.of.a.
wide.range.of.gas.additives.on.hydrogen.embrittlement.for.a.single.steel;.however,.
some.further.comments.are.needed..The.low-alloy.steel.represented.in.figure.7.4.was.
not.heat.treated.by.quenching.and.tempering;.however,.the.data.trends.are.expected.
to.apply.to.steel.hydrogen.vessels..Additionally,.some.studies.confirm.results.from.
figure.7.4,.e.g.,.effects.of.oxygen.and.hydrogen.sulfide33,34,36,37;.other.studies,.how-
ever,.report.conflicting.results..For.example,.figure.7.4.shows.that.sulfur.dioxide.has.
no.effect.on.fatigue.crack.propagation.in.hydrogen.gas,.but.other.studies.have.found.
that. this.gas.species.inhibits.hydrogen.embrittlement.38.Finally,. the.measurements.
represented. in.figure.7.4.were.conducted. for. specific.gas.concentrations.at. a.high.
load.cycle.frequency.(i.e.,.5.Hz),.but.such.variables.impact.how.severely.gas.additives.
affect.hydrogen.embrittlement.39.Despite.these.caveats,.the.data.in.figure.7.4.high-
light.the.importance.of.trace.gas.constituents.on.environmental.effects.for.steels.in.
hydrogen.gas.

The.presence.of.nonintentional.gas.additives.must.be.considered.for.hydrogen.
embrittlement.of.vessels.and.pipelines.in.the.hydrogen.energy.infrastructure..The.
effect. of. gas. impurities. on. hydrogen. embrittlement. may. depend. on. the. absolute.
partial.pressure.of.the.trace.gas.39.Increasing.the.operating.pressure.of.vessels.and.
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fIgure �.�  Effect of gas additives on the fatigue crack growth rate (da/dN) at constant 
stress intensity factor range (∆K) for a low-alloy steel in hydrogen gas.35
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pipelines.will.elevate.partial.pressures.of.impurities.in.hydrogen.gas.and.potentially.
their.role.in.hydrogen.embrittlement.

Caution.must.be.exercised.in.trying.to.exploit.gas.additives.to.control.hydrogen.
embrittlement..While.the.data.in.figure.7.4.suggest.that.gas.additives.such.as.oxygen.
could.be.employed.to.mitigate.hydrogen.embrittlement,.the.mechanistic.role.of.gas.
additives.must.be.considered..For.example,.oxygen.is.reported.to.impede.the.kinetics.
of.atomic.hydrogen.uptake.in.metals.such.as.steels,.but.over.long.periods.steels.may.
dissolve. sufficient.hydrogen. to. suffer. embrittlement..Therefore,. gas. additives. that.
affect.hydrogen.uptake.kinetics.may.impact.manifestations.of.hydrogen.embrittle-
ment.that.operate.at.short.timescales.(e.g.,.fatigue.loading).but.not.longer.timescales.
(e.g.,.static.loading).

7.4.3 eFFeCt OF Steel StrenGth

Hydrogen. embrittlement. in. steels. generally. becomes. more. severe. as. material.
strength.increases..This.behavior.arises.because.the.magnitude.of.stress.amplifica-
tion.near.defects.is.proportional.to.material.strength..These.high.stresses.combined.
with.the.resulting.enhanced.hydrogen.dissolution.increase.susceptibility.to.hydrogen.
embrittlement..The.impact.of.material.strength.on.hydrogen.embrittlement.is.exem-
plified.by.the.KTH.data.in.figure.7.5.10.Values.of.KTH.measured.for.low-alloy.steels.in.
hydrogen.gas.decrease.as.tensile.strength,.σuts,.increases..A.similar.trend.is.expected.
for.carbon.steels.

Numerous.studies.have.reported.hydrogen.embrittlement.data.trends.similar.to.
those.in.figure.7.5.40-43.However,.some.exceptions.have.been.found.in.the.literature..
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fIgure �.�  Effect of tensile strength (σuts) on critical stress intensity factor for crack exten-
sion in hydrogen gas (KTH).10 Data are for low-alloy steels tested under static loading.
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An.example.is.provided.in.figure.7.6,.which.shows.fatigue.crack.propagation.rate,.
da/dN,.vs..stress.intensity.factor.range,.∆K,.plots.for.two.low-alloy.steels.exposed.
to.low-pressure.hydrogen.gas.44.Crack.propagation.rates.for.the.lower-strength.steel.
(HY-80).exceed.those.in.the.higher-strength.steel.(HY-130).during.exposure.to.hydro-
gen.gas..The.reason.for.the.inconsistent.hydrogen.embrittlement.trends.portrayed.in.
figure.7.5.and.figure.7.6.has.not.been.determined;.however,.it.is.important.to.note.
that. data. in. the. two. figures. were. generated. under. two. different. loading. formats..
The.KTH.data.reflect.crack.growth.under.static.loading,.while.the.da/dN.data.per-
tain.to.fatigue.crack.growth.under.cyclic.loading..Hydrogen-assisted.crack.growth.
under. static. loading. is. likely. governed. by. crack. tip. stress,. but. hydrogen-assisted.
fatigue.crack.growth. involves.cyclic.plastic.strain..Crack.propagation.under. these.
two.modes.of.loading.could.be.influenced.by.material.strength.differently..Addition-
ally,.fatigue.crack.growth.rates.can.depend.on.the.path.of.cracking.through.the.steel.
microstructure..The.difference.in.crack.growth.rates.for.HY-80.and.HY-130.steels.
in.figure.7.6.could.reflect.effects.of.crack.path.and.not.solely.material.strength..The.
data.in.figure.7.6.represent.tests.conducted.in.low-pressure.hydrogen.gas,.but.similar.
behavior.is.expected.at.higher.gas.pressure.
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The.effect.of.tensile.strength.on.hydrogen.embrittlement.is.important.for.vessels.
and. pipelines. in. the. hydrogen. energy. infrastructure,. where. high-strength. materi-
als. may. be. attractive.. Increasing. the. operating. pressures. of. hydrogen. gas. vessels.
and.pipelines.could.motivate.the.use.of.higher-strength.steels..With.increased.gas.
pressure,. the. wall. thickness. of. gas. vessels. and. pipelines. must. increase. to. meet.
design.stress.requirements..However,.with.higher-strength.steels,.thinner.walls.can.
be.used.while.maintaining.the.design.stress..The.data.in.figure.7.5.demonstrate.that.
steel.vessels.with.tensile.strength.exceeding.the.current.limits,.i.e.,.950.MPa,4.will.
be. more. susceptible. to. hydrogen. embrittlement. under. static. loading.. The. data. in.
figure.7.6.suggest. that.higher-strength. steels.may.be. less. susceptible. to.hydrogen-
assisted.fatigue.crack.growth.

7.4.4 eFFeCt OF Steel COmpOSitiOn

The.concentrations.of.common.elements.in.steels.can.significantly.impact.hydro-
gen.embrittlement.susceptibility..A.striking.demonstration.of.the.effects.of.man-
ganese,.silicon,.phosphorus,.and.sulfur.on.hydrogen.embrittlement.in.a.low-alloy.
steel.is.given.by.the.data.in.figure.7.7.43.Values.of.KTH.are.plotted.vs..the.sum.of.
bulk.manganese,.silicon,.sulfur,.and.phosphorus.concentrations..Examination.of.
the.steel.compositions.associated.with.individual.data.points.in.figure.7.7.reveals.
that.increases.in.manganese.and.silicon.are.detrimental.to.hydrogen.embrittlement.
resistance,.but.variations.in.phosphorus.and.sulfur.have.little.effect..Similar.trends.
were.revealed.from.a.study.that.individually.varied.elements.such.as.manganese,.
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fIgure �.�  Effect of manganese, silicon, phosphorus, and sulfur content on critical stress 
intensity factor for crack extension (KTH) in low-alloy steels.43 Data are for high-strength steel 
tested in low-pressure hydrogen gas.
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sulfur,.and.phosphorus.in.a.low-alloy.steel.40.Figure.7.8.shows.that.KTH.decreases.
as.manganese. increases. from.0.07. to.2.65.wt%..Systematic.variations. in. sulfur.
and. phosphorus. concentrations. in. the. range. 0.002. to. 0.027. wt%. did. not. affect.
KTH..While.the.data.indicate.that.variations.in.bulk.sulfur.and.phosphorus.in.the.
concentration.ranges.examined.do.not.alter.the.degree.of.hydrogen.embrittlement,.
the.presence.of.these.elements.is.integral.to.the.hydrogen.embrittlement.mecha-
nism.in.low-alloy.steels..While.bulk.compositions.of.sulfur.and.phosphorus.should.
be.minimized,.the.data.show.that.additional.benefit.could.be.obtained.by.minimiz-
ing.silicon.and.manganese.as.well..Although.the.low-alloy.steels.from.Sandoz40.
and.Bandyopadhyay.et.al.43.had.extremely.high.strengths.and.were.tested.in.low-
pressure.hydrogen.gas,.the.trends.in.figure.7.7.and.figure.7.8.are.expected.to.apply.
to.lower-strength.steels.in.high-pressure.hydrogen.gas.

The.data.in.figure.7.7.and.figure.7.8.apply.to.low-alloy.steels.and.may.not.give.
accurate.insight.into.behavior.for.carbon.steels..Increasing.concentrations.of.man-
ganese.and.silicon.in.low-alloy.steels.enhances.the.propensity.for.hydrogen-assisted.
fracture.along.grain.boundaries.43.Carbon.steel.fracture.mechanics.specimens.tested.
under.rising.load.in.hydrogen.gas.do.not.exhibit.fracture.along.grain.boundaries,.but.
rather.cracks.propagate.across.the.grains.29.Since.the.role.of.manganese.and.silicon.
reflected.in.figure.7.7.and.figure.7.8.is.to.affect.fracture.along.grain.boundaries,.the.
data.trends.probably.do.not.describe.behavior.in.carbon.steels..Data.showing.effects.
of.steel.composition.on.KTH.or.KIH measured.in.hydrogen.gas.have.not.been.found.in.
the.literature.for.carbon.steels.
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sure hydrogen gas.
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The.hydrogen.embrittlement.resistance.of.low-alloy.steels.used.in.hydrogen.gas.
vessels.cannot.be.substantially.altered.by.varying.concentrations.of.elements.such.as.
manganese.and.silicon.within.the.allowable.composition.ranges..Table.7.1.shows.that.
the.allowable.composition.ranges.for.manganese.and.silicon.in.34CrMo4.steel.are.
0.50.to.0.80.wt%.and.0.15.to.0.35.wt%,.respectively..The.data.in.figure.7.7.indicate.
that.KTH.noticeably.improves.only.for.manganese.and.silicon.levels.well.below.the.
lower.limits.in.the.34CrMo4.steel.composition.ranges.

Altering. composition. may. be. one. avenue. to. improve. the. hydrogen. embrittle-
ment.resistance.of.steels..Vessels.and.pipelines.in.the.hydrogen.energy.infrastructure.
will.likely.be.subjected.to.higher.gas.pressures.and.may.need.to.be.fabricated.from.
higher-strength.steels..Increasing.either.hydrogen.gas.pressure.or.steel.strength.will.
degrade.resistance.to.hydrogen.embrittlement..However,.manufacturing.steels.with.
much.lower.manganese.and.silicon.concentrations.may.balance.the.loss.in.hydrogen.
embrittlement.resistance.associated.with.increasing.gas.pressure.or.steel.strength..
Other.data.suggest.that.alloying.elements.not.typically.in.the.specifications.for.low-
alloy.steels.could.improve.hydrogen.embrittlement.resistance..For.example,.data.in.
figure.7.8.show.that.additions.of.cobalt.to.a.low-alloy.steel.with.high.tensile.strength.
significantly.increase.KTH.values.measured.in.low-pressure.hydrogen.gas.

7.4.5 eFFeCt OF weldS

Welding.carbon.and.low-alloy.steels.can.create.residual.stress.and.cause.undesirable.
microstructure.changes,.e.g.,.formation.of.martensite,.both.of.which.make.steel.more.
vulnerable.to.hydrogen.embrittlement.9,21,23.Both.the.fusion.zone.and.heat-affected.
zone.regions.of.the.weld.can.have.microstructures.that.vary.from.the.base.metal.

Limited.data.show.that.both.welding.practice.and.location.of.defects.can.dic-
tate.the.hydrogen.embrittlement.susceptibility.of.a.weld..A.study.on.microalloyed.
steel. API. 5L. Grade. X60. examined. weld. joints. that. were. fabricated. using. either.
one.or. two.weld.passes.45.Fracture.mechanics.specimens.were.extracted.from.the.
base.metal,.fusion.zone,.and.heat-affected.zone.and.tested.in.7-MPa.hydrogen.gas..
Results.showed.that.KIH.values.measured.in.the.weld.fusion.zones.were.similar.to.
values.in.the.base.metal,.i.e.,.KIH.was.approximately.100.MPa√m.in.each.region..In.
contrast,.the.heat-affected.zones.were.more.susceptible.to.hydrogen.embrittlement,.
and.KIH.was.difficult.to.measure..The.heat-affected.zone.in.the.two-pass.weld.was.
most.susceptible.

Vessels.and.pipelines.in.the.hydrogen.energy.infrastructure.will.be.fabricated.
similar.to.current.structures,.where.vessels.are.seamless.and.pipelines.can.be.fab-
ricated.with.both. longitudinal.welds.and.girth.welds..Variables. such.as.hydrogen.
gas.pressure.affect.welds.in.a.fashion.similar. to.that.of.base.metals,.so.the.effect.
of.increased.gas.pressure.must.be.considered.for.hydrogen.embrittlement.of.welds..
Perhaps.most.important.is.the.possibility.of.using.steels.that.are.outside.the.window.
of.experience.for.hydrogen.gas.pipelines..Although.hydrogen.embrittlement.at.welds.
in.current.hydrogen.gas.pipelines.has.not.been.reported,.it.is.acknowledged.that.the.
strength.and.microstructure.of.welds.must.be.controlled.to.avoid.hydrogen.embrittle-
ment.5.The.effect.of.alloy.composition.and.welding.practice.on.weld.properties.must.
be.understood.for.any.new.steels.used.for.hydrogen.gas.pipelines.
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7.4.6 eFFeCt OF meChaniCal lOadinG

Hydrogen. embrittlement. in. steels. can. be. manifested. under. different. modes. of.
mechanical.loading,.i.e.,.static,.monotonically.increasing,.or.cyclic..The.severity.of.
hydrogen.embrittlement.can.depend.on.the.specific.mode.of.loading,.e.g.,.static.vs..
monotonically.increasing,.as.well.as.variations.in.one.type.of.loading.

Carbon.and.low-alloy.steels.having.relatively.low.tensile.strengths.resist.hydro-
gen.embrittlement.under.static.loads,.but.these.alloys.are.susceptible.under.mono-
tonically.increasing.loads..The.carbon.steel.A516.exhibits.hydrogen.embrittlement.
when. tests.are.conducted. in.hydrogen.gas.under. rising.displacement. loading. (fig-
ure.7.1).29.However,.cracks.do.not.propagate.in.A516.steel.when.fracture.mechanics.
specimens.are.statically.loaded.at.K.=.82.MPa√m.in.70-MPa.hydrogen.gas.10

Variations.in.the.rate.of.monotonic.loading.as.well.as.the.frequency.and.mean.
load.for.cyclic.loading.affect.hydrogen.embrittlement..Slow.loading.rates.enhance.
hydrogen.embrittlement,.as.demonstrated.in.figure.7.9.for.a.low-alloy.steel.33.These.
KIH.measurements.are.for.a.high-strength.steel.tested.in.low-pressure.hydrogen.gas,.
but. similar. trends. are. expected. for. low-strength. steels. in. high-pressure. gas.. Fig-
ure.7.10.shows.that.low.load.cycling.frequencies.increase.fatigue.crack.growth.rates.
for.a.carbon.steel.tested.in.hydrogen.gas.31.A.similar.effect.of.load.cycle.frequency.
on.fatigue.crack.growth.rate.was.measured.for.a.low-alloy.steel.in.hydrogen.gas.35.
Finally,. figure.7.11. shows. that. fatigue. crack. growth. rates. in. hydrogen. gas. do. not.
depend.on.load.ratio.(i.e.,.Kmin/Kmax).for.values.up.to.0.4.46.However,.over.this.range.
of. load. ratios,. the.difference. in.crack.growth. rates.measured. in.hydrogen.gas.vs..
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fIgure �.�  Effect of loading rate (dK/dt) on critical stress intensity factor for crack exten-
sion (KIH) in a low-alloy steel.33 Data are for high-strength steel tested in low-pressure hydro-
gen gas.
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nitrogen.gas.diminishes..Crack.growth.rates.in.hydrogen.gas.increase.at.higher.load.
ratios.in.figure.7.11.because.Kmax approaches.KIH.for.the.steel..Fatigue.crack.growth.
rates.in.hydrogen.gas.were.also.found.to.be.independent.of.load.ratio.for.the.carbon.
steel.ASME.SA.105.31.Similar. effects. of. load. cycle. frequency. and.mean. load.on.
fatigue.crack.growth.rates.in.hydrogen.gas.are.expected.for.low-alloy.steels.

Hydrogen.vessels.and.pipelines. in.current.applications.are.subjected. to.a.vari-
ety.of.loading.modes.during.service,.including.static,.monotonically.increasing,.and.
cyclic..Vessels.and.pipelines.in.the.hydrogen.energy.infrastructure.are.expected.to.
experience. these.same.modes.of. loading..At. issue. is.whether.operating.conditions.
needed.to.support.the.hydrogen.economy.will.cause.substantial.changes.in.variables.
such.as.loading.rate.and.frequency,.as.well.as.mean.loads..For.example,.the.in-line.
compressors.needed.for.pipelines.in.the.hydrogen.energy.infrastructure.could.alter.
the.frequency.and.amplitude.of.pressure.fluctuations.compared.to.current.pipelines..
In.addition,.hydrogen.gas.vessels.could.be.filled.and.emptied.more.frequently.in.the.
hydrogen.economy..The.data.in.figure.7.9.and.figure.7.10.suggest.that.higher.loading.
rates.and.frequencies.mitigate.hydrogen.embrittlement.in.structural.steels..However,.
actual.duty.cycles.involve.sequences.of.active.and.static.loads.that.are.more.complex.
than.the.uniform.loading.conditions.used.in.laboratory.tests..Hydrogen.embrittlement.

∆K

fIgure �.�0  Effect of load cycle frequency on fatigue crack growth rate (da/dN) vs. stress 
intensity factor range (∆K) relationships for a carbon steel.31
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data.generated.under. loading.conditions.that.mimic.real.duty.cycles.are.needed.to.
better.understand.the.impact.of.mechanical.loading.variables.on.hydrogen.gas.vessels.
and.pipelines.

�.� ConClusIon

Experience.with.steel.vessels.and.pipelines.in.the.industrial.gas.and.petroleum.indus-
tries.demonstrates.that.these.structures.can.be.operated.safely.with.hydrogen.gas,.
although.the.experience.is.limited.to.certain.ranges.of.material,.environmental,.and.
mechanical.variables..Gas.pressures.in.vessels.and.pipelines.for.the.hydrogen.econ-
omy.are.certain.to.exceed.the.limit.in.current.applications..Data.consistently.show.
that.steels.are.more.susceptible.to.hydrogen.embrittlement.at.higher.gas.pressures..
As. operating. pressures. increase,. designs. will. demand. higher-strength. materials..
Most.data.indicate.that.steels.are.more.vulnerable.to.hydrogen.embrittlement.when.
strength.increases..The.effects.of.other.variables,.such.as.gas.impurities,.welds,.and.
mechanical.loading.on.hydrogen.embrittlement.of.steel.vessels.and.pipelines.in.the.
hydrogen.economy.are.not.as.certain..Hydrogen.embrittlement.resistance.of.steels.
could. be. improved. through. production. of. low-manganese. and. low-silicon. steels..
Data.for.high-strength.steels. in. low-pressure.hydrogen.gas.show.that.composition.
has.a.dramatic.effect.on.hydrogen.embrittlement;.however,.this.trend.has.not.been.
demonstrated.for.lower-strength.steels.in.high-pressure.hydrogen.gas.

Although.hydrogen.embrittlement. is.more.severe.at.high.gas.pressures.and.in.
high-strength.steels,.structures.can.still.be.designed.with.steels.under.these.condi-
tions.by.using. fracture.mechanics..Provided.material.data.are.available. for. steels.
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fIgure �.��  Effect of load ratio (ratio of minimum load to maximum load) on fatigue 
crack growth rate (da/dN) at fixed stress intensity factor range (∆K) in hydrogen gas for a 
carbon steel.46
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in.high-pressure.hydrogen.gas,.the.limiting.crack.depth,.wall.stress,.and.structure.
dimensions.can.be.defined.using.fracture.mechanics.

aCknoWledgmenTs

This. work. was. supported. by. the. U.S.. Department. of. Energy. under. Contract.
DE-AC04-94AL85000.

referenCes

. 1.. Krauss,. G.,. Steels: Heat Treatment and Processing Principles,. ASM. International,.
Materials.Park,.OH,.1990.

. 2.. Nelson,.H.G.,.Testing.for.hydrogen.environment.embrittlement:.primary.and.second-
ary.influences,.in.Hydrogen Embrittlement Testing,.ASTM.STP.543,.ASTM,.Philadel-
phia,.1974,.pp..152–169.

. 3.. Nelson,.H.G.,.Hydrogen.embrittlement,.in.Treatise on Materials Science and Technol-
ogy: Embrittlement of Engineering Alloys,.Vol..25,.Briant,.C.L..and.Banerji,.S.K.,.Eds.,.
Academic.Press,.New.York,.1983,.pp..275–359.

. 4.. Hydrogen Cylinders and Transport Vessels,.IGC.100/03/E,.European.Industrial.Gases.
Association,.Brussels,.2003.

. 5.. Hydrogen Transportation Pipelines,.IGC.121/04/E,.European.Industrial.Gases.Asso-
ciation,.Brussels,.2004.

. 6.. Hydrogen.Pipeline.Working.Group.Workshop,.U.S..Department.of.Energy,.Augusta,.
GA,.2005.(www.eere.energy.gov/hydrogenandfuelcells/wkshp_hydro_pipe.html).

. 7.. Gangloff,.R.P.,.Hydrogen.assisted.cracking.of.high.strength.alloys,.in.Comprehensive 
Structural Integrity,.Vol..6,.Milne,.I.,.Ritchie,.R.O.,.and.Karihaloo,.B.,.Eds.,.Elsevier.
Science,.New.York,.2003,.pp..31–101.

. 8.. Birnbaum,.H.K.,.Robertson,.I.M.,.Sofronis,.P.,.and.Teter,.D.,.Mechanisms.of.hydrogen.
related. fracture:. a. review,. in.Second International Conference on Corrosion-Defor-
mation Interactions,.Magnin,.T.,.Ed.,.The. Institute. of.Materials,.London,. 1997,. pp..
172–195.

. 9.. Thompson,. A.W.,. Materials. for. hydrogen. service,. in. Hydrogen: Its Technology and 
Implications,.Vol.. II,.Cox,.K.E..and.Williamson,.K.D.,.Eds.,.CRC.Press,.Cleveland,.
OH,.1977,.pp..85–124.

. 10.. Loginow,.A.W..and.Phelps,.E.H.,.Steels.for.seamless.hydrogen.pressure.vessels,.Corro-
sion,.31,.404–412,.1975.

. 11.. Thompson,.A.W..and.Bernstein,.I.M.,.Eds.,.Effect of Hydrogen on Behavior of Materi-
als,.The.Metallurgical.Society.of.AIME,.Warrendale,.PA,.1976.

. 12.. Bernstein,. I.M..and.Thompson,.A.W.,.Eds.,.Hydrogen Effects in Metals,.The.Metal-
lurgical.Society.of.AIME,.Warrendale,.PA,.1981.

. 13.. Moody,. N.R.. and. Thompson,. A.W.,. Eds.,. Hydrogen Effects on Material Behavior,.
TMS,.Warrendale.PA,.1990.

. 14.. Thompson,.A.W..and.Moody,.N.R.,.Eds.,.Hydrogen Effects in Materials,.TMS,.Warren-
dale,.PA,.1996.

. 15.. Moody,.N.R.,.Thompson,.A.W.,.Ricker,.R.E.,.Was,.G.S.,.and.Jones,.R.H.,.Eds.,.Hydro-
gen Effects on Material Behavior and Corrosion Deformation Interactions,. TMS,.
Warrendale,.PA,.2003.

. 16.. Thompson,.A.W..and.Bernstein,.I.M.,.The.role.of.metallurgical.variables.in.hydrogen-
assisted.environmental. fracture,. in.Advances in Corrosion Science and Technology,.
Vol.. 7,. Fontana,. M.G.. and. Staehle,. R.W.,. Eds.,. Plenum. Press,. New. York,. 1980,. pp..
53–175.

5024.indb   177 11/18/07   5:52:55 PM



���	 Materials	for	the	Hydrogen	Economy

. 17.. Hirth,.J.P.,.Effects.of.hydrogen.on.the.properties.of.iron.and.steel,.Metallurgical Trans-
actions,.11A,.861–890,.1980.

. 18.. Moody,.N.R.,.Robinson,.S.L.,.and.Garrison,.W.M.,.Hydrogen.effects.on.the.properties.
and.fracture.modes.of.iron-based.alloys,.Res Mechanica,.30,.143–206,.1990.

. 19.. Swisher,.J.H.,.Hydrogen.compatibility.of.structural.materials.for.energy-related.appli-
cations,. in.Effect of Hydrogen on Behavior of Materials,.Thompson,.A.W..and.Ber-
nstein,. I.M.,. Eds.,. The. Metallurgical. Society. of. AIME,. Warrendale,. PA,. 1976,. pp..
558–577.

. 20.. Thompson,. A.W.,. Structural. materials. use. in. a. hydrogen. energy. economy,. Interna-
tional Journal of Hydrogen Energy,.2,.299–307,.1977.

. 21.. Thompson,.A.W..and.Bernstein,.I.M.,.Selection.of.structural.materials.for.hydrogen.pipe-
lines.and.storage.vessels,.International Journal of Hydrogen Energy,.2,.163–173,.1977.

. 22.. SanMarchi,. C.. and. Somerday,. B.P.,. Technical Reference for Hydrogen Compatibil-
ity of Materials,.Sandia.National.Laboratories,.Livermore,.CA,.2007.(www.ca.sandia.
gov/matlsTechRef).

. 23.. Laws,.J.S.,.Frick,.V.,.and.McConnell,.J.,.Hydrogen Gas Pressure Vessel Problems in 
the M-1 Facilities,.NASA.CR-1305,.NASA,.Washington,.DC,.1969.

. 24.. Anderson,.T.L.,.Fracture Mechanics: Fundamentals and Applications,.2nd.ed.,.CRC.
Press,.New.York,.1995.

. 25.. Liu,.A.,.Summary.of.stress-intensity.factors,. in.ASM Handbook: Fatigue and Frac-
ture,.Vol..19,.Lampman,.S.R.,.Ed.,.ASM.International,.Materials.Park,.OH,.1996,.pp..
980–1000.

. 26.. Standard Test Method for Measurement of Fatigue Crack Growth Rates,.Standard.E.
647-05,.ASTM.International,.West.Conshohocken,.PA,.2005.

. 27.. Standard Test Method: Laboratory Testing of Metals for Resistance to Sulfide Stress 
Cracking and Stress Corrosion Cracking in H2S Environments,.Standard.TM0177-96,.
NACE.International,.Houston,.1996.

. 28.. Standard Test Method for Determining Threshold Stress Intensity Factor for Environ-
ment-Assisted Cracking of Metallic Materials,.Standard.E.1681-03,.ASTM.Interna-
tional,.West.Conshohocken,.PA,.2003.

. 29.. Robinson,.S.L..and.Stoltz,.R.E.,.Toughness.losses.and.fracture.behavior.of.low.strength.
carbon-manganese.steels.in.hydrogen,.in.Hydrogen Effects in Metals,.Bernstein,.I.M..
and.Thompson,.A.W.,.Eds.,.American.Institute.of.Mining,.Metallurgical,.and.Petro-
leum.Engineers,.New.York,.1981,.pp..987–995.

. 30.. Walter,. R.J.. and. Chandler,. W.T.,. Influence of Gaseous Hydrogen on Metals Final 
Report,.NASA-CR-124410,.NASA,.Marshall.Space.Flight.Center,.AL,.1973.

. 31.. Walter,. R.J.. and. Chandler,. W.T.,. Cyclic-load. crack. growth. in. ASME. SA-105. grade.
II.steel. in.high-pressure.hydrogen.at.ambient. temperature,. in.Effect of Hydrogen on 
Behavior of Materials,.Thompson,.A.W..and.Bernstein,.I.M.,.Eds.,.The.Metallurgical.
Society.of.AIME,.Warrendale,.PA,.1976,.pp..273–286.

. 32.. Hydrogen Standardization Interim Report for Tanks, Piping, and Pipelines,.ASME,.
New.York,.2005.

. 33.. Clark,.W.G..and.Landes,.J.D.,.An.evaluation.of.rising.load.KIscc.testing,.in.Stress Cor-
rosion: New Approaches,.ASTM.STP.610,.ASTM,.Philadelphia,.1976,.pp..108–127.

. 34.. Clark,.W.G.,.Effect.of.temperature.and.pressure.on.hydrogen.cracking.in.high.strength.
type.4340.steel,.Journal of Materials for Energy Systems,.1,.33–40,.1979.

. 35.. Fukuyama,.S..and.Yokogawa,.K.,.Prevention.of.hydrogen.environmental.assisted.crack.
growth. of. 2.25Cr-1Mo. steel. by. gaseous. inhibitors,. in. Pressure Vessel Technology,.
Vol..2,.Verband.der.Technischen.Uberwachungs-Vereine,.Essen,.Germany,.1992,.pp..
914–923.

5024.indb   178 11/18/07   5:52:56 PM



Effects	of	Hydrogen	Gas	on	Steel	Vessels	and	Pipelines	 ���

. 36.. Hancock,.G.G..and.Johnson,.H.H.,.Hydrogen,.oxygen,.and.subcritical.crack.growth.in.
a.high-strength.steel,.Transactions of the Metallurgical Society of AIME,.236,.513–
516,.1966.

. 37.. Nakamura,.M..and.Furubayashi,.E.,.Crack.propagation.of.high.strength.steels.in.oxygen-
doped.hydrogen.gas,.Transactions of the Japan Institute of Metals,.28,.957–965,.1987.

. 38.. Liu,.H.W.,.Hu,.Y.-L.,.and.Ficalora,.P.J.,.The.control.of.catalytic.poisoning.and.stress.
corrosion.cracking,.Engineering Fracture Mechanics,.5,.281–292,.1973.

. 39.. Chandler,.W.T..and.Walter,.R.J.,.Testing.to.determine.the.effect.of.high-pressure.hydro-
gen.environments.on.the.mechanical.properties.of.metals,.in.Hydrogen Embrittlement 
Testing,.ASTM.STP.543,.ASTM,.Philadelphia,.PA,.1974,.pp..170–197.

. 40.. Sandoz,.G.,.A.unified.theory.for.some.effects.of.hydrogen.source,.alloying.elements,.
and.potential.on.crack.growth.in.martensitic.AISI.4340.steel,.Metallurgical Transac-
tions,.3,.1169–1176,.1972.

. 41.. Nelson,.H.G..and.Williams,.D.P.,.Quantitative.observations.of.hydrogen-induced,.slow.
crack.growth.in.a.low.alloy.steel,.in.Stress Corrosion Cracking and Hydrogen Embrit-
tlement of Iron Base Alloys,.Staehle,.R.W.,.Hochmann,.J.,.McCright,.R.D.,.and.Slater,.
J.E.,.Eds.,.NACE,.Houston,.TX,.1977,.pp..390–404.

. 42.. Hinotani,.S.,.Terasaki,.F.,.and.Takahashi,.K.,.Hydrogen.embrittlement.of.high.strength.
steels. in. high. pressure. hydrogen. gas. at. ambient. temperature,. Tetsu-To-Hagane,. 64,.
899–905,.1978.

. 43.. Bandyopadhyay,.N.,.Kameda,.J.,.and.McMahon,.C.J.,.Hydrogen-induced.cracking.in.
4340-type.steel:.effects.of.composition,.yield.strength,.and.H2.pressure,.Metallurgical 
Transactions,.14A,.881–888,.1983.

. 44.. Clark,. W.G.,. The. effect. of. hydrogen. gas. on. the. fatigue. crack. growth. rate. behavior.
of.HY-80.and.HY-130.steels,.in.Hydrogen in Metals,.Bernstein,.I.M..and.Thompson,.
A.W.,.Eds.,.ASM,.Metals.Park,.OH,.1974,.pp..149–164.

. 45.. Hoover,.W.R.,.Robinson,.S.L.,.Stoltz,.R.E.,.and.Spingarn,.J.R.,.Hydrogen Compatibility 
of Structural Materials for Energy Storage and Transmission Final Report,.SAND81-
8006,.Sandia.National.Laboratories,.Livermore,.CA,.1981.

. 46.. Cialone,.H.J..and.Holbrook,.J.H.,.Effects.of.gaseous.hydrogen.on.fatigue.crack.growth.
in.pipeline.steel,.Metallurgical.Transactions,.16A,.115–122,.1985.

. 47.. Metals & Alloys in the Unified Numbering System,.10th.ed.,.SAE.International,.Warren-
dale,.PA,.2004.

. 48.. Standard Specification for Seamless Carbon Steel Pipe for High-Temperature Service,.
A.106/A.106M-04b,.ASTM.International,.West.Conshohocken,.PA,.2004.

. 49.. Specification for Line Pipe,. API. 5L,. American. Petroleum. Institute,. Washington,.
DC,.1999.

5024.indb   179 11/18/07   5:52:56 PM



5024.indb   180 11/18/07   5:52:57 PM



���

8 hydrogen Permeation 
barrier Coatings

C.H. Henager, Jr.

ConTenTs

8.1. Introduction.................................................................................................. 181
8.2. Background.................................................................................................. 181
8.3. Historical.Overview..................................................................................... 182
8.4. Hydrogen.Barrier.Coatings.......................................................................... 182

8.4.1. External.Coatings............................................................................. 183
8.4.2. Grown-On.Oxide.Films.................................................................... 185

8.5. Summary...................................................................................................... 188
References............................................................................................................... 188

�.� InTroduCTIon

Gaseous.hydrogen,.H2,.has.many.physical.properties.that.allow.it.to.move.rapidly.
into.and.through.materials,.which.causes.problems.in.keeping.hydrogen.from.mate-
rials. that. are. sensitive. to. hydrogen-induced. degradation..Hydrogen. molecules. are.
the. smallest. diatomic. molecules,. with. a. molecular. radius. of. about. 37. ×. 10–12. m,.
and.the.hydrogen.atom.is.smaller.still..Since.it.is.small.and.light,.it.is.easily.trans-
ported.within.materials.by.diffusion.processes..The.process.of.hydrogen.entering.
and.transporting.through.a.material.is.generally.known.as.permeation,.and.this.sec-
tion.reviews.the.development.of.hydrogen.permeation.barriers.and.barrier.coatings.
for.the.upcoming.hydrogen.economy.

�.� baCkground

Hydrogen.permeation.is.defined.as.the.transport.of.hydrogen.as.dissociated.hydro-
gen.atoms1.and.has.units.of.moles.of.hydrogen.gas.per.square.meter.per.second.(mol.
m–2.sec–1),.which.is.the.permeation.rate..Known.as.Richardson’s.law.this.relation.can.
be.expressed.as

.
J DK

d
P Phigh low= −( )/ /1 2 1 2 . (8.1)

where. J. is. the. permeation. rate,. D. is. the. diffusion. coefficient. of. hydrogen. in. the.
material,.and.K.is.Sievert’s.constant.for.the.material,.which.determines.the.hydrogen.
solubility..
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The.product.of.D.and.K is.referred.to.as.Φ,.the.permeation.coefficient.or.permeabil-
ity.of.the.material..Sievert’s.law.gives.the.solubility.in.terms.of.the.pressure.as

. c KPH H= 1 2/ . (8.2)

and.equation.8.1.can.be.expressed.as

.
J P

d
H=

Φ∆ 1 2/

. (8.3)

where.Φ.is.the.material.permeability.for.hydrogen.and.∆PH.is.the.hydrogen.pressure.
difference.across.the.thickness.d.of.the.given.material..

Both.D.and.K,.therefore.Φ,.are.temperature.dependent.and.have.associated.activation.
energies.such.that.permeation.is.much.higher.at.elevated.temperatures.for.all.materi-
als.than.at.low.temperatures..For.many.materials,.these.permeation.constants.are.too.
high.for.a.given.application.and.a.permeation.barrier.must.be.considered.

�.� hIsTorICal overvIeW

The.concept.of.a.hydrogen.barrier.seems.to.have.arisen.due.to.two.separate.issues.
in.technology..One.is.the.concern.regarding.hydrogen.embrittlement.of.steels,2,3.and.
the.other.is.the.required.low.permeation.rate.of.tritium.in.the.conceptual.designs.for.
fusion.power.that.involve.deuterium–tritium.plasmas.and.tritium.breeding.blankets..
These.two.technological.areas.have.made.advances.in.hydrogen.barrier.development.
that.greatly.impact.current.knowledge.and.state.of.the.art..By.far.the.most.important.
advances.and.studies.relevant.to.steels.and.metallic.alloys.have.originated.from.the.
fusion.energy.materials.community,.and.this.will.become.apparent.as.this.section.
looks.more.closely.at.specific.barrier.coatings.and.coating.technologies.

�.� hydrogen barrIer CoaTIngs

The.principal.concern.for.hydrogen.barrier.coatings.is.to.be.able.to.prevent.hydrogen.
ingress.into.a.material.that.could.be.damaged.or.degraded.due.to.hydrogen.uptake..
Data.for.hydrogen.solubility.and.diffusivity.are.readily.available.for.many.materials.
and,.for.most.metals,.are.significant.in.terms.of.amount.of.hydrogen.and.mobility.of.
hydrogen..For.example,.a.common.stainless.steel,.316SS,.will.dissolve.about.20.parts.
per.million.hydrogen.atoms.at.room.temperature,.and.a.1-cm-thick.piece.of.this.steel.
will.have.a.hydrogen.permeation.rate.of.about.6.×.10–13.moles.of.H2.per.square.meter.
of.steel.per.second.(moles-H2.m–2.sec–1).for.a.hydrogen.pressure.of.5,000.psi,.which.
amounts.to.about.3.5.×.1011.atoms.of.hydrogen.per.square.meter.of.this.1-cm-thick.
steel.plate..The.solubility.of.the.steel.and.its.permeation.rate.increase.exponentially.
with.temperature,.and.a.solubility.of.several.thousands.parts.per.million.can.exist.at.
800˚C.in.316SS,.and.the.permeation.rate.has.increased.by.eight.orders.of.magnitude.
over.room.temperature.1.This.is.quite.remarkable,.but.of.serious.consequence.since.
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many.steels.and.other.alloys.can.be.embrittled.by.this.much.hydrogen.2.For.fusion.
energy.concerns.this.is.manifested.in.a.tritium.inventory.in.materials.that.are.unac-
ceptably.high,.or.permeation.through.metallic.components.into.flowing.coolants.that.
are.too.high.4.�

Therefore,.hydrogen.barriers.have.been.developed.and.evolved.from.these.twin.
concerns:. (1). reducing.hydrogen.uptake. into.materials. to.prevent.degradation.and.
(2).preventing.tritium.permeation.through.materials.to.reduce.radioactive.transport.
to.increase.public.health.and.safety.for.fusion.power.plants..Most.hydrogen.barri-
ers.have.been.conceived.as.external.coatings.on.existing.metallic.alloys.in.order.to.
prevent.hydrogen.uptake.into.the.metal..In.some.cases,.exposure.treatments.can.be.
designed.to.produce.an.external.scale.on.the.metal.or.alloy.that.also.serves.this.pur-
pose..In.general,.the.most.effective.approach.seems.to.be.the.application.of.a.suitable.
external.coating.having.low.hydrogen.solubility.and.slow.hydrogen.transport..Some.
materials.possess.intrinsically.low.hydrogen.permeation,.such.as.gold.or.tungsten.as.
pure.metal.examples,.while.many.oxides,.carbides,.and.nitrides.possess.low.hydro-
gen.permeation.and.have.other.desirable.properties,.such.as.high-temperature.utility.
and.corrosion.protection..Typical.coating-related.issues,.such.as.thermal.expansion.
mismatch,.coating.defects,.and.inferior.mechanical.properties,.must.be.dealt.with.for.
ceramic-based.barrier.coatings.

8.4.1 external COatinGS

This.class.of.coatings.comprises.those.barrier.coatings.that.are.applied.externally.
to.a.material.in.order.to.prevent.hydrogen.permeation,.and.are.designed.specifically.
for.that.purpose..In.the.next.section.we.will.consider.barriers.that.may.evolve.or.be.
developed.on.the.surface.of.a.material.using.a.natural.process,.such.as.oxidation..
For.this.section,.however,.we.have.two.main.cases,.one.for.which.a.barrier.coating.
is. conceived. and. applied. as. an. external. coating.using. some.physical. or. chemical.
deposition.process,.including.electrochemical.processes.using.liquids..We.then.con-
sider.the.second.case,.where.a.coating.is.applied.and.then.postprocessed.to.produce.
a.hydrogen.barrier.layer.

The.most.widely.used.permeation.barrier. coating. is. aluminum.oxide,. or. alu-
mina,.since.it.possesses.one.of.the.lowest.hydrogen.permeation.rates.of.any.material.
and.one.that.is.many.orders.of.magnitude.lower.than.most.metals.5.Table.8.1.lists,.in.
decreasing.order.of.hydrogen.permeability,.the.permeability.of.a.variety.of.materials.
at.500˚C.(773K).in.units.of.moles-H2.m–1.sec–1.Pa–0.5,.which.are.moles.of.hydrogen.
gas.per.meter.thickness.of.material.per.second.per.square.root.of.hydrogen.pressure.
in.Pa..Several.ceramic.coatings.are.listed.and.make.good.barrier.coatings,.but.alu-
mina.seems.to.be.superior..The.work.of.Roberts.et.al.5.showed.that.permeation.was.
controlled.by.dissolution.and.transport.through.the.grains.of.dense.sintered.alumina..
Hydrogen.transport.and.solubility.are.greatly.reduced.in.alumina.compared.to.met-
als.6,7.More.recent.data.mainly.confirm.the.earlier.work,.but.all.the.data.for.alumina.
are.at.high.temperatures.and.must.be.extrapolated.for.our.purposes.7

�.Interested.readers.are.referred.to.references.1.to.4.for.more.information.regarding.embrittlement.and.
hydrogen.permeation.
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As.noted,.the.majority.of.research.into.hydrogen.permeation.barriers.has.been.
performed.in.the.fusion.materials.research.community.concerned.with.tritium.fate.
and.transport.in.structures.and.breeding.blankets..Since.the.work.of.Roberts.et.al.5.
showing.the.excellent.permeation.resistance.of.alumina,.one.thread.of.research.has.
concentrated.on.ceramic.coatings.on.fusion.alloys,.either.316.stainless.steels.or.fer-
ritic-martensitic.alloys,.such.as.MANET,�.MANET-II,.etc..Mühlratzer.et.al.12.dis-
cuss. a. 1,000-fold. reduction�. in. hydrogen. permeation. through. Hastelloy-X. that. is.
coated.with.CVD.alumina,.although.this.work.also.points.out.the.difficulties.with.
forming.a.dense.external.ceramic.coating.on.a.metal.substrate..Film.defects,.cracks,.
and.spallation.are.issues.that.must.be.addressed.for.external.permeation.barrier.coat-
ings.. This. becomes. apparent. when. either. improved. coating. methods. are. used. or.
there.is.a.better.mechanical.and.thermal.property.match.between.the.coating.and.the.
substrate..For.example,.thin.alumina.deposited.on.amorphous.tungsten.oxide,.WO3,.
by.a.filtered.vacuum.arc.method.can.reduce.hydrogen.permeation.by.a.factor.greater.
than.3,000.even.for.only. thicknesses.of.500.nm.13.However,.plasma-sprayed.coat-
ings.of.alumina.on.steels.are.not.very.effective.permeation.barriers.since.the.films.
are.highly.defected.14.Table.8.1.suggests.that.much.higher.permeation.reductions.are.
possible.relative.to.steels.provided.the.coatings.are.dense.and.relatively.defect-free,.
which. remains. the. principal. reason. that. PRF. values. of. only. 1,000. to. 10,000. are.
reported.

Another.class.of.external.coatings. that.has.been. investigated. is.TiC.and.TiN,.
alone.and.in.combination.as.a.composite.film.4,11,15–17.Although.TiC.and.TiN.have.

�.Designation.for.European.ferritic-martensitic.Nb-rich.steel.DIN.1.4914.
�.A.permeation.reduction.factor.(PRF).is.often.quoted.for.comparison.between.treated.and.untreated.

metals..For.this.case,.a.PRF.of.1,000.would.be.given.

Table �.�
hydrogen Permeability of various materials

material Permeability reference Comments
Vanadium 2.9.×.10–8 [8] Extremely.sensitive.to.surface.

oxides
Niobium 7.5.×.10–9 [8]
Titanium 7.5.×.10–9 [8] Stable.hydrides
Iron 1.8.×.10–10 [8] Iron
Ni 1.2.×.10–10 [8]
Ferritic.steels 3.×.10–11 [8,.9] Tritium
Inconel.600 2.8.×.10–11 [8]
Austenitic.steels 0.7.to.1.2.×.10–11 [8] Large.data.compilation
Molybdenum 1.2.×.10–11 [8] Variable
Titanium.carbide ~1.to.8.×.10–15 [10,.11] External.PVD.coating
Tungsten 4.3.×.10–15 [8] Extrapolated.from.high.T.tests
Titanium.carbide/titanium.nitride.
layered

~7.×.10–16 [10] External.PVD.coating

Aluminum.oxide ~9.×.10–17 [7,.10,.11] Extrapolated.form.high.T.tests
Beta-SiC ~1.×.10–20 [10] Extrapolated
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low.intrinsic.permeabilities.relative.to.steels,.vapor-deposited.films.on.steels.do.not.
reach.this.potential.and.often.exhibit.activation.energies.for.permeation.equal.to.that.
of.the.steel,.which.indicates.permeation.is.controlled.by.defects.in.the.coating.rather.
than.through.the.coating.material.16.Thus,.permeation.reduction.factors.of.about.10.
or.so.have.been.realized,.but.not.the.full.potential.of.these.materials.as.barriers..The.
large. tritium.permeation.reduction.reported.by.Shan.et.al.17. for.TiN.and.TiC/TiN.
coatings.on.stainless.steel,.which.was.on.the.order.to.105.to.106,.does.not.appear.to.
be.reasonable,.and.their.measurement.technique.is.questionable.4

The.choice.of.permeation.barrier.materials.selected.here.for.coatings.is.reason-
able.based.on.permeation. resistance,.but.external.coatings.of.ceramics.on.metals.
are.difficult.to.perfect.since.many.metals.have.high.thermal.expansion.coefficients.
and.most.ceramics.have.low.ones..This.causes.large.thermal.stresses.in.the.coatings.
to.develop,.which.leads.to.defect.formation.in.the.coatings.and.lowers.permeation.
resistance..A.better.technique,.which.will.be.discussed.in.the.next.section,.relies.on.
the.formation.of.intrinsic.oxide.films.on.the.surface.of.the.metals,.either.by.direct.
oxidation.or.by.alloying.followed.by.oxidation.4

8.4.2 GrOwn-On Oxide FilmS

Since.oxides.appear. to.have. intrinsic. low.hydrogen.permeabilities,.one.avenue.of.
barrier. development. has. pursued. the. direct. oxidation. of. suitable. alloys. and. (the.
proven.more. successful). aluminization.of. steels.with. subsequent. alumina. surface.
film.formation..Direct.oxidation.relies.on.the.intrinsic.oxide.layers.that.can.be.grown.
on.alloys.to.provide.hydrogen.barrier.capabilities..Such.films.typically.consist.of.Fe-
Cr-Al.mixed.oxides,.depending.on.the.steel,.and.several.researchers.have.oxidized.
Fecralloy.for. this.very.reason.18–21. In.general,.some.concerns.with.oxidized.steels.
are. that. spallation. of. the. typical. Fe-. and. Cr-containing. oxides. prevents. excellent.
hydrogen.barrier.formation..Fecralloy,.however,.forms.an.alumina.film.that.is.more.
adherent.and.a.better.hydrogen.barrier..A.permeation.reduction.of.1,000.has.been.
determined. in. Fecralloy. steels.21. Grown-on. coatings. perform. better. than. plasma-
sprayed.Fe-Cr-Al.coatings.20

Aluminizing.steels,.as.noted.above,.has.produced.the.best.hydrogen.barriers.on.
steels.and.other.compatible.alloys.22–33.Interestingly,.the.process.of.aluminization.or.
aluminizing.is.flexible.and.robust.such.that.a.wide.variety.of.techniques.can.be.used,.
and.this.adds.to.the.success.of.this.method..Steels.are.aluminized.by.the.in-diffusion.
of.aluminum.from.the.surface.via.the.melt.or.vapor.phase..In.a.relatively.short.time,.
on.the.order.of.hours,.a.50-micron-thick.aluminide.alloy.layer.can.be.produced.on.the.
surface.of.a.given.steel.and.subsequently.oxidized.to.form.an.alumina.layer.on.top.of.
hard.aluminide.intermetallic.layers..In.figure.8.1.the.phase.diagram.for.FeAl.is.shown.
to.illustrate.the.varied.layers.that.form.during.this.diffusion–reaction.process.

Although.the.diffusion–reaction.method.may.vary,.the.results.of.aluminization.
remain.similar.and.depend.on.the.steel.composition.and.on.the.temperature.of.the.
reaction.processing..Methods.that.have.been.used.for.steels.include.hot.dipping,24,27–

29,34–37.plasma.spraying,14,20,37,38.pack.aluminizing,.which.is.a.form.of.chemical.vapor.
deposition. (CVD),22,25,27,33. vacuum. evaporation,39. and. polymer. slurry. methods.40.
Each.of. these.methods.has.advantages.and.disadvantages.compared. to. the.others.
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and.has.been.used.to.create.permeation.barrier.coatings.on.steels..One.consideration.
is.the.temperature.required.for.the.process.relative.to.heat.treatment.temperatures.of.
steels..The.treatment.temperature.of.the.MANET-II.ferritic-martensitic.steel.limits.
the.process.temperature.to.about.750˚C,.which.in.turn.limits.the.amount.of.alumi-
num.and.depth.of.diffusion.of.aluminum.in.the.surface..For.this.case,.hot.dipping.
was.chosen.as.a.preferred.method.41

Permeation.reduction.factors.of.up.to.10,000,.or.104,.have.been.realized.with.the.
best.coatings.based.on.aluminized.steels..Ferritic-martensitic.steels.that.were.alu-
minized.had.the.Fe2Al5.phase.predominant.in.the.layer.sequence,.while.a.316L.steel.
had.FeAl3.and.FeAl2.as.the.main.aluminide.phases.25.The.best.permeation.barrier.
resulted.from.an.external.alumina.film.of.about.1.micron.in.thickness.grown.on.the.
aluminide.layers.25

The.vacuum.evaporation.process.and.polymer.slurry.process.are.quite.new.rela-
tive.to.the.others.and.have.the.potential.to.provide.more.control.in.the.processing,.
in. the. case. of. the. vacuum. evaporation. technique,. or. greatly. reduce. the. cost. and.
environmental.concerns.of.pack.aluminizing.with.the.polymer.slurry.methods..The.
vacuum.evaporation.process.allows.one.to.diffuse.other.elements.than.Al.into.the.
steels.or.to.deposit.FeAl.coatings.directly.onto.the.surface.of.the.steels,.with.Al.dif-
fusion.occurring.to.help.bond.the.deposited.coating.39

This.process.is.referred.to.as.enclosed.vacuum.evaporation.(EVE).coating.tech-
nology.and.is.applicable.to.a.variety.of.coating.and.substrate.materials,.with.a.unique.
capability.of.producing.smooth.and.uniform.coatings.on.the.inner.surface.of.small-
diameter,. high. aspect. ratio. cylindrical. components. or. other. confined. geometries..
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fIgure �.�  AlFe phase diagram showing intermetallic phases, such as FeAl3, Fe2Al5, 
FeAl2, and FeAl, which can form as separate layers in aluminized steel.
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The.technique.has.been.used.to.deposit.reproducible.coatings.on.the.inner.surface.of.
tubes.as.small.as.10.mm.in.diameter.and.in.lengths.up.to.3.8.m..For.larger-diameter.
tubes.or.pipes.in.which.radiant.heating.of.the.substrate.from.the.source.filament.is.
impractical,. separate. resistive.or. inductive. heating.of. the. substrate. to. the.desired.
temperature.is.used..Figure.8.2.shows.the.inner.surface.of.a.steel.tube.coated.with.a.
FeAl.alloy.for.hydrogen.barrier.testing..The.deposition.is.rapid,.and.substrate.tem-
perature.rise.can.be.controlled.to.avoid.de-tempering.alloys.

The.polymer.slurry.method.for.aluminizing.steel.surfaces.is.straightforward.and.
simple,.and.should.be.low.cost.since.the.raw.materials.and.processing.steps.are.also.
low.cost..Aluminum.flake.of.1.to.2.microns.in.diameter.is.blended.with.a.preceramic.
polysiloxane.polymer.and.heated.in.air.or.nitrogen.to.700.to.800˚C.for.several.hours.
to.allow.the.aluminum.to.diffuse.into.the.steel.and.to.allow.an.external.Si-Al-O.film.
to.form.from.reactions.between.the.siloxane.backbone.and.the.Al..As.with.all.alumi-
nizing.reaction–diffusion.coatings,.a.series.of.aluminide.layers.form.on.the.surface.
of.the.steel,.as.shown.in.figure.8.3..The.outermost.layer.of.alumina.is.the.hydrogen.
permeation.barrier,.while.the.aluminum-rich.layers.provide.additional.aluminum.for.
alumina.formation.in.oxidizing.environments,.as.required.to.maintain.the.external.
oxide.layer.

The. advantages. of. aluminizing. steels. go. beyond. hydrogen. barrier. formation,.
however,. as. such. surface. treatments. also. provide. additional. corrosion. protection..
The.fusion.materials.community.continues.to.study.these.processing.methods.and.
may.continue.to.be.the.main.driving.force.for.research.in.this.area.until.hydrogen.
infrastructure.issues.become.more.important.27

fIgure �.�  FeAl coating on the inner diameter of a 316SS tube that was deposited using 
the EVE technique.
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�.� summary

The. best. hydrogen. barrier. coatings. have. been. fabricated. using. aluminized. steels.
produced.by.a.variety.of.methods,.including.pack.aluminizing,.hot.dipping,.vacuum.
evaporation,. or. polymer. slurry. techniques.. Permeation. reduction. factors. of. up. to.
104.have.been.realized.in.this.manner..Titanium-based.coatings.offer.an.alternative.
choice.to.Al.but.are.not.as.permeation.resistant.as.the.alumina-based.methods,.and.
are.not.as.reproducible.in.fabrication..Much.work.remains.to.be.done.in.the.general.
area.of.hydrogen.permeation.barriers,.particularly.in.the.development.of.new.meth-
ods. that. can. provide. barriers. over. large. areas. for. anticipated. hydrogen. economy.
infrastructure. needs.. Low-cost. methods. and. better. reproducibility. are. required..
Hydrogen.remains.an.elusive.species.in.this.regard,.and.a.perfect.solution.is.appar-
ently.very.challenging.
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�.� InTroduCTIon

In.concept,. reversible.hydrides.offer.a.direct.means.of.storing.hydrogen.on-board.
fuel.cell.vehicles.and.would.be.compatible.with.a.hydrogen-based.transportation.fuel.
infrastructure..A.tank,.or.perhaps.more.accurately.a.storage.system,.containing.an.
appropriate.hydride.material.would.remain.fixed.on.a.vehicle.and.could.be.refueled.
simply.by.applying.an.overpressure.of.hydrogen.gas..Once.filled,.the.hydrogen.gas.
would.remain.at.the.equilibrium.pressure.for.the.particular.hydride.material,.chang-
ing.only.with.temperature.changes.induced.in.the.storage.tank..When.hydrogen.was.
needed,.it.would.be.released.endothermically,.using.the.waste.heat.from.the.fuel.cell.
(or.internal.combustion.engine.[ICE]).to.supply.the.required.energy..This.approach.
offers.certain.advantages.over.high-pressure.compressed.gas. tanks.and.cryogenic.
liquid. hydrogen. systems—it. is. inherently. stable. with. regard. to. hydrogen. release,.
it. can.operate. at. a. low.or.moderate. gas.pressure,. and. it. could. eliminate. some.of.
the.energy.costs.of.compression.or.liquefaction..It.also.has.the.potential.to.achieve.
volumetric.hydrogen.densities.much.higher.than.those.of.compressed.gas.and.even.
liquid.hydrogen.

In.practice,.however,.the.use.of.hydrides.for.on-board.hydrogen.storage.is.much.
more.complicated.than.is.described.above,.and.a.number.of.issues.arise.when.one.
attempts.to.choose.a.material.and.design.a.storage.system..These.issues.arise.because.
(1).many.hydride.materials.do.not.meet.minimal.on-board.storage.requirements.for.
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weight.and.volume.density,.and.(2).there.are.some.fundamental.material.properties.
that.determine.system.performance.that.are.competing.against.one.another;.that.is,.
they.affect.system.requirements.in.opposing.directions..Thus,.a.hydride-based.storage.
system.will.likely.be.a.design.with.numerous.trade-offs.in.terms.of.capacity,.kinetics,.
and.thermal.requirements..Furthermore,.there.are.a.host.of.other.issues.beyond.capac-
ity.and.kinetic.performance,.such.as.hydride–dehydride.cycling-induced.changes.or.
degradation.in.performance,.response.of.the.material.to.impurities.in.the.incoming.
hydrogen.gas,.evolution.of.impurities.from.the.bed.affecting.the.fuel.cell,.and,.impor-
tantly,.cost.of.the.material.and.its.impact.on.the.fuel.supply.system.cost.

The.development. of. storage.materials.with.properties. that. can. encompass. all.
of. the. required. performance. attributes. for. on-board. hydrogen. storage. will. be. an.
extremely.challenging.task.and.likely.require.a.multidisciplinary.approach..In.2003,.
the.U.S..Department.of.Energy.(DOE).launched.a.concerted.effort.to.develop.high-
capacity.materials.that.have.the.potential.to.meet.the.hydrogen.storage.system.per-
formance.targets.established.by.the.DOE.and.FreedomCAR.and.Fuel.Partnership1.
a.government/industry.collaboration..This.hydrogen.storage.initiative.has.spawned.
a.considerable.level.of.effort.over.the.last.few.years,.and.it.is.in.this.arena.that.this.
chapter.will.focus.

There.have.been.many.review.articles.on.metal.hydrides,.and.a.few.of.the.more.
recent. ones. are. referenced. here.2–10. This. review. will. attempt. to. cover. only. fairly.
recent.studies.on.high.hydrogen.capacity.hydrides.that.(1).have.been.demonstrated.to.
be.reversible.or,.at.the.least,.partially.reversible.and.(b).have.the.potential.for.exhib-
iting.other.properties. (e.g.,.kinetics,.operating. temperatures).suitable. for.on-board.
hydrogen.storage.applications..This.area.of.materials.research.and.development.is.
very.active.at.the.present.time,.so.that.it.is.likely.that.not.all.of.the.relevant.work.will.
be.included..The.author.apologizes.for.any.omissions.

�.� hydrIde ProPerTIes and hydrogen CaPaCITy

Hydrides.can.be.loosely.categorized.by.their.chemical.binding—metallic,.covalent,.
ionic,. or. complex—between. the.host. elements. and.hydrogen.. Intermetallic. alloys.
form.a. large.class.of.hydrides,.generally.with.metallic.bonds,. that.can.be. further.
subcategorized.by.the.ratio.of.the.alloying.constituents.A.and.B..Thus,.for.example,.
one.refers.to.LaNi5H6.as.an.AB5.hydride..An.online.database.of.hydride.properties,.
hydpark,11.is.largely.organized.along.these.lines..From.an.on-board.hydrogen.stor-
age.perspective,.however,.it.is.the.nature.of.the.chemical.bond.that.is.key.because.it.
determines.the.thermodynamic.stability.of.the.hydride,.the.hydrogen.stoichiometry.
of.the.material,.and.the.mechanisms.for.hydrogen.absorption.and.release.

In. 2001,. Schlapbach. and. Zuttel. published. a. paper. on. hydrogen. storage4. and.
included. a. plot. of. volumetric. and. gravimetric. hydrogen. densities. in. a. variety. of.
materials..Figure.9.1.shows.a.similar.plot. that.also. includes.corresponding.values.
for.compressed.gas.and.liquid.hydrogen,.as.well.as.the.DOE.and.FreedomCAR.and.
Fuel.Partnership.targets.for.on-board.storage.systems..One.can.see.that.there.are.a.
number.of.materials.that.contain.hydrogen.concentrations.well.above.the.system.tar-
gets,.with.some.having.more.than.twice.the.density.of.liquid.hydrogen..In.addition.to.
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mixing.material.properties.with.system.properties,.the.plot.also.includes.many.dif-
ferent.material.types,.such.as.solid.reversible.hydrides,.liquid.and.solid.nonreversible.
chemical.systems,.and,.for.comparison,.a.few.liquid.and.gaseous.fuels.(e.g.,.octane,.
methane,.etc.).plotted.in.terms.of.their.hydrogen.content.

One.can.notice.some.trends.in.material.properties.from.the.plot..First,.the.inter-
metallic.hydrides.(plotted.in.bright.red),.such.as.LaNi5H6,.generally.have.low.gravi-
metric.hydrogen.density.and.are.clustered.toward.the.left-hand.side.of.the.graph..
But.these.materials.are.also.relatively.dense,.and.so.they.can.have.high.volumetric.
hydrogen.densities,.often.greater.than.100.g.H2/l..A.few.elemental.hydrides.(also.
plotted.in.bright.red),.such.as.MgH2.and.TiH2,.are.also.shown..Although.they.may.
exhibit.high.hydrogen.densities,.they.tend.to.be.heavy.as.well.and,.in.many.cases,.
have. strong. covalent. hydrogen. bonds. resulting. in. more. stable. structures.. Their.
higher.stability.means.that.higher.temperatures.are.required.to.release.the.hydro-
gen..For.example,.MgH2.must.be.heated.above.300°C.in.order.to.release.hydrogen.
at.a.significant.rate.

The.highest-capacity.materials.(shown.in.blue.on.the.plot).lie.in.the.upper-right-
hand.quadrant.and.above.the.system.target.lines..This.chapter.will.be.limited.to.a.
discussion.of.these.materials.only.because.they.are.the.materials.that.are.of.greatest.
interest.for.hydrogen.storage.applications..Also,.the.chapter.will.not.cover.histori-
cal.developments.and.will.largely.be.concerned.with.research.published.within.the.
last.several.years..One.additional. limitation.in.scope.is. that.only.material.proper-
ties.related.to.the.thermally.induced.release.of.hydrogen.will.be.described..Other.
hydrogen.release.reactions,.such.as.hydrolysis,.that.generate.an.oxide.or.hydroxide.
by-product.that.must.be.processed.off-board.will.not.be.discussed.

The.solid,.reversible.hydride.materials.plotted.in.blue.in.figure.9.1.generally.con-
tain. an. Al–H. complex. anion. (alanates),. a. B–H. complex. anion. (borohydrides),. or.
N–H.groups.(amides,.imides)..The.plot.also.includes.some.nonreversible.materials,.
such.as.ammonia.borane,.NH3BH3,.that.have.very.high.hydrogen.capacities.that.can.
be. released. by. thermolysis,. but. must. be. regenerated. through. a. chemical. process..
This.means. that. the. spent. fuel.must.be. removed.and.processed.externally..These.
“chemical.hydride”.materials.will.also.not.be.discussed.in.this.chapter.

In.intermetallic.systems,.hydrogen.absorption.(desorption).is.relatively.straight-
forward.and.occurs.through.(1).molecular.dissociation.(recombination).at.the.metal.
surface.and.(2).atomistic.diffusion.of.the.hydrogen.through.the.solid..Grochala.and.
Edwards8.refer.to.these.materials.as.interstitial.hydrides.since.the.hydrogen.resides.
in.the.interstices.of.the.metal.lattice..In.contrast,.hydrogen.dissociation.in.complex.
hydrides.generally.occurs. through.the.formation.of. intermediate.compounds..The.
reverse.processes,.the.re-formation.of.the.hydride.phases,.as.well.as.hydrogen.trans-
port.mechanisms,. are. generally. not.well. understood. in. these.materials..An. addi-
tional. issue.with. the.high.hydrogen.capacity.materials. is. that. they.are.often.quite.
stable.and.require.high.temperatures.for.hydrogen.release.

The.desired.form.of.a.reversible.hydride.reaction.for.on-board.storage.may.be.
written.as

. MXHY.+.heat.≡.XM(s).+.Y/2H2(g). (9.1)
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where.M.is.a.single.element.or.combination.of.elements..The.heat.term.on.the.left.
side.of.the.reaction.indicates.that.the.dissociation.of.the.hydride.coupled.with.the.
release. of. hydrogen. is. endothermic,. and. conversely,. formation. of. the. hydride. by.
reacting.the.element(s).with.gaseous.hydrogen.is.exothermic..From.the.perspective.
of.a.vehicular.hydrogen.storage.system.then,.the.material.remains.stable.on-board.
the.vehicle.at.low.or.moderate.hydrogen.pressures.until.heat.is.applied..The.preferred.
source.of.this.heat.is.waste.heat.from.the.fuel.cell.or.ICE,.so.that.there.would.be.no.
energy.penalty.for.releasing.the.hydrogen..Ideally.then,.the.operating.temperature.
range.of.the.storage.material.should.lie.within.the.operating.temperature.range.of.the.
fuel.cell.or.ICE.coolant.loop.

It.should.also.be.noted.from.equation.9.1.that.heat.must.be.dissipated.when.refu-
eling.the.tank.(recharging.the.spent.hydride),.and.for.refueling.rates.equivalent.to.
filling.conventional.gas.tanks,.the.cooling.power.could,.for.the.more.stable.hydride.
materials,. exceed. the. capacity. of. on-board. coolant. systems.. In. these. cases,. there.
would.be.an.energy.cost.borne.by.the.off-board.refueling.facility.

The. thermodynamic. parameters. of. the. reaction. quantify. the. energy. require-
ments..The.Gibbs.free.energy.of.formation.per.mole.of.hydride.at.constant.tempera-
ture,.T,.is

. ∆Gf.=.∆Hf.–.T∆S. (9.2)
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where.∆Hf.is.the.formation.enthalpy.of.the.hydride.and.∆S.is.the.change.in.entropy.of.
the.system.when.the.hydride.is.formed..When.∆Gf.is.negative,.the.reaction.is.favored.
and.heat.is.released.as.the.hydride.is.formed.

For.an.ideal.gas,.the.hydrogen.overpressure,.P,.in.equilibrium.with.the.hydride.
at.temperature.T,.can.then.be.expressed.in.the.form12

. RTln(P/Po).=.∆Gf.=.–∆Hf.+.T∆S. (9.3)

where.R. is. the.gas.constant.and.Po. is. the.pressure.at.standard.conditions,. that. is,.
1.atm.of.pressure..The.enthalpy.is.expressed.as.the.formation.energy.per.mole.of.
hydrogen..The.entropy.change. is. the.difference.between. the.entropy.of.hydrogen.
gas.and.the.configurational.and.vibrational.entropy.of.the.hydrogen.in.the.solid,.and.
is.generally.considered.to.have.roughly.the.same.value.for.most.hydrides..One.can.
then.readily.see.from.the.equation.that.the.more.stable.a.hydride.is.(larger.∆Hf),.the.
lower.the.equilibrium.pressure.is.at.a.given.temperature..The.equation.also.shows.
that.a.plot.of.lnP.vs..1/T.for.a.given.hydride.is.a.straight.line.with.a.slope.of.∆Hf/R,.
the.familiar.van’t.Hoff.plot..Graphically,.the.Y-intercept.at.1/T.→.0.corresponds.to.
an.equilibrium.pressure.at.infinite.temperature.

Current. research. toward.developing.high.hydrogen. capacity.materials. for.on-
board.storage.applications.is.largely.concentrated.on.reducing.the.energy.require-
ments,.either.by.modifying.the.material.to.reduce.the.enthalpy.of.formation,.∆Hf,.of.
the.hydride.phase,.or.through.altering.the.reaction.pathway.to.hydrogen.dissociation.
or.recombination..This.stems.largely.from.the.on-board.need.to.use.the.waste.heat.
from.an.“engine”.(e.g.,.a.fuel.cell.or.ICE).to.supply.the.required.energy.for.hydrogen.
release.from.the.hydride..Roughly.speaking,.this.means.that.the.“operating.window”.
in.temperature.and.pressure.for.a.hydride.storage.system.lies.between.room.tempera-
ture.and.100°C,.and.~1.and.100.bars..An.examination.of.the.hydpark.database11.indi-
cates.that.the.bulk.of.experimental.values.for.∆S.range.from.about.95.to.130.J/mol.
H2..A.simple.calculation,.then,.using.equation.9.3.would.show.that.∆Hf.should.be.
in.the.range.of.about.20.to.40.kJ/mol.H2..The.lower.enthalpy.values.would.actually.
be.preferred.in.order.to.reduce.the.cooling.power.requirements.during.rehydriding..
Even.lower.∆Hf.materials,.e.g.,.~15.kJ/mol.H2,.could.be.used.with.higher-pressure.
containers..However,.materials.with.formation.enthalpies.higher.than.the.upper.limit.
could.not.be.used.as.storage.materials.because.the.operating.temperatures.would.be.
too.high.for.on-board.systems.as.they.are.currently.envisioned.

Concurrently,. the. hydrogen. kinetics. of. absorption. and. release. must. also. be.
improved.to.meet.minimal.performance.standards.through,.for.example,.the.devel-
opment. of. effective. catalysts. or. the. formation. of. very. small. particle. sizes. (e.g.,.
nanoscale.materials)..Of.course,.an.added.requirement.for.small.particle.sizes.is.that.
their.small.dimensions.be.maintained.through.repeated.hydride–dehydride.cycling..
The.kinetic.requirements.for.hydrogen.release.in.a.storage.material.are.dictated.by.
the.needs.of.the.vehicle.driver.and.the.fuel.cell.power..For.example,.a.100-kW.peak.
power.fuel.cell.with.about.42%.fuel.efficiency.would.need.2.g.H2/sec.to.produce.full.
power.when.demanded.by.the.vehicle.driver..Furthermore,.this.hydrogen.delivery.
rate.must.be.available.through.nearly.all.of.the.range.of.the.hydride.composition..
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This.is.a.particularly.severe.requirement.for.a.material.when.it.is.nearly.depleted.(the.
fuel.tank.is.nearly.empty).

Hydrogen. transport. in. the. high-capacity. hydrides. appears. to. be. through. the.
movement.of.heavy.atoms,.complexes,.or.lattice.defects.rather.than.hydrogen.atoms,.
with. correspondingly. higher. activation. energies. for. diffusion. than. for. interstitial.
hydrides..In.Ti-.and.Zr-doped.NaAlH4.and.Na3AlH6,.for.example,.Sandrock.et.al.,13.
Luo.and.Gross,14.and.Kiyobayashi.et.al.15.all.measured.activation.energies.for.hydro-
gen.release.in.the.range.of.80.to.100.kJ/mol..These.high.enthalpy.values.translate.
to. slower.diffusion. rates,. and.hence. slower. release. rates,. at. the.desired.operating.
temperatures..As.an.example,.an.increase.in.the.activation.energy.for.migration.of.
~25.kJ/mol.reduces.the.diffusivity.by.a.factor.of.10–4..Since.the.diffusion.distance.is.
proportional.to.(diffusivity.×.time)½,.a.diffusing.species.would.then.take.100.times.
longer.to.travel.the.same.distance.out.of.a.particle..Hence,.one.approach.considered.
to.mitigate.the.slower.transport.rates.is.to.reduce.the.particle.size.of.the.material..
For.the.above.example,.an.equivalent.release.rate.with.the.slower.diffusivity.could.
be.achieved.by.reducing.the.hydride.particle.size,.for.example,.from.10.to.0.1.µm..Of.
course,.on.an.absolute.scale,.particles.may.have.to.be.in.the.nanosize.range.to.exhibit.
sufficiently.fast.kinetics.

In.summary,.the.ideal.reversible.hydride.would.simultaneously.have.all.of.the.
desired.properties.discussed.above,.as.well.as.additional.properties,.such.as.good.
stability.through.multiple.hydride–dehydride.cycles..The.values.derived.in.the.pre-
ceding. text. are.compiled. in. table.9.1.. It.must.be.emphasized. that. these.values.do.
not.represent.a.comprehensive.analysis,.nor.do.they.reflect.the.DOE/FreedomCAR.
and.Fuel.Partnership.hydrogen.storage.system.targets.1.They.are. intended.only. to.
highlight.some.of.the.hydride.material.properties.from.the.perspective.of.hydrogen.
storage.system.needs.

The.hydride.weight.and.volume.densities.were.simply.chosen.so.that.a.reason-
ably.designed.storage.system.could.meet.or.exceed.the.current.2010.FreedomCAR.
and.Fuel.Partnership.system.targets..The.actual.energy.densities.for.a.specific.system.
would.depend.not.only.on.the.hydrogen.weight.and.volume.densities.of.the.hydride,.
but.also.on.a.number.of.other.factors,.including.system.design,.the.other.materials.
used.to.fabricate.the.system.components,.thermal.requirements.(including.the.hydride.
materials’.enthalpy.and.thermal.conductivity),.the.packing.density.of.the.hydride,.and.
the.maximum.operating.pressure.of.the.system.(also.dependent.on.the.enthalpy)..The.
hydrogen.release.rate.estimate.was.based.on.a.5-kg.hydrogen.system.capacity.

Table �.�

material Properties for reversible hydrides in hydrogen 
storage systems
Gravimetric.hydrogen.density >9.wt%.H2

Volumetric.hydrogen.density >60.g.H2/l

Enthalpy.of.hydride.formation 15–40.kJ/mol.H2

Hydrogen.release.rate >1.wt%.H2/min
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In. the. following.sections,. specific.materials.will.be.discussed. in.more.detail,.
and.recent.work.on.Al–H-based,.B–H-based,.and.N-based.complex.hydrides.will.
be.summarized.

�.� alanaTes

As.in.most.discussions.on.alanates,.that.is,.materials.containing.the.AlH4–.complex,.it.
is.appropriate.to.start.by.referencing.the.work.of.Bogdanovic.and.Schwickardi.where.
they.showed.that.NaAlH4.could.be.made.fully.reversible.through.the.addition.of.a.
small.amount.(~2.mol%).of.Ti.16.The.Ti.addition.also.improved.the.kinetics.of.hydro-
gen. release.. Since. the. alanates. generally. have. high. hydrogen. capacities,. but. were.
previously.considered. to.be.nonreversible,. this.work. immediately. spawned.a. large.
amount. of. research. on. this. class. of. materials,. which. continues. to. the. present.17–54.
Figure.9.2.shows.the.hydrogen.weight.fraction.(based.on.their.chemical.formulae).for.
ternary.hydrides.based.on.the.AlH4–.anion..One.can.see.that.hydrogen.contents.tend.
to.be.much.higher. than. in. intermetallic.hydrides,. and. that.higher-valency.cations,.
although.generally.increasing.the.molecular.weight.of.the.compound,.can.still.have.
fairly.high.hydrogen.capacity..The.plot.is.also.limited.to.alanates.with.a.single.cation.
element..It.should.be.mentioned.that.some.of.these.alanates.are.not.stable.at.room.
temperature.and.are.difficult. to.synthesize..Also,.alanates.can.be.synthesized.with.
mixed.cations,.forming.quarternary.or.even.higher.hydride.compounds.

Since.hydrogen. release. from.alanates. involves.dissociation.of. the. compound.
and.the.formation.of.other.reaction.products,.not.all.of. the.hydrogen.is. typically.
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available..This.can.be.seen.in.more.detail.using.a.description.of.the.Na–Al–H.sys-
tem.as.an.example.

NaAlH4.decomposes.to.Na.and.Al,.releasing.its.hydrogen.through.the.following.
reaction.chain:

NaAlH4.(+.Ti).≡.1/3.Na3AlH6.+.2/3.Al.+.H2. ∆H.=.37.kJ/mol.H2

1/3.Na3AlH6.(+.Ti).≡.NaH.+.Al.+.½.H2. ∆H.=.47.kJ/mol.H2

NaH.≡.Na.+.½.H2. ∆H.=.112.kJ/mol.H2

All.of.the.reactions.are.endothermic,.and.each.has.a.different.enthalpy,.as.shown.
above..The.last.reaction,.the.decomposition.of.NaH,.would.not.be.of.much.value.in.
a.hydrogen.storage.application.because.the.large.enthalpy.would.require.a.very.high.
temperature. to. release. the. hydrogen. (>400°C).. Hence,. the. full. formula. hydrogen.
weight.fraction.of.7.4.wt%.for.the.tetrahydride.would.not.be.available.in.a.practical.
system..Rather,.only.the.first.two.reactions.would.be.used..These.have.a.combined.
theoretical.yield.of.about.5.6.wt%.H2,.the.hydrogen.capacity.value.usually.quoted.
for.this.material..Experimentally,.even.lower.hydrogen.capacities.are.observed.due.
to.kinetic.limitations,.impurities,.and.a.reduction.of.the.available.material.associated.
with.the.Ti.doping.process.

The.reactions.also.point.out.the.complexities.associated.with.these.materials..As.
mentioned.earlier,.kinetic.measurements.yielding.the.activation.energies.for.hydro-
gen. release. find. much. higher. values. than. typically. found. for. atomistic. hydrogen.
diffusion.and.are.indicative.of. the.transport.of.heavier.metal.atoms.or.even.M–H.
complexes.14–16.Secondly,.it.is.remarkable.that.the.addition.of.a.small.amount.of.Ti.
would.cause.the.reverse.reactions.to.occur.in.the.solid.state..In situ.X-ray.diffrac-
tion. (XRD).measurements.during.desorption22.exhibit. sharp.diffraction. lines.cor-
responding.to.metallic.Al,.indicating.that.the.Al.has.clustered.into.relatively.large.
crystallites..How.then.do.the.complexes.form,.dissociate.from.the.metal.clusters,.and.
recombine.with.the.Na.under.the.modest.conditions.of.temperature.(100.to.200°C).
and.hydrogen.overpressure.(<100.bars)?.This.phenomenon.is.even.more.surprising.
in.light.of.the.high.pressure.and.temperature.required.to.form.pure.alane,.AlH3.55,56.
Finally,.it.should.be.mentioned.that.in.spite.of.concerted.experimental13–15,22–28.and.
theoretical29–31,36. efforts,. the. role.of.Ti. in. enhancing. reaction.kinetics. in.both. the.
forward.and.reverse.directions.has.not.been.definitively.determined,.and.the.mecha-
nisms.of.hydrogen.transport.during.release.and.rehydrogenation.remain.unclear.

Work. has. also. continued. toward. development. of. more. effective. catalysts.
or.dopants. for. improving. the. low-temperature.kinetics.of.hydrogen. release.and.
absorption.in.Na.alanates..Bogdanovic.et.al.19.extended.their.earlier.work.to.include.
a.comprehensive.survey.of.other.precursor.materials..Zidan.et.al.18.found.Zr.to.be.
an.effective.catalyst.for.one.of.the.decomposition.reactions.and.further.showed.
that.including.both.Ti.and.Zr.catalysts.improved.the.overall.desorption.kinetics.
of. Na. alanate.. Others. extended. this. approach. of. using. co-dopants. to. consider.
Ti,. Zr,. Fe. combinations,32. adding. graphite33. and. other. catalytic. complexes.34,35.
Although.some.improvements.have.been.reported.with.these.alternative.additives.
or.catalysts,.the.overall.performance.of.the.sodium.alanate.materials.has.not.been.
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significantly. improved.over. the.original.Ti.dopant. initially. reported.by.Bogda-
novic.and.Schwickardi.16

Considerable. work. has. been. directed. toward. other. alanate. compounds. in. an.
effort. to. find. materials. with. improved. reversible. properties. (capacity,. enthalpy,.
kinetics).over.Na.alanate.37–46,52,53.A.very. large.number.of.options.are.available. to.
materials. researchers. for. consideration.. In. addition. to. the. single-element. cations.
shown.in.figure.9.2,.there.are.many.combinations.that.form.stable.compounds..Since.
the.Gibbs.free.energy.of.a.particular.alanate.is.affected.by.the.electronic.binding.
between. the. cations. and. the. Al–H. complex,. hydride. properties. can,. in. principle,.
be.modified. to. improve.performance..This.area.has.been.explored. in.some.detail.
through.experimental.and.theoretical.studies,.and.due.to.the.very.large.number.of.
candidates,.combinatorial.or.rapid.screening.methods.have.been.employed..Studies.
using.a.combination.of.modeling.and.rapid.experimental.synthesis.and.measurement.
are.described.here.

Sachtler. et. al.47. studied. the.material. phase. space.of. Na-Li-Mg/AlH4.using. an.
8-reactor. system. to. measure. the. reversible. hydrogen. content. in. NaAlH4,. LiAlH4,.
Mg(AlH4)2,.and.about.18.binary.and. ternary.mixtures..The.materials.were. fabri-
cated.by.using.a.modified.milling.procedure,.in.one.case.starting.with.the.alanates.
and.in.a.second.case.starting.with.mixtures.of.the.hydrides.NaH,.LiH,.and.MgH2.
along.with.small.(~100-nm).Al.particles..After.the.materials.were.mixed,.XRD.char-
acterization.showed.no.new.phases..An.initial.thermal.desorption.was.then.made,.
followed.by.a.single.rehydriding.condition.(87.bars.H2.at.125°C.for.12.h)..With.both.
starting.materials.(hydrides.and.alanates).under.the.conditions.applied,.they.found.
that.the.highest-capacity.material.was.simply.NaAlH4..No.higher-capacity.material.
was.produced..The.experimental.results.agree.roughly.with.first-principles.calcula-
tions.in.that.some.of.the.experimental.mixture.stoichiometries.proved.to.be.unstable.
(positive.enthalpies).

The.brief.description.above.points.out. the.complexities. in.exploring.potential.
hydride.materials,.particularly.with.regard.to.rapid.screening.methods..Some.mate-
rial.combinations.are.inherently.unstable.and.will.not.form..On.the.other.hand,.stable.
compounds.may.require.unique.synthesis.conditions.of,.for.example,.temperature.or.
hydrogen.overpressure..Other.compounds.may.even.need.a.solution-based.synthesis.
approach.. Theoretical. estimates. of. material. stability,. if. accurate,. can. be. of. great.
value. to. experimental. efforts. by. eliminating. unstable. candidates. and. identifying.
promising.ones..The.question.of.hydrogen. reversibility. is.another. issue..Different.
compounds.are.likely.to.require.different.hydrogen.pressures.and.temperatures.to.
rehydride,.as.indicated.in.equation.9.2..Rapid.screening.methods.typically.employ.a.
single.condition.to.all.of.the.material.combinations.at.a.given.time..Another.variable.
is.the.potential.role.of.catalysts,.as.exemplified.by.the.importance.of.a.small.amount.
of.Ti.in.NaAlH4.

One.of.the.most.aggressive.and.comprehensive.combinatorial.study.efforts.on.
alanates.is.due.to.Opalka.and.co-workers.at.UTRC,.and.their.partners.(Albemarle.
Corp.,.Questek.LLC,.SRNL,.and.IFE,.Norway).48–51.They.have.been.exploring.the.
quarternary.or.higher.phase.space.consisting.of.alkaline.metal.hydrides,.alkaline.
earth.hydrides,.transition.metal.hydrides,.alane,.and.molecular.hydrogen..Their.work.
employs. a. combination. of. first-principles. theoretical. modeling,. thermodynamic.
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modeling,.three.different.synthesis.routes.(solid-state.processing,.molten-state.pro-
cessing,.and.solution-based.processing).for.forming.stable.compounds,.and.analyti-
cal.methods.to.measure.and.characterize.materials.

Initial. modeling. studies. surveyed. a. material. phase. space. that. partially. over-
lapped. that.of.Sachtler.et.al.,47. that. is,.quarternary.phases.of.Na-Li-Mg-Al-H,.but.
they.also.included.Ti.as.a.partial.substitute.with.Mg..Over.200.phases.were.consid-
ered..Consistent.with. the.previously.discussed.work,.only.a.few.promising.candi-
dates.were.identified.

�.� borohydrIdes

Borohydrides,.materials.with.the.tetraborohydride.complex,.BH4
–,.offer.the.potential.

for. even. higher. gravimetric. capacity. than. alanates. because. of. the. lower. molecu-
lar.weight.of.boron..They.also.have.high.hydrogen.densities..This.can.be.seen. in.
table.9.2,.which.lists.hydrogen.weight.and.volume.capacities.for.a.few.borohydride.
compounds.. However,. the. chemistry. is. quite. different. in. this. case,. and. generally.
speaking,.many.of.these.compounds.are.relatively.stable,.with.reversibility.an.issue.

The.series.of.alkali.borohydrides.from.Li.through.Cs.was.studied.theoretically.
by.Vajeeston.et.al..using.density-functional.theory.(DFT).57.They.found.the.stable.
structures.for.each.of.the.compounds,.laying.the.ground.work.for.further.work.in.this.
area..Experimentally,.however,.little.progress.has.been.made.from.the.standpoint.of.
reversible.hydrides.58–64

LiBH4.was.studied.by.Zuttel.et.al.58.as.a.potentially.new.hydrogen.storage.mate-
rial..They. found. that. they.could. release.about.13.5.wt%.hydrogen. from.the.com-
pound.starting.at.200°C.using.an.SiO2.catalyst..The.remaining.4.5.wt%.hydrogen.
apparently.stays.in.the.form.of.LiH,.an.extremely.stable.hydride..They.were.not.suc-
cessful.in.forming.the.borohydride.from.the.elements.with.hydrogen.pressures.up.to.
150.bars.at.temperatures.up.to.650°C..In.later.work,.Ohba.et.al..performed.first-prin-
ciples.calculations59.and.predicted.that.a.monoclinic.phase,.Li2B12H12,.was.the.stable.
intermediate.phase.formed.in.the.decomposition.of.Li.borohydride..The.proposed.
reaction.of.LiBH4.to.this.intermediate.phase.releases.about.10.wt%.H2..Subsequent.
decomposition.of.the.phase.to.LiH.and.B.would.result.in.the.release.of.an.additional.

Table �.�

hydrogen Weight and volume densities in representative 
borohydrides
material formula Weight density formula volume density

LiBH4 18.4.wt%.H2 122.H2.g/l

NaBH4 10.6.wt%.H2 114.H2.g/l

KBH4 7.5.wt%.H2 83.H2.g/l

Mg(BH4)2 14.8.wt%.H2 110.H2.g/l

Ca(BH4)2 11.6.wt%.H2 107.H2.g/l

Zn(BH4)2 8.4.wt%.H2 —
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3.8.wt%.H2..The.quantity.of.desorbed.hydrogen.and.the.calculated.enthalpies.for.
these.reactions.are.in.good.agreement.with.the.experimental.results.

The. decomposition. of. Mg(BH4)2. has. been. extensively. studied. using. in situ.
XRD.techniques.coupled.with.residual.gas.analysis.(RGA).measurements.of.the.gas.
release.60.They.report.that.the.borohydride.decomposed.starting.at.~300°C,.releasing.
~9.wt%.H2.by.~350°C..No.ordered.phase.was.detected.by.the.XRD.between.these.
two.temperatures,.indicative.of.an.amorphous.phase.or.phases..Above.350°C,.MgH2.
apparently. recrystallized.and.was.detected.by. the.XRD..This.phase.subsequently.
released. the.additional.hydrogen.as. the. temperature.was. increased. further.. Initial.
attempts. to. recharge. the. spent. material. indicated. that. only. the. Mg. rehydrided. to.
form.MgH2.

Nakamori.et. al.61.have.been.studying.a.wide. range.of.potential.borohydrides..
They.have.examined.the.stability.of.borohydrides.with.transition.metal.cations.and.
have.shown.a.correlation.between.the.borohydride.stability.and.the.electronegativity.
of.the.cation.element..Based.on.their.analysis,.they.formed.a.number.of.borohydrides.
by.reacting.LiBH4.with.chlorides.of.the.various.elements.and.found.that.the.hydro-
gen. desorption. temperature. decreased. in. those. compounds. formed. with. a. higher.
electronegativity.element.

The.interaction.of.chlorides.with.borohydrides.has.also.been.studied.by.Jensen.
et.al.62.They.have.looked.at.stabilizing.the.transition.metal.borohydrides.Zr(BH4)2.
and.Zn(BH4)2,.which.have.very.high.vapor.pressures.at.the.temperatures.needed.for.
dehydrogenation,.by.partial.substitutions.of.alkali.metal.cations..The.substitution.is.
accomplished.by.reacting.the.borohydride.with.chlorides.of.the.alkali.metals..The.
substitution.has.the.added.advantage.of.increasing.the.formula.weight.fraction.over.
the.transition.metal.hydride.alone..Their.results,.although.promising.for.specific.sub-
stitiutions,.also.show.that.diborane,.B2H6,.can.be.formed.during.the.decomposition.
of.borohydrides..Diborane.would.be.an.unwelcome.by-product.in.any.storage.system.
because.of.its.toxicity.and.its.potential.poisoning.of.fuel.cell.catalysts..The.level.of.
diborane.production.was.found.to.be.significantly.lower.in.Mn.borohydride.63

�.� desTabIlIzed borohydrIdes

The.high.heats.of.formation.of.complex.hydrides,.particularly.the.borohydrides,.and.
the.limitations.inherent.with.alloy.substitutions.have.lead.to.a.somewhat.different.
approach—reacting. a. borohydride. with. another. compound. to. form. a. dehydroge-
nated.compound.with.a.lower.reaction.energy.than.for.the.enthalpy.of.the.hydride.
alone..This.was.shown.by.Reilly.and.Wiswall.in.the.late.1960s.65.More.recently,.Vajo.
and.Skeith66,67.have.applied.this.method.to.Li.borohydride..LiBH4,.ball.milled.with.
MgH2.as.a.destabilizing.additive,.was.studied.by.Vajo.and.Skeith.66.In.this.work,.2.
to.3.mol%.of.TiCl3.was.also.included.in.the.mixtures..They.found.that. the.effec-
tive. enthalpy. was. reduced. significantly,. from. ~69. kJ/mol. H2. for. the. borohydride.
decomposition.alone.(to.LiH.and.H2).down.to.~45.kJ/mol.H2.when.the.borohydride.
reacted.with.MgH2.to.form.MgB2.and.LiH..The.lower.enthalpy.value.results.in.an.
equilibrium.hydrogen.overpressure.of.1.bar.at.~200°C,.as.compared.to.~400°C.for.
the.borohydride.
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This.striking.result,.however,.is.also.accompanied.by.some.side.effects..As.with.
other.techniques.that.may.improve.the.thermodynamics,.there.is.an.accompanying.
loss.in.capacity..The.reversible.hydrogen.content.for.the.LiBH4–MgH2.couple.was.
found.to.be.in.the.range.of.8.to.10.wt%,.rather.than.18.4.wt%.for.the.formula.value,.
or.the.13.6.wt%.hydrogen.released.when.the.borohydride.decomposes.to.LiH,.even.
though.this.hydrogen.capacity,.coupled.with.the.lower.enthalpy,.indicates.a.material.
that.is.approaching.storage.system.requirements.

Other.Mg-based.destabilizing.additives.with.Li.borohydride.have.been.exam-
ined.68,69.MgF2,.MgS,.and.MgSe.were.mixed.and.reacted.with.LiBH4.over.multiple.
cycles..Essentially.the.same.reactions.as.with.MgH2.were.found,.with.the.formation.
of.MgB2. and.LiF,.Li2S,. or.Li2Se,. respectively,.with. the.Mg.flouride,. sulfide,. and.
selenide..These.reactions.all.reduced.the.enthalpy,.but.produced.a.lower.hydrogen.
yield. than.with.MgH2..As.before,.only.partial. reversibility.was.demonstrated.and.
the. hydrogen. capacity. was. reduced. in. subsequent. cycles.. Additional. destabilized.
systems.that.have.been.studied.include.MgH2/NaBH4.70

The.potential.number.of.reaction.combinations.for.destabilizing.hydrides.is.very.
large,.and.ideally,.only.the.most.promising.combinations.should.be.explored.experi-
mentally..As.with. the.alanate.materials,. rapid.screening.in. this.case.proved.to.be.
best.performed.using.computational.methods..Alapati. et. al.71.used.first-principles.
calculations.of.the.reaction.enthalpies.to.screen.over.100.destabilization.reactions..
Using.the.criterion.that.the.desired.enthalpy.should.be.in.the.range.of.30.to.60.kJ/mol.
H2,. they. found.only.five. reaction. schemes. that. appeared.promising..The. reaction.
schemes.included.amides.as.well.as.borohydrides..It.is.expected.that.experimental.
work.will.follow.on.their.recommendations.

Perhaps.the.greatest.obstacles.to.overcome.with.this.method.are.the.very.slow.
rates.of.hydrogen.absorption.and.release..The.hydrogen.kinetics.are.now.limited.by.
the.reaction.rates.for.forming.the.destabilized.compound,.and.generally.speaking,.
chemical.reaction.rates.for.forming.compounds.in.the.solid.state.are.slower.by.orders.
of.magnitude. than.interstitial.hydrogen.transport. in.metal.hydrides..This.effect. is.
exacerbated.by.the.lower.operating.temperatures.of.the.destabilized.systems..Since.
it.is.unlikely.that.the.diffusivities.of.the.reacting.species.can.be.improved.much,.cur-
rent.efforts.to.overcome.this.severe.limitation.are.focused.on.reducing.the.transport.
distances. by. forming. very. small. particles.69. This. also. implies. that. small. particle.
sizes.must.be.maintained.over.multiple.hydride–dehydride.cycles..Thus,.the.use.of.
carbon.scaffolds,.where.the.materials.are.imbedded.into.nanoporous.carbon.struc-
tures,.such.as.carbon.aerogels,.is.being.explored.69.Work.is.continuing.in.this.area.of.
hydride.development.

�.� nITrogen sysTems

Nitrogen.also. forms.compounds. that. can.have. relatively. large.hydrogen.contents..
In.fact,.one.of.the.highest.hydrogen.density.materials.is.ammonia.borane,.NH3BH3,.
with.about.19.5.wt%.H2.(by.formula)..It.is.currently.under.study.as.a.potential.chemi-
cal.hydride,.that.is,.as.a.nonreversible.material.that.would.be.recharged.with.hydro-
gen.in.a.chemical.process.off-board.a.vehicle.72

5024.indb   202 11/18/07   5:53:22 PM



Reversible	Hydrides	for	On-Board	Hydrogen	Storage	 �0�

Most.stable.solids.in.this.category.of.materials.are.generally.metal.amides.con-
taining.the.NH2.radical..With.a.lower.hydrogen.stoichiometry.than.the.alanates.or.
borohydrides,. their. overall. capacities. are. somewhat. lower.. However,. they. readily.
form.with.lightweight.elements.and.are.generally.reacted.with.other.hydrides..Thus,.
they.have.the.potential.to.contain.comparable.amounts.of.recoverable.hydrogen.

In.2002,.Chen.et.al..reported.that.Li.amide,.LiNH2,.and.LiH.could.be.reacted.to.
form.an.imide.with.partial.release.of.hydrogen.73,74.The.reaction.is

. LiNH2.+.LiH.≡.Li2NiH.+.H2

The. reaction.yielded. a. reversible. hydrogen. capacity. of. 6.5.wt%.. If. the. imide.
were.subsequently.decomposed,.the.overall.hydrogen.capacity.of.the.amide–hydride.
pair.would.be.11.5.wt%..As.with.other.systems,.however,.this.total.capacity.has.not.
been.achieved.reversibly..Furthermore,.the.formation.enthalpy.and.hydrogen.trans-
port.kinetics.of.this.system.require.high.temperatures.(~350°C).for.hydrogen.release.
at.reasonable.rates..Some.improvement.in.hydrogen.release.kinetics.was.achieved.by.
incorporating.Ti.catalysts.75

Researchers. have. explored. alternative. reaction. pairs.. One. such. system. is. Li.
amide.with.Mg.hydride..Luo.and.Ronnebro76.reported.a.reversible.hydrogen.capacity.
of.just.over.5.wt%.at.200°C.with.this.pair,.an.improvement.in.operating.temperature.
over.the.previous.LiH.system,.but.with.some.loss.in.available.hydrogen..Further.stud-
ies.showed.that,.initially,.LiNH2.and.MgH2.exothermically.react.to.partially.form.
Mg(NH2)2.and.LiH..The.Mg.amide.and.LiH.then.react.to.form.an.imide,.MgLi2(NH)2,.
to.release.some.of. the.hydrogen.endothermically.77,78.Only.small. improvements. in.
the.kinetics.of.hydrogen.release.were.found.with.catalyst.additions.79

Other.combinations.of.hydrides.with.amides.have.been.considered..Nakamori.et.
al.80–83.and.others84,85.have.looked.at.mixtures.of.Li.amide.with.Li.alanate.and.with.
Li. borohydride.. DFT. calculations86,87. suggest. that. these. systems. will. behave. in. a.
fashion.similar.to.that.of.the.destabilized.borohydrides.described.above;.that.is,.the.
reaction.products.in.the.dehydrogenated.state.should.have.lower.enthalpies.than.the.
borohydride.or.the.alanate.alone..The.potential.yields.are.higher.than.with.LiH..For.
the.borohydride.case,.the.expected.reaction.pathway.is

. LiBH4.+.2.LiNH2.≡.Li3BN2.+.4.H2

which.would.yield.11.9.wt%.hydrogen..The.calculated.enthalpy.for.forming.Li3BN2.
is.23.kJ/mol.H2,.considerably.less.than.for.the.pure.borohydride.phase.(69.kJ/mol.
H2)..The.equivalent.reaction.with.the.mixed.amide–alanate.would.have.an.expected.
yield.of.9.6.wt%..As.one.might.expect,.however,.the.experimental.results.are.much.
more. complex..Hydrogen. release. for. the.LiBH4–2.LiNH2. case.occurred. in. a. sin-
gle.peak.between.~300.and.~375°C.and.was.measured.to.be.~8.to.9.wt%.H2..The.
expected. phase,. Li3BN2,. was. found. by. XRD. analysis. following. the. decomposi-
tion..Thus,.the.expected.reaction.product.was.formed,.and.the.amount.of.hydrogen.
released,.although.not.as.high.as.expected.(about.70%.of.the.expected.level),.was.not.
unreasonable..However,.the.temperature.was.much.higher.than.would.be.expected.
based.simply.on.the.estimated.enthalpy.
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Another. experimental. study. on. the. same. material. system. was. performed. by.
Pinkerton.et.al.,88.who.found.that.an.intermediate.compound.was.formed..When.a.
2:1.molar.ratio.mixture.of.LiNH2.and.LiBH4.was.ball.milled.for.a.sufficient.length.of.
time.(300.min),.or.heated.above.about.95°C,.they.found.a.new.quarternary.hydride.
compound.with.the.approximate.composition.of.Li3BN2H8..This.material.was.stable.
at.room.temperature,.but.melted.at.~190°C..When.heated.above.250°C,.it.released.
~10.wt%.hydrogen..The.final.product.remaining.was.identified.as.a.mixture.of.Li3BN2.
polymorphs.. Calorimetric. measurements. of. the. decomposition. suggested. that. the.
dehydriding.was.exothermic,.which.implies.that.the.hydride.may.not.be.reversible.

One.final.issue.with.nitrogen-containing.material.systems.is.the.propensity.to.
generate.ammonia,.NH3,.during.hydrogen.release..In.the.measurements.described.
above,. Pinkerton. et. al.88. found. about. 2. to. 3. mol%. ammonia. in. the. released. gas..
Measurements.on.the.LiNH2–MgH2.system.showed.a.concentration.of.about.300.to.
400.ppm.in.the.desorbed.hydrogen.stream.at.~200°C.89.This. impacts.storage.per-
formance.in.two.ways..First,.NH3.can.be.a.strong.poisoning.agent.to.fuel.cell.mem-
branes..Current.fuel.purity.specifications.for.fuel.cells.require.NH3.concentrations.
below.100.ppb.in.the.hydrogen.supply,.a.very.stringent.condition.for.amides.or.other.
nitrogen-based.material.systems..The.examples.cited.above.are.orders.of.magnitude.
above.the.current.limit..Second,.the.formation.of.NH3.results.in.a.loss.of.material.
available.for.recharging..Although.this.might.be.a.small.effect.over.a.single.charge–
discharge.cycle,.the.cumulative.effect.over.the.life.of.a.storage.system.might.be.large.
if.ammonia.or.other.by-products.are.produced.during.hydrogen.release.

�.� oTher maTerIals

The.discussion.above.was.limited.to.alanates,.borohydrides,.amides,.and.combina-
tions.of. these.materials..Other. hydrides.or. alternative. approaches.have. also.been.
proposed.for.storage.applications..Zaluska.et.al.90.studied.lightweight.lithium–beryl-
lium.hydride.and.showed.a.reversible.hydrogen.capacity.of.over.8.wt%..They.also.
showed.that.the.hydride.may.be.usable.down.to.~150°C..Although.these.results.are.
rather.promising,.it.is.unlikely.that.any.beryllium-containing.compound.would.be.
considered.for.vehicular.use.because.of.the.toxicity.of.this.element,.even.though.the.
hydride.may.be.quite.stable.

Rather.than.modifying.the.chemical.composition.of.the.material,.an.alternative.
approach.to.reducing.the.hydride.formation.enthalpy.was.recently.reported.by.Wage-
mans.et.al.91.Their.quantum.chemical.calculations.showed.that.the.stability.of.mag-
nesium.hydride,.MgH2,.was. reduced. for. sufficiently. small. (less. than.~1.3.nm).Mg.
clusters..Mg.hydride.is.normally.quite.stable,.with.an.equilibrium.pressure.of.0.1.MPa.
at.around.300°C..At.the.nanoscale,.however,.the.calculations.indicated.that.the.hydride.
decomposition.temperature.could.be.lowered.significantly,.for.example,.down.to.about.
200°C.for.a.crystallite.size.of.0.9.nm..Of.course,.at.this.size.range,.kinetics.would.not.
be.expected.to.be.an.issue;.however,.preventing.the.growth.of.such.small.particles.
would.be.the.biggest.obstacle.toward.this.nanoscale.approach..Perhaps.embedding.the.
Mg.clusters.into.a.scaffold.material.(e.g.,.a.carbon.aerogel),.as.proposed.for.improving.
the.kinetics.for.destabilized.hydrides,.may.be.a.potential.solution.
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We.have.seen.that.material.development.efforts.for.hydrogen.storage.are.largely.
focused. on. reducing. the. enthalpy. of. formation,. ∆Hf,. of. stable. hydrides.. From. an.
engineering.point.of.view,.that.is,.managing.the.thermal.requirements.of.the.mate-
rial.in.a.storage.system,.the.lower.the.enthalpy.change,.the.better..But.from.a.mate-
rial.point.of.view,.the.material.becomes.progressively.less.stable.as.the.formation.
enthalpy. approaches. zero. and. the. equilibrium. hydrogen. overpressure. increases.
exponentially..The.reverse.reaction.may.then.be.difficult,.requiring.high.pressure,.
or.the.hydride.may.be.considered.nonreversible..As.an.example,.alane,.AlH3,.with.a.
hydrogen.capacity.of.10.wt%,.a.formation.enthalpy.of.~7.to.11.kJ/mol.(depending.on.
the.phase),.reasonable.release.kinetics,.and.high.volume.density,56.has.many.of.the.
ideal.properties.needed.in.a.storage.material..But.the.hydride.is.sufficiently.unstable.
that.it.can.decompose.at.moderate.temperatures..(Also,.extremely.high.pressures.or.
a.chemical.process.is.required.to.rehydride.the.Al.).Similarly,.some.of.the.alanates.
shown.in.figure.9.2,.such.as.LiAlH4,.Mg(AlH4)2,.or.Ca(AlH4)2,.have.been.found.to.
be.metastable.at.moderate.temperatures..Recently,.Graetz.and.Reilly92.have.made.a.
unique.suggestion.regarding.the.use.of.these.materials..They.have.considered.such.
metastable.materials.to.be.kinetically.stabilized;.that.is,.although.they.can.decom-
pose.at.moderate. temperatures,. they.may.be.usable.as.potential. storage.materials.
because.the.reaction.rates.of.decomposition.may.be.sufficiently.slow.at.the.ambient.
temperatures.likely.to.be.encountered.in.storage.systems.

�.� summary

It.is.readily.apparent.that.research.and.development.activities.in.the.field.of.revers-
ible.hydrides.have.greatly. increased.over. the. last. few.years.due,. in. large.part,. to.
the.increased.level.of.government.funding.in.the.U.S.,.Europe,.and.Asia.for.hydro-
gen. storage.materials.. Industrial.R&D.has. significantly. increased.as.well..Corre-
spondingly,. much. progress. has. been. achieved,. particularly. toward. understanding.
the.complexity.and.diversity.of.complex.hydrides.and.their.behavior..Many.unique.
and.innovative.concepts.have.been.explored..In.contrast.to.earlier.years,.little.or.no.
studies.have.been.tailored.toward.intermetallic.and.covalent.hydrides,.except.for.the.
continuing.efforts.at.improving.materials.for.NiMH.batteries.
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�0.� InTroduCTIon

10.1.1 Fuel Cell baCkGrOund

In.principle,.fuel.cells.can.be.considered.as.batteries.that.convert.chemical.energy.to.
electricity.without.combustion,.but.instead.through.electrochemical.reactions..The.
difference.between. fuel. cells. and.conventional.batteries. is. that. fuel. cells. can. run.
continuously.as.long.as.fuels.are.available.for.electrochemical.reactions,.whereas.a.
battery.needs.to.be.recharged.periodically..The.concept.of.fuel.cells.was.conceived.
by.Sir.William.Robert.Grove,.known.as.the.father.of.the.fuel.cell,.who.developed.a.
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“gas.voltaic.battery”.in.1839,.later.named.the.Grove.cell.1.Accelerated.research.and.
engineering.for.fuel.cell.development.started.in.the.1960s.due.to.the.unique.needs.
for.the.long-endurance.manned.space.exploration.missions..For.space.applications,.
in.addition.to.less.toxicity,.fuel.cells.have.the.advantage.over.traditional.batteries,.as.
they.offer.significantly.higher.energy.density.(energy.per.equivalent.unit.of.weight).
than.conventional.and.advanced.batteries.

Fuel. cells. are. classified. primarily. according. to. the. nature. of. the. electrolyte. 
Moreover,. the.nature.of. the. electrolyte.governs. the. choices.of. the. electrodes. and.
the.operation.temperatures..Shown.in.table.10.1.are.the.fuel.cell.technologies.cur-
rently.under.development.2–4.Technologies.attracting.attention.toward.development.
and.commercialization.include.direct.methanol.(DMFC),.polymer.electrolyte.mem-
brane.(PEMFC),.solid-acid.(SAFC),.phosphoric.acid.(PAFC),.alkaline.(AFC),.mol-
ten.carbonate.(MCFC),.and.solid-oxide.(SOFC).fuel.cells..This.chapter.is.aimed.at.
the.solid-oxide.fuel.cells.(SOFCs).and.related.electrolytes.used.for.the.fabrication.
of.cells.

10.1.2 the eleCtrOlyte FOr SOFCS

As. discussed. in. table.10.1,. the. mobile. species. within. a. fuel. cell. are. ions,. which.
necessitate.the.electrolyte.being.an.ionic.conductor.and.electronic.insulator..If.the.
oxygen.ions.are.the.only.charge.carriers,.the.electron.motive.force.(EMF).of.the.cell.
is.determined.from.the.chemical.potential.of.oxygen.(i.e.,.oxygen.activity),.which.is.
expressed.by.the.Nernst.equation.as

	

EMF
RT

4F
ln(

(pO )

(pO )
)2 a

2 b

= Γ

. (10.1)

Table �0.�
Classification of fuel Cells�,��

afC dmfC mCfC PafC PemfC sofC
Electrolyte Potassium.

hydroxide
Polymer.

member
Molten.

carbonates
Phosphoric.
acid

Ion.
exchange.
membrane

Ceramic

Operating.
temperature

60–90ºC. 60–130ºC. 650ºC 200ºC 80ºC <1,000ºC

Charge.carrier OH– H+ CO32– H+ H+ O2-
Electrodes Metal/carbon Pt.on.carbon Ni.+.Cr Pt.on.

carbon
Pt.on.

carbon
LSM/Ni-YSZ

asr of the electrolyte
Efficiency 45–60% 40% 45–60% 35–40% 40–60% 50–65%
Typical.
electrical.
power

Up.to.20.
kW

<10.kW >1.MW >50.kW Up.to.250.
kW

W-MW

Possible.
applications

Submarines,.
spacecraft

Portable.
applications

Power.
stations

Power.
stations

Vehicles,.
small.and.
stationary

Power.
stations
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where.Γ.is.the.ionic.transference.number.(ionic.conductivity/total.conductivity),.T.is.
the.cell.operation.temperature,.F.is.the.Faraday.constant,.(pO2)a.is.the.oxygen.partial.
pressure. (fugacity/activity).at. the.cathode.side,.and. (pO2)b. is. similarly. the.oxygen.
partial.pressure.(fugacity/activity).at.the.anode.side..In.the.case.of.an.open.circuit.
(without.external.current.flow),.the.EMF.of.the.cell.corresponds.to.the.open-circuit.
voltage. (OCV)..The. importance.of. the.electrolyte. to.SOFCs.was. realized. several.
decades.ago.and.has.been.extensively.studied.and.reviewed.5–11

�0.�.�.� requirements

Long-term. successful. operation. of. the. SOFCs. requires. that. the. electrolyte. pos-
sess.adequate.chemical.and.structural.stability.over.a.wide.range.of.oxygen.par-
tial.pressures,. from.air.or.oxygen. to.humidified.hydrogen.or.hydrocarbons..The.
requirements.for.the.electrolyte.used.in.the.intermediate-temperature.SOFCs.(IT.
SOFCs).include:

. 1..Conductivity: The.materials.must.have.an.ionic.transference.number.close.
to.unity;. i.e.,. the.electronic.conductivity. in. the.electrolyte.must.be. suffi-
ciently.low.in.order.to.minimize.internal.shorting.and.provide.high.energy.
conversion. efficiency..The. electrolyte.materials. should. also.possess.high.
oxygen.ion.conductivity.to.minimize.the.ohmic.losses.in.the.cell.

. 2..Density: In.order.to.minimize.molecular.transport.of.gases.across.the.elec-
trolyte. membrane. and. prevent. combustion. (to. produce. maximum. power.
density),. the.electrolyte.must. remain.gas. tight.during. the. life.of. the.cell..
This.indicates.that.when.we.consider.the.SOFC.electrolyte,.the.main.chal-
lenge.has. to.be. related. to. the.processing.of.dense,. thin.electrolyte. layers.
using.either.the.anode.or.cathode.as.the.supporting.structure.

. 3..Stability: The.operation.of.SOFCs.requires.the.cathode.and.the.anode.to.
be.porous.for.gas.transport;.therefore,.the.electrolyte.is.exposed.to.both.
the.air.and.the.fuel.at.elevated.temperature..The.electrolyte.must.remain.
chemically.phase.stable. in. these.environments,.along.with. thermal.and.
mechanical. stability.during. thermal. cycling..This. requires.matching.of.
the.thermal.expansion.coefficients.of.adjoining.layers..Chemical.interac-
tions. and. formation. of. interfacial. compounds. between. adjoining. com-
ponents. must. also. be. minimized. or. prevented. to. mitigate. increase. in.
cell.resistance.and.polarization.losses..It.should.be.kept.in.mind.that.the.
SOFCs,.currently.designed.for.stationary.applications,.have.a.target.life.
of.40,000.h,.and.hence.the.long-term.chemical.and.structural.stability.of.
the.electrolyte.plays.a.crucial.role.

�0.�.�.� materials

The.most.commonly.used.electrolyte.materials.currently.under.development.and.deploy-
ment.in.SOFCs.are.the.oxides.with.low-valence.element.substitutions,.sometimes.named.
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acceptor. dopant,.which. create. oxygen.vacancies. through. charge. compensation.. It. is.
straightforward.to.design.the.oxygen.ion.conductors.by.increasing.the.oxygen.vacancy.
concentration..This,.however,.may.not.be.valid.in.many.cases,.as.other.factors,.such.as.
vacancy.ordering,.charge.mobility,.and.compatibility.with.other.cell.components,.must.
also.be.taken.into.consideration..As.a.result,.the.most.commonly.utilized.electrolyte.
materials.that.can.satisfy.these.requirements.are.Y-stabilized.ZrO2.(YSZ),.with.accep-
tor-substituted. CeO2. and. (La,Sr)(Mg,Ga)O3.. Other. interesting. electrolyte. materials.
include. pseudo-perovskite. structures,. Bi4V2O11. (MIMEVOX)13–16. and. La2Mo2O9

17–19;.
pyrochlore.structures,20–28.(Gd,Ca)2Ti2O7-_;.and.apatites,.La10–xSr6O26.29,30

�0.� fluorITes: zro�, Ceo�, and bI�o�

The. fluorite. class. of. oxides. is. most. studied. as. solid-oxide. electrolyte. materials.
because.of. their. chemical. and. structural. stability..The.fluorite. lattice. structure. is.
basically. face. center. cubic. (FCC;. space. group,. Fm3m). with. a. general. formula. of.
MO2.,.in.which.M.typically.is.Zr.or.Ce,.as.in.ZrO2.or.CeO2..There.are.four.MO2.for-
mulas.in.a.unit.cell,.in.which.cations.are.in.cubic.closest.packing.with.oxygen.ions.
in.all.tetrahedral.holes..The.CeO2.lattice.is.known.to.possess.a.large.open-volume.
fraction.(>35%).and,.as.a.result,.is.capable.of.tolerating.oxygen.nonstoichiometry.and.
forming.solid.solution.with.various.low-valence.elements..This.gives.the.materials.
scientist.an.opportunity.to.alter.the.properties.of.a.given.base.oxide.by.substituting.
different.cations.or.varying.oxygen.content.

10.2.1 ZrO2-baSed materialS

Doped. ZrO2. has. been. extensively. investigated. as. an. oxygen. ion. conductor. since.
Nernst.invented.a.lamp.with.stabilized.ZrO2..Yttrium-stabilized.zirconia.(YSZ).is.
still.the.most.interesting.and.practical.material.used.as.the.electrolyte.in.SOFC..The.
only.drawback.of.stabilized.ZrO2.is.the.low.ionic.conductivity.in.the.IT.regime..Two.
solutions.that.have.been.tried.to.resolve.this.problem.are.(1).to.decrease.the.thick-
ness.of.the.YSZ.electrolyte.layer.and.(2).to.find.other.acceptors.to.replace.Y..The.
first.solution.seems.to.be.valid.only.when.the.cell.operating.temperature.is.higher.
than.600°C,.at.which.the.maximum.electrolyte.thickness.is.about.5.µm,.assuming.
the.electrolyte.area-specific.resistance.(ASR).~.0.1.Ω.cm2..Oxygen.ion.conductivity.
in.doped.ZrO2. is. found. to.be.dependent.on. the.atomic.number,. ionic. radius,. and.
concentration.of.the.dopants..Additionally,.the.microstructural.features,.such.as.dop-
ant.segregation,.impurities,.and.oxygen.ion.ordering,.also.play.an.important.role.in.
controlling.the.overall.ionic.conductivity..The.maximum.ionic.conductivity.in.doped.
ZrO2. is.obtained.when. the. concentration.of. acceptor-type.dopants. is. close. to. the.
minimum.necessary. to.completely.stabilize. the.cubic.fluorite-type.phase..Further.
additions.decrease.the.ionic.conductivity.due.to.increasing.association.of.the.oxygen.
vacancies.and.dopant.cations.into.complex.defects.of.low.mobility..It.is.commonly.
accepted. that. this. tendency. increases.with. increasing.difference.between. the.host.
and.dopant.cation.radii..The.ionic.radius.for.Zr4+.is.0.84.Å.when.the.coordination.
number.is.8;.it.is.0.87.Å.for.Sc3+.and.1.109.for.Y3+.11,31.Sc-doped.zirconia,.therefore,.
is.a.promising.candidate.because.it.has.a.conductivity.similar.to.that.of.doped.CeO2,.
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provided.the.dopant.remains.cost-effective..The.current.higher.cost.and.known.aging.
phenomena.of.Sc-doped.ZrO2.make.it.less.attractive.in.commercializing.SOFC..Fig-
ure.10.1.illustrates.the.ionic.conductivity.and.diffusion.enthalpies.as.a.function.of.
ionic.radius.of.dopant.cations.to.ZrO2.31

10.2.2 CeO2-baSed materialS

Doped. CeO2. materials. are. considered. intermediate-temperature. (500. to. 700°C).
solid.electrolytes.for.SOFCs.32–35.This.is.due.to.their.higher.oxygen.ion.conductiv-
ity.(Ce0.9Gd0.1O.1.95:.0.025.Ω–1·cm–1.at.600°C).compared.to.zirconia-based.electrolyte.
materials.(<0.005.Ω–1·cm–1)..The.principal.problem.with.CeO2.is.its.structural.insta-
bility.under.reducing.exposure.conditions..Reduction.of.ceria.also.results.in.signifi-
cant.increase.in.electronic.conductivity.and.dimensional.change.due.to.the.formation.
of.oxygen.vacancies.and.the.associated.reduction.of.Ce4+.to.Ce3+..Operation.of.cells.
containing.ceria.electrolyte.at.intermediate.temperatures.eliminates.these.disadvan-
tages..The.highest.oxygen.ion.conductivity.has.been.observed.in.Gd-.or.Sm-doped.
CeO2..The.ionic.radii.are.1.053,.1.079,.and.0.97.Å.for.Gd3+,.Sm3+,.and.Ce4+,.respec-
tively,.when.the.coordination.number.is.8.36

A.doped.CeO2.electrolyte.containing.SOFCs.has.been.considered.very.attrac-
tive. for. low-temperature.operation. (<600°C).because.of.higher. ionic.conductivity.
(than.YSZ).and.reduced.electrical.losses.in.the.electrolyte..In.general,.for.SOFCs.
operating.at.about.0.7.V.and.at.current.densities.in.the.range.of.0.5.to.2.amps/cm2,.
the.aim.is.to.achieve.a.cell.electrolyte.ASR.of.<.0.2.Ω.cm2..Figure.10.2.illustrates.
the.ASR.of.the.electrolyte.as.a.function.of.electrolyte.thickness.at.500.and.600°C..
In.the.IT.regime,.the.electrode.overpotential,.particularly.cathode.overpotential,.is.
of.the.order.of.the.ASR.of.the.electrolyte..Therefore,.a.maximum.allowed.electrolyte.
thickness.is.directly.determined.by.the.cell.design.

fIgure �0.�  Ionic conductivity and diffusion enthalpies as a function of ionic radius of 
dopant cations to ZrO2.31
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10.2.3 bi2O3-baSed materialS

Stabilized.Bi2O3.has.a.fluorite.structure.with.a.highly.deficient.oxygen.sublattice.that.
attributes.to.its.higher.ionic.conductivity.compared.to.ZrO2-.or.CeO2-based.materi-
als.9,37–42. On. the. other. hand,. the. highly. defective. structure. results. in. several. dis-
advantages.of.Bi2O3-based.electrolytes,.particularly.the.thermodynamic.instability,.
which.significantly.limits.its.application.in.fuel.cells..Bi2O3-based.materials.exhibit.
a.complex.array.of.structures.and.properties,.depending.upon.the.dopant.concentra-
tions,.temperature,.and.exposure.atmosphere..Degradation.of.conductivity.at.500°C.
as.a.function.of.time.was.observed.by.Jiang.and.Wachsman,43.who.employed.several.
25.mol%.lanthanide-doped.Bi2O3.(figure.10.3)..The.level.of.dopant.concentrations.
was.chosen,.as.it.corresponds.to.a.one-to-one.array.between.the.number.of.dopant.
cations.and.oxide.vacancies..The.degradation. rate. is. apparently.a. function.of. the.
ionic.radius.of.the.dopant.cation..The.larger.the.dopant.cations.are,.the.slower.the.
conductivity.degradation.is..Hence,.doping.with.Yb.(0.985.Å).results.in.the.fastest.
degradation,.whereas.Dy.(1.027.Å).dopants.yield.the.slowest.conductivity.decay.43.
All.of.these.dopants.are.smaller.than.Bi3+.(1.17.Å).36

There.exists.an.ordering/disordering.of.oxygen.vacancies.in.Bi2O3-based.oxides,.
which.plays.a.substantially.important.role.in.the.ionic.conductivity..The.order–disor-
der.transition.takes.place.at.~600°C.in.the.doped.Bi2O3.38,44.The.sublattice.for.oxygen.
(and.oxygen.vacancies). is.ordered.when. the.annealing. temperature. is. less. than. the.
transition. temperature..As.a. result,.oxygen. ion.conductivity.undergoes.degradation.
with. time,. as. shown. in.figure.10.3..Transmission.electron.microscopy.and.neutron.
diffraction45.results.indicated.that.the.vacancy.ordering.takes.place.along.<111>,.as.
shown.in.figure.10.4,..which.is.similar.to.the.YSZ.system.44,46.It.is.therefore.postulated.
that.the.ordering.of.oxygen.vacancies.in.<111>.may.also.be.common.in.fluorite.oxides.
at.high.vacancy.concentrations.

fIgure �0.�  Area-specific resistance vs. electrolyte thickness for YSZ, CGO, and LSMG 
at 500 and 600°C.
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fIgure �0.�  Conductivity as a function of time for doped Bi2O3, measured at 500°C.

fIgure �0.�  Model of ordered structure showing both occupancy ordering (filled vs. 
vacant) and positional ordering.38
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The.stability.of.Bi2O3.was.reported.to.improve.by.forming.solid.solution.with.
vanadium,. which. can. be. partially. substituted. with. Co,. Ni,. or. Cu.. A. so-called.
BIMEVOX.(bismuth.metal–ion.vanadium.oxide).consists.of.oxygen.vacancies.in.a.
perovskite-like.V-O.layer,.which.possesses.extremely.high.oxygen.ion.conductivity..
For.instance,.ionic.conductivity.reaches.~3.×.10–3.S/cm.at.300°C,.which.is.nearly.two.
orders.higher.than.any.other.oxygen.ion.conductors..The.high.reactivity.and.instabil-
ity,.however,.hinder.its.further.application.in.fuel.cells.as.an.electrolyte.

�0.� PerovskITes

10.3.1 laGaO3

The.perovskite. structure. is. basically. cubic.with. the.general. formula.of.ABO3,. in.
which.A,.the.large.cation.site,.is.an.alkali,.alkaline.earth,.or.rare.earth.ion,.and.B,.
the.small.cation.site,. is.a. transition.metal.cation..The. large.cations.are. in.12-fold.
coordination.with.oxygen,.while.the.small.cations.fit.into.octahedral.positions..The.
occupancy.of.these.sites.by.different.cations.is.determined.primarily.by.ionic.radius.
rather.than.the.valence..This.opens.the.door.for.the.materials.scientists.to.substitute.
selectively.for.either.the.A.or.B.ion.by.introducing.isovalent.or.aliovalent.cations..
An. oxygen. ion. conductor. can. be. tailored.because. of. the. geometrical. and. chemi-
cal. flexibility. of. the. perovskite. structure.. This. is. borne. out. by. (La,Sr)(Mg,Ga)O3.
(LSMG),47–51.which.has.attracted.great.attention.since.its.discovery.52.There.exist,.
however,.two.drawbacks.for.LSMG.electrolytes:.(1).the.uncertainty.in.the.cost.of.Ga.
sources.and.(2).the.chemical.and.mechanical.stability.of.LSMG..It.is.apparent.that.
ordering. occurs. (sometimes. at. specific. temperatures). that. significantly. decreases.
the.oxygen.ionic.conductivity.because.of.lower.defect.mobility.and.reduced.effec-
tive.vacancy.concentration..Stevenson.et.al..studied.the.role.of.microstructure.and.
nonstoichiometry.on.ionic.conductivity.of.LSMG.53–55.The.electrical.conductivity.of.
sintered.LSGM.tends.to.decrease.with.increasing.A/B.cation.nonstoichiometry..The.
flexural.strength.of.LSGM.with.an.A/B.cation.ratio.of.1.00.was.also.measured.and.
found.to.be.closer.to.150.MPa.at.room.temperature,.and.the.strength.decreased.to.
100.MPa.at.higher.temperatures.(600.to.1,000°C)..The.fracture.toughness,.as.mea-
sured.by.notched.beam.analysis,.was.closer.to.2.0.to.2.2.MPa.at.room.temperature,.
with.similar.reduction.to.1.0.MPa.at.1,000°C.

10.3.2 Other phaSeS

There.are.many.other.solid-state.oxide.ion.conductors,.primarily.derived.from.either.
fluorite.or.perovskite.structures..The.perovskite-related.oxide.ion.conductors.include.
(1). Ln(Al,In,Sc,Y)O3-based. materials,. (2). the. doped. and. undoped. brownmillerite.
Ba2In2O5,.and.(3).La2Mo2O9..The.transference.number.of.doped.La2Mo2O9.can.be.
higher. than. 0.99. in. an. oxidant. environment.. The. drawbacks. of. La2Mo2O9-based.
materials.are.instability.in.reducing.conditions,.a.relatively.large.thermal.expansion.
coefficient.(>16.ppm/K.for.La1.7Bi0.3Mo2O9),.and.the.order.of. the.anion.sublattice..
Doped.LaAlO3.has.reasonable.ionic.conductivity.(~0.006.S/cm.at.800°C).and.excel-
lent.thermal.expansion.coefficient.(TEC).match.with.other.components.(~11.ppm/
K);.however,.it.is.rather.challenging.to.sinter.LaAlO3-based.oxides.and.to.prevent.the.
formation.of.highly.insulating.grain.boundary.phases.(Al2O3).
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�0.� dIsCussIon

10.4.1 SOlid SOlutiOn OF ZrO2-CeO2

Bi-layers.of.Y-stabilized.ZrO2.and.doped.CeO2.have.been.used.to.further.improve.
either.the.electrolyte.stability.or.the.electrode.performance..For.example,.a.thin.layer.
of.YSZ.(<0.5.µm).has.been.used.between.the.doped.CeO2.electrolyte.and.the.anode.
to.prevent.the.reduction.of.doped.CeO2.56.A.thin.CeO2.layer.placed.between.the.YSZ.
electrolyte.and.the.cathode.prevents.interaction.between.them.57.Also,.mixtures.of.
the.above.two.phases.have.been.used.as.electrolyte.layers..The.objective.for.build-
ing.these.structures.has.been.to.utilize.the.best.properties.for.each.component..As.
has. been. reported. in. the. literature,. however,. considerable. interdiffusion. between.
ZrO2-. and. CeO2-based. materials. occurs. at. elevated. temperatures. (>1,400°C).58–61.
Solid.solutions.between.ZrO2.and.CeO2.are.formed.during.high-temperature.sinter-
ing,.which.can.result.in.several.problems..For.example,.the.dimensional.stability.and.
the.electrical.conductivity.may.be.altered,.which.can.affect. the.successful.opera-
tion.of.SOFCs..It.has.been.shown.that.the.overall.electrical.conductivity.exhibited.a.
minimum.when.the.fraction.of.Gd-doped.CeO2.(CGO).was.about.50%.in.the.system.
of.CGOxYSZ1–x.60

�0.�.�.� reaction between Cgo film and ysz��

CGO.film.has.been.used.as.the.protective.layer.to.reduce.the.reaction.between.YSZ.
and.the.La-.and.Sr-containing.cathodes,.which.can.form.La2Zr2O7.and.SrZrO3..These.
compounds.exhibit.a.much.higher.resistance.than.YSZ..Figure.10.5.illustrates.a.plot.
of.d.spacing.of.the.YSZ.phase.and.CGO.phase.as.a.function.of.annealing.tempera-
ture..Over.the.composition.ranges.used.in.this.study,.all.of.the.sintered.compositions.
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fIgure �0.�  A plot of d spacing for CGO films on YSZ substrates as a function of anneal-
ing temperature. The inset illustrates the XRD of CGO and YSZ powders annealed at various 
temperatures.62
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were.single.phase.with.a.fluorite.structure..The.lattice.parameter.followed.Vegard’s.
rule.for.solid.solution.58,62.The.lattice.parameter.for.YSZ.was.nearly.constant.when.
the.annealing.temperature.(Ta).was.less.than.1,300°C,.whereas.peaks.for.the.CGO.
phase.started.to.shift.to.higher.angles.when.Ta.>.1,000°C..This.indicates.a.decreas-
ing.lattice.parameter.for.CGO,.as.shown.in.figure.10.5..Diffusion.of.Y.and.Zr.into.
the.CGO.lattice.was.attributed.to.a.decreasing.lattice.parameter.for.CGO.because.
Zr4+.is.smaller.than.Ce4+..Since.the.YSZ.substrates.in.this.study.were.dense.tapes.
with.an.average.grain.size.of.~5.µm,.it.can.be.concluded.that.CGO.thin.films.pos-
sessed.a.higher.reactivity.than.YSZ.substrates.at.Ta.<.1,300°C,.which.allowed.Y.and.
Zr.to.diffuse.into.the.thin.film.

�0.�.�.� reaction between Cgo and ysz Powders

The.mixing.of.CGO.and.YSZ.powders.with.a.similar.average.particle.size.enabled.
the.study.of.interdiffusion.by.simply.annealing.the.mixture.at.an.elevated.tempera-
ture,.then.studying.powder.diffraction.results..Figure.10.5.illustrates.X-ray.diffrac-
tion.(XRD).patterns.for.a.mixture.of.CGO.and.YSZ.powders.annealed.from.1,200.to.
1,500°C..The.(111).peak.for.YSZ.continuously.shifted.to.a.lower.angle.as.the.anneal-
ing. temperature. increased,.whereas. the. (111).peak. for.CGO.was.nearly. constant..
Therefore,.one.can.conclude.that.CGO.diffuses.into.YSZ.in.powder.mixtures.at.high.
temperatures,.which.is.contrary.to.what.occurred.for.the.system.of.CGO.films.on.a.
YSZ.substrate..Hence,.an.increase.of.lattice.parameter.for.the.composition.of.YSZ.
can.be.attributed.to.the.diffusion.of.Ce.and.Gd..On.the.other.hand,.if.Ce.and.Gd.did.
diffuse.into.YSZ,.the.size.of.the.CGO.particles.would.become.smaller.during.this.
reaction.process,.which.was.confirmed.by.a.line.broadening.of.the.(111).diffraction.
peak.of.CGO.

�0.�.�.� electrical Conductivity

Solid.solutions.of.CGO-YSZ.exhibited.lower.conductivity.than.that.of.either.CGO.
or.YSZ..The.activation.energy.(Ea).and.preexponential.factor.(σ0).can.be.obtained.
by.plotting. ln(σT).versus.1/T.for.CGOxYSZ1–x.at.high.oxygen.activity;. the.preex-
ponential. factor,. σ_,. appears. to. be. independent. of. the. CGO. ratio.. Therefore,. the.
observed. decrease. in. conductivity,. in. particular. at. the. intermediate-temperature.
regime.(~600°C),.might.be.related.to.an.increase.in.Ea,.which.indicates.a.decrease.in.
the.mobility.of.the.oxide.ion..Theoretical.calculations.by.Butler.et.al.63.showed.that.
the.Ea.was.dependent.on.the.elastic.strain.energy.on.the.association.enthalpy.for.the.
defect.pair,.which.in.turn.was.the.effect.of.the.ionic.radius.of.the.dopant.11,64.Hence,.
changes.of.Ea.in.the.system.of.CGOxYSZ1–x.may.be.due.to.contributions.by.the.ionic.
radius.difference.between.Ce4+.and.Zr4+.

Figure.10.6. shows. the. oxygen. activity. dependence. of. the. conductivity. of. the.
solid.solutions.containing.25,.50,.and.75.mol%.CGO..The.conductivity.values.were.
found.to.be.independent.of.the.processing.methods..The.oxygen.activity–dependent.
electronic.conductivity.behavior.for.the.solid.solution.CGOxYSZ1–x.is.somewhat.sur-
prising.in. that. this.system.can.still.be.considered.an.acceptor-.(Y.and.Gd).doped.
conductor..In.the.CeO2.system,.the.electronic.conduction.is.well.known.to.be.due.to.
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the.redox.reaction.between.Ce4+.and.Ce3+.oxidation.states,.which.are.oxygen.pres-
sure.(activity).dependent..This.reaction.is.expressed.as

	
2Ce O 1 2 O V CeCe O 2 O Ce

'× × ∞∞+ → + + 2
			(Kröger–Vink.notation)65. (10.2)

The.reduction.energy.has.been.calculated.and.found.to.be.reduced.by.the.introduc-
tion.of.zirconia.because.of.the.formation.of.defect.clusters,.such.as Ce V CeZr

'

O Zr

'− −∞∞ .66.
This.type.of.defect.cluster.increases.the.electronic.conductivity.in.two.ways:.(1).the.
oxygen.ion.mobility.decreases.because.of.the.trapping.of.oxygen.vacancies,.and.(2).the.
electronic.conductivity.increases.since.the.carrier.concentration,.n.=.[Ce'Ce].increases.
due.to.the.decrease.in.the.reduction.energy.

10.4.2 SiZe eFFeCt On iOniC COnduCtiOn in ySZ

A.large.discrepancy.exists. in. the.electrical.conductivity.of.nanocrystalline-doped.
ZrO2.thin.films..On.one.hand,.enhanced.electrical.conductivity67–70.and.oxygen.dif-
fusivity71.are.reported.in.the.literature,.whereas.on.the.other.hand,.conductivity.in.
agreement.with.microcrystalline.specimens,72,73.or.even.a.decreasing.conductivity,.is.
reported.in.YSZ.thin.films.74

Kosacki. et. al.67–69,75. studied. the. electrical. conductivity.of.yttria-. and. scandia-
doped. zirconia. thin.films.deposited.onto. either. single-crystal. alumina.or.magne-
sia. substrates..Their. study. showed. that. the. electrical. conductivity.of.YSZ.can.be.
enhanced.significantly.at.thickness.<60.nm68.(figure.10.7)..The.highly.textured.YSZ.
films.were.deposited.by.pulsed.laser.ablation..After.annealing,.the.films.were.well.
crystallized..Epitaxial.growth.of.the.YSZ.films.on.the.MgO.substrates.was.obtained,.
which.was.not.the.case.for.Guo.et.al.’s.films.74.When.the.film.thickness.is.reduced.
from.2,000.nm.to.60.nm,.and.both.the.current.path.length.and.film.width.are.kept.
the. same,. the. resistance. of. the. films. is. inversely. proportional. to. film. thickness..
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fIgure �0.�  A plot of log(σ) vs. log(pO2) for CGOxYSZ1–x (x = 1, 0.75, 0.5, and 0.25) solid 
solution measured at 800°C.62
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This.scale.effect.indicates.that.the.electrical.conductivity.is.nearly.constant.for.the.
films.varying.in.thickness.from.60.to.2,000.nm..The.measured.resistance,.however,.
decreased.when.the.film.thickness.further.reduced..Both.DC.and.AC.conductivity.
measurements.indicated.that.there.was.an.enhanced.conductivity.for.film.thickness.
of.<60.nm..They.further.proposed.three.orders.of.magnitude.larger.conductivity.in.
1.6-nm-thick.films.than.lattice.conductivity..Since.the.grain.size.was.not.provided,68.
it.is.unknown.whether.only.the.grain.size.plays.a.role.when.a.film’s.thickness.is.less.
than.60.nm..Guo.et.al.74.deposited.YSZ.thin.films.by.pulsed.laser.deposition.on.MgO.
substrates.with.thicknesses.of.12.and.25.nm..The.electrical.conductivity.was.mea-
sured.in.both.dry.and.humid.O2..The.electrical.conductivity.in.thin.films,.however,.
was.found.to.be.four.times.lower.than.ionic.conductivity.in.microcrystalline.speci-
mens,.as.shown.in.figure.10.8..Furthermore,.they.found.that.there.is.not.any.remark-
able.proton.conduction.in.the.nanostructured.films.when.annealed.in.water.vapor.

10.4.3  Grain SiZe and Grain bOundary thiCkneSS

Mondal.and.Hahn72.used.XRD.to.determine.grain.size..XRD.line.broadening.pro-
vides.a.characteristic.size.of.a.material,.as.x-ray.coherence.length.can.be.considered.
the.size.for.a.single.crystal.in.a.specimen..In.addition.to.obtaining.the.accurate.XRD.
line-broadening.analysis,.it.is.also.considered.that.the.x-ray.coherence.length.may.be.
different.from.the.grain.size..Unfortunately,.electron.microscopy.was.not.employed.
to.examine.the.microstructure..Moreover,.the.DC.conductivity.measurements.were.
not.provided.to.compare.with.AC.impedance.results..It.is.therefore.difficult.to.com-

fIgure �0.�  Electronic conductivity as a function of temperature for nanocrystalline YSZ 
films.68
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pare.their.results.with.conductivities.in.thin.films..The.activation.energies.for.bulk.
transport.in.Y0.06Zr0.94O1.97,.however,.are.~0.1.to.0.2.eV.smaller.than.those.from.the.
literature,.indicating.a.possible.enhanced.conductivity.in.nanocrystalline.materials.

Guo.et.al.74.proposed.that.there.exists.a.“de-doping”.effect.in.nanometer-thick.
YSZ.films,.which.results.in.a.lower.bulk.conductivity.in.nanocrystalline.YSZ.(grain.
size.~.80.nm,. thickness.=.12.and.25.nm). than. in. the.microcrystalline. specimen..
They.predicted. that. the.conductivity.of.nanostructured.YSZ.(e.g.,.≤5.nm).will.be.
even.smaller,.analyzing.from.a.space.charge.model..Because.XRD.results.were.not.
provided,.neither.the.crystallinity.nor.the.existence.of.the.second.phase.is.known.in.
YSZ.films.grown.by.Pulsed.Laser.Deposition.(PLD)..However,.electrical.measure-
ments.were.carefully.carried.out.in.both.dry.and.wet.O2,.and.the.overall.conductivity.
in.their.YSZ.films.is.lower.than.that.of.bulk.YSZ.(grain.size.>.15.µm).by.a.factor.of.
4.(figure.10.8).

10.4.4 Stability OF CeO2 FOr lOw-temperature OperatiOn

It. is.known.that.Gd-doped.CeO2.can.be.reduced.at.very. low.oxygen.partial.pres-
sures..Table.10.2.is.a.list.of.P�O2.(atm).for.various.dopant.levels,.y,.in.Ce1–yGdyO1–y/2.
at.different.temperatures.76.P�O2.represents.the.the.oxygen.partial.pressure.at.which.
the.ionic.transference.number.of.the.solid.solution.becomes.0.5..Because.the.elec-
trons.have.a.much.higher.mobility.(~3.orders.higher). than.oxygen.ions,.a. transfer.
number.of.0.5.only.indicates.that.the.electron.concentration.(Ce3+).is.about.0.1%.of.
the.oxygen.vacancy.concentration..However,.further.reduction.will.result.in.lattice.
expansion.due.to.the.formation.of.a.large.number.of.Ce3+,.as.shown.by.Yasuda.and.
Hishinuma77.(figure.10.9).

fIgure �0.�  Conductivity as a function of 1/T for nanocrystalline YSZ film.74
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10.4.5 Grain bOundary eFFeCtS

Lower-temperature.operation.does.pose.a.problem.due.to.the.higher.activation.energy.
of.the.grain.boundary.resistivity,.ρgb..A.high.ρgb.can.be.due.to.many.factors,.includ-

ing.(1).amorphous.phases,.(2).dopant.segregation,.(3).an.altered.local.defect.chem-
istry.due.to.space.charge.effects,.and.(4).intergranular.porosity.(small.effect)..These.
effects.are.all.strongly.related.to.grain.size.and.the.associated.grain.boundary.area..
Among.these,.the.first.factor.is.typically.predominant,.as.impurities.such.as.silicon.
form.insulating.phases.that.tend.to.wet.the.grains,.and.hence.effectively.block.the.
ionic.current..An.example.is.that.the.lattice.conductivity.in.Ce0.90Gd0.10O1.95.(CGO10).
is.higher.than.that.in.Ce0.80Gd0.20O1.90.(CGO20);.however,.CGO20.often.has.higher.

Table �0.�
P*o� (atm) for various dopant levels, y, in Ce�–ygdyo�–y/� at different 
Temperatures

y Temperature.(°C)
700 750 800 850

0.1 1.3.×.10-17 2.53.×.10-16 2.43.×.10-15 3.56.×.10-14

0.2 1.24.×.10-19 3.92.×.10-18 9.2.×.10-17 1.73.×.10-15

0.3 3.16.×.10-19 5.6.×.10-18 8.5.×.10-17 9.0.×.10-16

0.4 9.3.×.10-19 8.8.×10-18 6.3.×.10-17 3.85.×.10-16

0.5 1.46.×.10-16 1.38.×.10-15 1.12.×.10-14 6.5.×.10-14

CG020 1000°C
CG020 900°C
CG020 800°C
CG020 700°C
CG020 600°C
CG010 1000°C
CG010 900°C
CG010 800°C
CG010 700°C
CG010 600°C

-25 -20 -15 -10 -5 0

log (Po2 /atm)
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fIgure �0.�  Relative expansion of GDC10 and GDC 20. (After Yasuda, I. and Hishinuma, 
M., Electrochem. Soc. Proc., 97, 178, 1997.)
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total.conductivity,.likely.due.to.the.greater.grain.boundary.conductivity.in.CGO20..
Moreover,.in.reducing.environments,.the.electronic.contribution.to.the.overall.con-
ductivity.in.CGO10.is.larger.than.that.in.CGO20,.indicating.that.the.cerium.ions.in.
CGO10.can.be.reduced.more.easily.than.in.CGO20.

The.grain.boundary.resistance,.shown.in.Figure.10.10,. is.a.plot.of.Rgb/Rt.as.a.
function. of. grain. size. for. Ce0.90Gd0.10O1.95. measured. between. 300. and. 500ºC.. A.
reduction.of.the.Rgb/Rt.ratio.is.observed.as.the.grain.size.increases..The.raw.materi-
als.used.for.conductivity.measurements.were.of.high.purity.(99.95%),.indicating.low.
levels.of.impurities.(particularly.Si)..Hence,.the.insulating.glassy.phase.is.consid-
ered.negligible.over. the.measuring. temperature. range..This.behavior. is.explained.
by.a.trapping.phenomenon,.which.has.been.observed.in.the.transport.of.oxide.ions.
in.oxide.conductors.33.This.phenomenon.has.been.modeled.for.several.oxygen.ion.
conductors. at. the. temperature.where. acceptor.dopant–oxygen.vacancy.complexes.
dissociate..It.is.worth.mentioning.that.the.trend.shown.in.Figure.10.10.is.contrary.
to.undoped.CeO2,78.in.which.the.grain.boundary.contribution.to.the.total.resistance.
increases.with.increasing.grain.size.

�0.� ConClusIons

In.SOFCs,.the.difference.in.chemical.potential.or.activity.of.oxygen.across.the.elec-
trolyte.surfaces.provides.the.electromotive.force,.and.thus.the.electrical.potential..
Extensive.research.over. the.past.decades.has.resulted. in. the.development.of.cost-
effective.processes.for.the.fabrication.of.thin.and.dense.electrolyte.layers..YSZ.has.
been.considered.one.of.the.best.choices.for.high-temperature.applications.(>650°C).
because.of.its.feasibility.of.fabrication.of.a.thin.membrane,.reasonable.ionic.conduc-
tivity,.large.ionic.domain,.and,.most.importantly,.chemical.and.mechanical.stability.
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fIgure �0.�0  A plot of Rgb/Rt as a function of grain size for doped CeO2.78

5024.indb   223 11/18/07   5:53:49 PM



���	 Materials	for	the	Hydrogen	Economy

in. an. oxidizing. and. reducing. environment.. Doped. CeO2,. on. the. other. hand,. is. a.
leading.candidate.for.the.fuel.cells.operating.at.temperatures.below.600°C,.during.
which.the.chemically.induced.expansion.is.negligible.and.its.high.ionic.conductivity.
is.fully.taken.advantage.of.
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��.� InTroduCTIon

Energy.security.and.increased.concern.over.environmental.protection.have.spurred.
a.dramatic.worldwide.growth.in.research.and.development.of.fuel.cells,.which.elec-
trochemically.convert.incoming.fuel.into.electricity.with.no.or.low.pollution..Fuel.
cell.technology.has.become.increasingly.attractive.to.a.number.of.sectors,.including.
utility,.automotive,.and.defense. industries..Among.the.various. types.of.fuel.cells,.
solid-oxide.fuel.cells.(SOFCs).operate.at.high.temperature.(typically.650.to.1,000°C).
and. have. advantages. in. terms. of. high. conversion. efficiency. and. the. flexibility. of.
using.hydrocarbon. fuels,. in. addition. to.hydrogen.1–5.The.high-temperature.opera-
tion,. however,. can. lead. to. increased. mass. transport. and. interactions. between. the.
surrounding.environment. and.components. that. are. required. to.be. stable.during.a.
lifetime.of.thousands.of.hours.and.up.to.hundreds.of.thermal.cycles..For.stacks.with.
relatively.low.operating.temperatures.(<800ºC),. the.interconnects. that.are.used.to.
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electrically.connect.a.number.of.cells.in.series.(see.figure.11.1).are.typically.made.
from.cost-effective.metals.or.alloys..The.metallic. interconnects.must.demonstrate.
excellent.stability.in.a.very.challenging.environment.during.SOFC.operation,.as.they.
are.simultaneously.exposed.to.both.an.oxidizing.(air).environment.on.the.cathode.
side.and.a.reducing.environment.(hydrogen.or.a.reformed.hydrocarbon.fuel).on.the.
anode.side..Other.challenges.include.the.fact.that.water.vapor.is.likely.to.be.present.
in.both.of.these.environments,.and.the.fuel.is.likely.to.contain.impurities,.such.as.
sulfides..Since.the.fuel.is.usually.a.reformed.hydrocarbon.fuel,.such.as.natural.gas,.
coal.gas,.biogas,.gasoline,.etc.,.the.interconnect.is.exposed.to.a.wet.carbonaceous.
environment.at.the.anode.side..Finally,.the.interconnect.must.be.stable.toward.any.
adjacent.components,.such.as.electrodes,.seals,.and.electrical.contact.materials,.with.
which.it.is.in.physical.contact.

Until.recently,. the.leading.candidate.material.for. the.interconnect.was.doped.
lanthanum.chromite,.LaxSr1–xCrO3,.a.ceramic.that.could.easily.withstand.traditional.
900.to.1,000°C.operating.temperatures..However,.several.issues.remain,.including.
the.high.cost.of.raw.materials.and.fabrication,.difficulties.in.obtaining.high-density.

}
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fIgure ��.�  Planar design of solid-oxide fuel cell: (a) a stack repeat unit and (b) details 
of a possible design.
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chromite. parts. at. reasonable. sintering. temperatures,1,6–9. and. the. tendency. of. the.
chromite. interconnect. to. partially. reduce. at. the. fuel. gas–interconnect. interface,.
causing.the.component.to.warp.and.the.peripheral.seal.to.break.1,10.The.recent.trend.
in. developing. lower-temperature. (650. to. 800°C),. more. cost-effective. cells. that.
utilize. anode-supported,. thin. electrolytes11,12. or. new. electrolytes. with. improved.
conductivity13,14.makes.it.feasible.for.lanthanum.chromite.to.be.supplanted.by.cost-
effective.metals.or. alloys. as. the. interconnect.materials.15–18.The.metals. are. typi-
cally.those.alloys.that.contain.“active”.constituents,.mainly.Cr,.Al,.or.Si,.which.are.
preferentially.oxidized.at.the.surface.to.form.an.oxide.scale.that.minimizes.further.
environmental.attack.during.high-temperature.exposure.19–21.Since.alumina.(Al2O3).
and.silica.(SiO2).are.electrically.insulating,21,22.alloys.that.form.a.semiconductive.
chromia.scale.(with.a.conductivity.of.~1.0.×.10–2.S-cm–1at.800°C.in.air21,23–25).are.
the.preferred.candidates..(However,.if.an.insulating.scale.can.be.excluded.from.the.
electrical.current.path,.alumina.or.silica.formers,.which.usually.demonstrate.higher.
oxidation.resistance.than.chromia-forming.alloys,.can.be.considered.for.intercon-
nect. applications.16). Since. thermal. expansion. matching. is. important,. alloys. such.
as.Fe-Cr-base.ferritic.stainless.steels.that.have.a.coefficient.of.thermal.expansion.
(CTE). similar. to. that. of. the. ceramic. cells. are. usually. selected. instead. of. other.
groups.of.alloys,.including.Ni(-Fe)-Cr.base.austenitic.compositions.

Different.groups.of.alloys.that.have.been.considered.potential.candidates.are.sche-
matically.represented.in.figure.11.2,.and.their.suitability.is.summarized.in.table.11.1..
It.should.be.noted.that.traditional.chromia-forming.oxidation-resistant.alloys.were.
designed.with.an.emphasis.on.surface.and.structural.stability,.but.not.the.scale.elec-
trical.conductivity,.which.is.equally.important.for.SOFC.interconnect.applications..
Thus,.alloying.practices.used.in.the.past.to.enhance.surface.and.structural.stability.
may.not.be.compatible.with.the.desired.high.scale.electrical.conductivity..For.exam-
ple,.Si,.often.a.residual.element.in.alloy.substrates,.may.help.improve.alloy.oxidation.
resistance. through. formation.of. a. silica. subscale. along. the.metal–scale. interface..
(Silica.is.immiscible.with.chromia.).However,.that.subscale.is.electrically.insulating.
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and.therefore.increases.electrical.resistance,.especially.if.the.subscale.is.continuous..
Several.new.alloys.such.as.Crofer.22.APU26–37.and.ZMG23238,39.have.been.recently.
developed.specifically.for.SOFC.interconnect.applications,.with.an.improved.scale.
electrical.conductivity..One.remaining.issue,.however,.is.the.long-term.surface.sta-
bility. that. obviously. needs. further. improvement.. This. is. often. accomplished. by.
application.of.protective.layers.or.coatings.on.metallic.interconnects.

This.chapter.will.provide.an.overview.of.oxidation.and.corrosion.behavior.of.can-
didate.oxidation-resistant.alloys.under.SOFC.operating.conditions.and.discuss.surface.
modifications.for.improved.stability.and.performance.of.metallic.interconnects.

��.� CorrosIon of oxIdaTIon-resIsTanT alloys 
under sofC InTerConneCT exPosure CondITIons

During.SOFC.operation,.interconnects.interact.with.surrounding.gaseous.environ-
ments. on. both. the. cathode. and. anode. side,. as. well. as. with. adjacent. components.
such.as.sealing.materials,.electrodes,.and.electrical.contact.layers.inserted.between.
interconnects. and. electrodes.. These. interactions. potentially. cause. corrosion. of.
metallic.interconnects.and.affect.their.stability.and.performance.

11.2.1 OxidatiOn and COrrOSiOn at metal–GaS interFaCeS

The.oxidation.and.corrosion.behavior.of.oxidation-resistant.alloys.has.been.widely.
investigated. in.a.range.of.environments.for.myriad.applications.19,21,40–44.Recently,.
oxidation-resistant. alloys. have. been. studied. particularly. for. SOFC. interconnect.
applications..These.studies.were.often.carried.out.using.single.atmosphere.exposure.
conditions,.either.air.(or.moist.air).representing.the.cathode-side.environment45–50.or.
a.reducing.atmosphere.simulating.the.anode-side.environment.29,32,38,48,54–72.Lately,.

Table ��.�
Comparison of key Properties of different alloy groups for sofC applications

alloys
matrix 

structure
TeC  

(�0–�·k–� 
oxidation 
resistance

mechanical 
strengths manufacturability Cost

CrBA BCC 11.0–
12.5(RT.
800°C)

Good High Difficult Very.
expensive

FSS BCC 11.5–
14.0(RT.
800°C)

Good Low Fairly.easy Cheap

ASS FCC 18.0–
20.0(RT.
800°C)

Good Fairly.high Easy Cheap

FeBSA FCC 15.0–
20.0(RT.
800°C)

Good High Easy Fairly.
expensive

NiBSA FCC 14.0–
19.0(RT.
800°C)

Good High Easy Expensive
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studies. have. also. been. performed. to. determine. the. oxidation/corrosion. behavior.
of.metal.and.alloys.under.dual-atmosphere.exposure.conditions.that.closely.simu-
late.the.actual.interconnect.exposure.conditions.during.SOFC.operation.31,64–69.The.
alloys.studied.include.both.Fe-Cr-base.ferritic.stainless.steels29,32,38,52,53,56,59–62.and.Ni.
or.Ni-Cr-base.heat-resistant.alloys,46,47,49,50,54,59–61.as.well.as.Cr.or.Cr.base.alloys.71,72

��.�.�.� oxidation in air, Cathode-side environment

During.high-temperature.exposure.in.air,.active.elements,.e.g.,.Cr,.in.alloy.substrates.
are.preferentially.oxidized,.forming.an.oxide.scale.on.the.alloy.surface..The.scale.
growth.is.often.modeled.with.a.parabolic.relationship.with.time.t:40

.
( ) .∆w k tp

2 = . (11.1)

where.∆w.is.the.weight.gain.and.kp.is.the.parabolic.rate.constant..

However,.due.to.the.complexity.of.the.scale.growth,.which.involves.factors.such.as.
scale.vaporization.and.grain.boundary.diffusion,.deviation.from.the.parabolic.law.
is.often.observed.15,73,74.Nevertheless,.oxidation.behavior.can.frequently.be.approxi-
mated.by.the.parabolic.relationship,.and.the.parabolic.growth.rate.is.thus.often.used.
to.report.oxidation.resistance.of.different.alloys..In.general,.alloys.with.higher.Cr%.
possess.higher.oxidation.resistance,.and.therefore.exhibit.a.lower.scale.growth.rate..
To.remain.capable.of.self-healing.and.prevent.breakaway.oxidation,.alloy.substrates.
must.maintain.a.Cr.reservoir.with.Cr%.above.a.critical.value.that.marks.the.transition.
from.external.to.internal.oxidation..For.example,.Fe-Cr-base.alloys.require.a.critical.
Cr%.of.17.to.20%,.depending.on.temperature,.minor.alloy.additions,.impurities.(S,.
P,.C),.etc.15,21.A.recent.study.also.examined.the.effect.of.thickness.on.the.stability.
of.Fe-Cr.substrates,. indicating.potential.occurrence.of.breakaway.oxidation.when.
the.Fe-Cr.substrate.becomes.too.thin.75–77.Also,.it.has.been.established.that.reactive.
elements.such.as.rare.earth.metals.in.a.trace.amount.(a.few.hundredths.or.tenths.of.
a.percent).can.significantly.increase.alloy.oxidation.resistance.by.improving.scale.
adherence.and.suppressing.scale.growth.by.Cr.outward.diffusion.15,78–81.Most.(if.not.
all).newly.developed.alloys.for.the.interconnect.application.contain.reactive.element.
additions,.e.g.,.La.in.Crofer.22.APU.15

��.�.�.� oxidation and Corrosion in fuel, anode-side environment

In.comparison.to.the.oxidizing,.cathode-side.environment,.the.reducing,.anode-side.
environment.is.more.complex,.particularly.when.a.hydrocarbon.fuel.is.used..The.pres-
ence.of.high.water.vapor.partial.pressure,.carbon.activity,.and.residual.components.
such.as.sulfur.makes.metallic.interconnects.susceptible.to.varied.forms.of.corrosion..
Though.the.oxygen.partial.pressure.(10–18.~.10–12.bar).at.the.anode.side.is.much.lower.
than.that.at.the.cathode.side,.formation.of.oxides.such.as.chromia.and.(Mn,Cr)3O4.is.
nevertheless.still.thermodynamically.favored..In.moist.hydrogen,.Fe-Cr-base.stain-
less.steels.exhibit.a.scale.growth.rate.that.is.comparable.to.that.in.air.32,38,57,61,62.The.
scale.grown.in.the.hydrogen.fuel.is.usually.comprised.of.the.same.major.phases.as.
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found. in. air,. although. their. morphology. and. minor. components. can. be. different..
X-ray.diffraction.analysis.on.scales.grown.on.Crofer.22.APU.in.either.moist.hydro-
gen.or.moist.air.indicated.that.both.scales.were.comprised.of.Cr2O3.and.(Mn,Cr)3O4.
phases.31,32,65.Additionally,.amorphous.phases.such.as.silica.and.MnO.that.could.not.
be.detected.by.x-ray.diffraction.formed.in.the.fuel.environment,.as.revealed.by.trans-
mission.electron.microscopy.analyses.31.The.spinel.phase.tended.to.grow.with.a.large.
aspect.ratio.in.moist.hydrogen,.in.comparison.to.well-defined,.equiaxed.crystallites.
in.air..For.Ni-Cr-base.alloys,.NiO.formation.is.suppressed.in.the.scales.since.oxida-
tion.of.nickel.is.thermodynamically.unfavorable.in.low.oxygen.partial.pressure.fuels..
Overall,. it. appears. Ni-Cr. base. alloys. exhibit. higher. oxidation. resistance. in. moist.
hydrogen.than.in.air,.and.even.those.with.a.relatively.low.Cr%.appear.to.be.promis-
ing.for.interconnect.applications.in.terms.of.oxidation.resistance.48,58

Further.differences.in.oxidation.resistance.between.Fe-Cr.base.and.Ni(-Fe)-Cr-
base. alloys. are. also. observed. in. high. water. vapor. environments.. For. Fe-Cr-base.
alloys,.exposure.to.high.water.vapor.environments.potentially.leads.to.breakaway.
oxidation.through.formation.of.Fe.or.Fe-rich.oxides.82–85.For.example,.Shen.et.al.85.
reported. that. during. oxidation. in. an. oxygen. stream. containing. 2. to. 10%. H2O. at.
900.to.1,000°C,.Fe-Cr.alloys.(with.15.and.20%.Cr).exhibited.an.initial.protective.
behavior.due.to.formation.of.a.Cr-rich.scale,.which.was.followed.by.nonprotective.
breakaway.oxidation.due.to.the.formation.of.a.scale.containing.Fe2O3.and.(Fe,Cr)3O4.
phases.. The. breakaway. oxidation. was. sensitive. to. the. water. vapor. content. in. the.
atmosphere.and.%Cr.in.the.Fe-Cr.alloys:.the.higher.the.water.vapor.content.or.the.
lower.the.Cr%,.the.earlier.the.breakaway.oxidation.took.place..In.contrast,.Ni(-Fe)-
Cr-base.alloys.exhibited.enhanced.scale.adherence.and.suppressed.formation.of.NiO.
in.the.scale.after.exposure.to.high.vapor.environments.86,87.Similarly,.Cr.or.Cr.base.
alloys.exhibited.enhanced.chromia.scale.adherence.to.the.metal.or.alloy.substrate.
in.Ar/H2O/H2.71,72

When.a.hydrocarbon. fuel. is. fed,. either.directly.or. after. reformation,. into. the.
anode.chamber,.metallic.interconnects.are.exposed.to.an.environment.with.a.carbon.
activity,.and.therefore.potentially.could.suffer.carbon-induced.corrosion..It.has.been.
found. that. in. carbon-bearing. gas. environments,. alloys,. including. Fe(-Ni)-Cr-. and.
Ni-Fe-Cr-base. alloys,. are. susceptible. to.metal.dusting.at. temperatures. in. the.400.
~850°C.range,.which.leads.to.alloy.degradation.by.disintegration.of.the.metal.matrix.
into.tiny.particles.88–90.For.Fe.base.alloys,.the.proposed.mechanism.involves.satura-
tion.of. the.alloy.substrate.with.carbon.and.the.subsequent.formation.of.Fe3C.that.
decomposes. into.metal.particles.and.carbon.when. the.carbon.activity.approaches.
unity.91,92.A.different.mechanism.was.proposed. for.Ni-base.alloys. that. also. starts.
with.carbon.saturation,.but.in.which.the.saturated.substrate.directly.decomposes.into.
metal.particles.and.graphite.when.the.internal.carbon.activity.approaches.unity.93,94.
Recently,. several. publications. reported. and. discussed. the. danger. of. encountering.
carbon-induced. corrosion. for. oxidation-resistant. alloys. under. SOFC. interconnect.
exposure. conditions. at. the. anode. side.59,60. Overall,. it. appears. that. metal. dusting.
is. likely. to.occur. in. a.hydrocarbon. fuel.with. a. carbon.activity.of.≥1..Toh.et. al.60.
reported.metal.dusting.of.some.selected.oxidation-resistant.alloys.tested.in.CO–26%.
H2–6%.H2O.(vol%),.corresponding.to.a.carbon.activity.of.2.9,.at.650°C.under.ther-
mal.cycling..The. resistance. to.metal.dusting.depended.on.alloy.composition..For.

5024.indb   234 11/18/07   5:54:03 PM



Corrosion	and	Protection	of	Metallic	Interconnects		 ���

example,.with.electro-polished.surfaces,.chromia-forming.austenitic.alloys,.includ-
ing.Alloy.800,.Inconel.601,.690,.and.693,.and.Alloy.602CA,.suffered.a.rapid.metal.
dusting,.which.did.not.occur.until.after.about.50.one-hour.cycles.for.the.ferritic.steel.
Fe–27.Cr–0.0001.Y..The.alloy.with.the.best.performance.was.Inconel.625,.which.
was.still.protected.by.its.Cr2O3.scale.after.500.cycles..Zeng.and.Natesan59.evaluated.
a.number.of.high-temperature.oxidation-resistant.alloys.at.593°C.in.carbonaceous.
gases.of.high.carbon.activity. (>7.0).and.found.pit. formation.and.metal.dusting. in.
tested.alloys..In.comparison,.Ni-base.alloys,.which.developed.scales.with.less.spinel.
content,.performed.better.than.the.Fe-base.alloys,.which.formed.scales.with.more.
spinel.content..When.exposed.to.a.carbonaceous.environment.with.a.carbon.activity.
less.than.unity,.oxidation-resistant.alloys.are.much.less.likely.to.suffer.metal.dusting.
or.carbon-induced.corrosion..Horita.et.al.61.examined.both.Fe-Cr-.and.Ni-Cr-base.
alloys.at.800°C.in.a.CH4-H2O.atmosphere.with.an.equilibrium.carbon.activity.of.0.8.
and.found.no.carbide.formation.after.nearly.300.h.

In.addition.to.bulk.alloys,.Jian.et.al.63.investigated.a.clad.structure.that.had.Ni.lay-
ers.at.both.sides.of.a.ferritic.stainless.steel.substrate..After.testing.at.750°C.for.1,000.
h.in.53.1%.N2–25.2%.H2–18.3%.CO–3.3%.CO2–0.17%.CH4,.the.clad.structure.exhib-
ited.severe.structural.degradation.due.to.carbon.penetration.through.the.Ni.layers.and.
formation.of.carbides.in.the.ferritic.stainless.steel.substrate.along.grain.boundaries.

��.�.�.� oxidation/Corrosion under air–fuel dual-exposure Conditions

During.SOFC.operation,.interconnects.are.simultaneously.exposed.to.air.at.the.cath-
ode. side. and. fuel. at. the. anode. side,. and. therefore. experience. a. hydrogen. partial.
pressure.gradient.from.the.fuel.side.to.the.air.side..Previous.investigations.of.Fe-Cr-
base.stainless.steels,.Ni-Cr-base.alloys,.and.elemental.metals,.under.hydrogen–air.
dual-exposure.conditions.found.that.the.oxidation/corrosion.behavior.of.the.metals.
or. alloys. under. the. dual. exposures. can. be. very. different. from. that. under. single-
exposure.conditions.31,48,55,64–68,70,95.In.particular,.the.composition.and.microstructure.
of. the. scale. grown. on. the. air. side. differed. significantly. from. the. behavior. when.
exposed.to.air.on.both.sides,.while.the.oxidation/corrosion.behavior.at.the.hydrogen.
fuel.side.was.comparable.to.that.when.exposed.to.the.hydrogen.fuel.at.both.sides.

Fe-Cr-base.ferritic.stainless.steels,.in.particular.those.with.a.relatively.low.Cr%,.
were.reported.to.be.susceptible.to.hematite.(Fe2O3).phase.nodular.growth.in.the.scale.
grown.on.the.air.side.of.the.air–hydrogen.sample..For.example,.Yang.et.al.64.found.
that.AISI.430,.with.17%.Cr,.formed.hematite.nodules.(see.figure.11.3a.and.b).on.the.
air.side.of.the.air–hydrogen.sample.during.isothermal.heating.at.800°C.after.300.h,.
potentially.resulting.in.localized.attack..In.comparison,.there.was.no.hematite.phase.
formation.on.the.air–air.sample,.on.the.hydrogen.side.of.the.air–hydrogen.sample,.
or.on.the.hydrogen–hydrogen.sample..The.oxidation.behavior.on.the.hydrogen.side.
of.the.air–hydrogen.sample.was.similar.to.that.on.the.hydrogen–hydrogen.sample..
The.potential.detrimental.effects.of.the.dual.exposures.appeared.to.be.dependent.on.
the.alloy.composition,.in.particular.Cr%.in.the.Fe-Cr.substrate..For.Crofer.22.APU,.
with. 22. ~. 23%. Cr,. no. hematite. phase. formation. or. nodule. growth. was. observed.
under.the.same.test.conditions.as.for.AISI.430..Instead,.it.was.found.that.the.spinel.
top. layer.of. the.scale.on. the.air. side.of. the.hydrogen–air. sample.was.enriched. in.
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iron.and.grew. into.a.different.morphology.from. that.on. the.air–air. sample.under.
the. same. conditions.31,65. However,. when. ambient. air. (~1%. H2O). was. replaced. by.
moist.air. (3%.H2O),. the.hematite.phase.was.observed. in. the.scale.on. the.air. side.
of.the.air–hydrogen.sample.67.This.anomalous.oxidation.thus.appears.to.be.a.result.
of.combined.effects.from.both.the.hydrogen.flux.from.the.fuel.side.to.the.air.side.

fIgure ��.�  SEM cross-sections of AISI 430 coupons after 300 h of oxidation at 800°C 
in air under different exposure conditions: (a) both sides exposed to air and (b) on the air side 
of the air–(H2 + 3% H2O) exposure.64
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and. increased.water. vapor.partial. pressure.on. the. air. side..E-brite,.with.27%.Cr,.
appeared.to.be.more.resistant.to.formation.of.hematite.nodules.at.800ºC.in.the.scale.
grown.on.the.air.side.of.the.air–hydrogen.sample,. though.the.surface.microstruc-
ture. of. the. scale. was. different. from. the. air-only. sample.. At. higher. temperatures.
(900°C),.Meier.et.al.96.observed.iron.oxide.formation.in.the.scale.grown.on.the.air.
side.of.E-brite.during.air–hydrogen.dual. exposures..Similar. anomalous.oxidation.
behavior.was.also.observed.by.Ziomek-Moroz.et.al.68.and.Holcomb.et.al.69.not.only.
on.ferritic.stainless.steels,.but.also.austenitic.stainless.steels.as.reported.earlier.by.
Singh.et.al.97.In.addition.to.the.hydrogen–air.dual.exposures,.an.early.publication.
by.Nakagawa.et.al.95,98.examined.the.oxidation.behavior.of.ferritic.stainless.steels.in.
(argon.+.hydrogen)–air.dual.environments.as.well.as.a.steam–air.dual.environment.
that. simulated. the. boiler. tube. exposure. conditions. in. steam. turbines.. Anomalous.
oxidation.was.found.on.the.air.side.of.the.dual-exposure.sample,.which.exhibited.a.
significantly.increased.oxidation.rate.on.the.air.side.due.to.formation.of.the.hematite.
phase,.which.was.attributed. to.hydrogen.permeation.from.the.(argon.+.hydrogen).
side.or.the.steam.side.to.the.air.side.of.the.stainless.steels..The.anomalous.oxidation/
corrosion.behavior.of.oxidation-resistant.alloys.observed.under. the.dual-exposure.
conditions.appears.to.be.similar.to.that.found.in.a.high.partial.pressure.water.vapor.
single.environment.40,67,82–85,87,99

In.addition. to. the.Fe-Cr-base.stainless. steels,.dual-exposure.effects.were.also.
reported.on.Ni-Cr-base.alloys.48,100.For.Ni-Cr-base.alloys,. the.dual.exposures.also.
resulted.in.different.oxidation/corrosion.behavior.from.that.in.a.single-atmosphere.
exposure.. But. unlike. the. ferritic. chromia-forming. alloys,. nickel. and. Ni-Cr-base.
alloys. formed. a. uniform,. well-adherent. scale. on. the. air. side. of. the. air–hydrogen.
sample.that.was.free.from.any.nodule.growth..Also,.the.dual.exposures.tended.to.
eliminate.the.porosity.that.was.often.observed.along.the.scale–metal.interface.in.a.
single-air.exposure,. likely.resulting. in.an. improved.scale.adherence..The.absence.
of.detrimental.effects.of.the.air–hydrogen.dual.exposures.on.the.scale.stability.on.
the.Ni-Cr-base.alloys. in.comparison.with. the.Fe-Cr-base.alloys. is.consistent.with.
reported.results.in.water.vapor.by.Pint.86

In.an.effort.to.gain.mechanistic.understanding,.elemental.metals.were.also.stud-
ied..Singh.et.al.66. reported. the.destructive.effects.of.air–hydrogen.dual.exposures.
on.silver.at.elevated.temperatures,.as.shown.in.figure.11.4..As.found.in.this.study,.
simultaneous.exposures.to.fuel.and.oxidant.environments.lead.to.extensive.porosity.
development.in.bulk.silver.at.elevated.temperatures..The.porosity.formation.takes.
place.predominantly.along. the.grain.boundary..The. formation.of. the.water.vapor.
phase.is.attributed.to.the.nucleation.and.growth.of.high-pressure.steam.bubbles.that.
connect. to.form.the.porosity.and.fissures. in. the.solid.silver..The.water.phase.that.
evolves.into.a.high-pressure.steam.is.related.to.higher.solubility.and.fast.diffusivity.
of.H.and.O.in.the.bulk.metal..Thermodynamic.modeling.indicates.that.the.reaction.
2 2[ ] [ ] ( )H O H O gAg Ag+ = .is.highly.favorable..In.contrast,.Yang.et.al.31.found.mini-
mal.effects.of.air–hydrogen.dual.exposures.on.the.scale.growth.on.Ni.metal..Similar.
observations.were.also.reported.by.Meier.96.The.anomalous.oxidation.behavior.of.the.
metals.or.alloys.on.the.air.side.of.the.air–hydrogen.samples.is.currently.attributed.
to.the.transport.of.hydrogen.through.the.metal.substrate.from.the.fuel.side.to.the.air.
side,.and.its.subsequent.presence.at.the.oxide.scale–metal.interface.and.in.the.scale..
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Hydrogen.permeation. tests.on. ferritic.stainless.steels. indicated. that.hydrogen.can.
diffuse.through.the.alloys,.though.the.permeation.was.drastically.decreased.by.for-
mation.of.chromia.scale.on.the.alloys.95,101.The.mechanisms.by.which.the.presence.
of.hydrogen.or.protons.at.the.air.side.affects.the.oxide.scale.structure.and.growth.
are.not.clearly.understood.at.this.time..Several.mechanisms.have.been.proposed.to.
tentatively.explain.the.observed.anomalous.oxidation.behavior.65,69

fIgure ��.� Microstructures of cross-sections of silver tube walls after testing at 700°C 
for 100 h: (a) with flow of (H2 + 3% H2O) and (b) with flow of air.66
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The.anomalous.oxidation/corrosion.on.the.air.side.of.the.air–fuel.sample.appears.
to.be.sensitive.to.surrounding.environments,.alloy.composition,.preexisting.condi-
tions,.and.other.factors..Kurokawa.et.al.101.tested.AISI.430.by.flowing.80%.Ar–20%.
H2.through.a.water.saturator.at.room.temperature.on.one.side.and.air.on.the.other,.
and.observed.minimal.effect.of.the.hydrogen.potential.gradient.on.the.stainless.steel.
oxidation.behavior.after.up.to.300.h.at.800ºC..It.should.be.noted.that.the.hydrogen.
gradient.was. lower.and. the.sample.was. thicker. (2.0.mm). than. those. in. the.afore-
mentioned. studies. that. found. anomalous. oxidation.. Preoxidation. in. air. to. form. a.
scale.on.ferritic.stainless.steel.was.found.to.mitigate.or.prevent.the.hematite.phase.
growth.in.the.additional.scale.grown.on.Crofer.22.APU.during.air–hydrogen.dual.
exposures..Overall,.it.appears.that.further.systematic.work.is.required.to.gain.clearer.
insight.into.the.oxidation/corrosion.behavior.in.the.dual.environment.and.its.effects.
on.metallic.interconnect.long-term.stability.

11.2.2 COrrOSiOn at interFaCeS with adjaCent COmpOnentS

A.typical.example.of.interactions.between.metallic.interconnects.and.adjacent.com-
ponents.involves.rigid.glass–ceramic.seals,.including.those.made.from.barium–cal-
cium–aluminosilicate. (BCAS). base. glasses.102–106. Previous. work107–109. found. that.
ferritic. stainless. steel. interconnect. candidates. reacted.extensively.with. the.BCAS.
sealing.glass–ceramic,.resulting.in.an.interface.that.was.more.prone.to.defects..For.
traditional.chromia-forming.stainless.steels,.the.extent.and.nature.of.their.interac-
tions.with.the.glass–ceramic.depends.on.the.exposure.conditions.and.proximity.of.
the.interface.of.the.sealing.glass.and.ferritic.stainless.steel.to.the.ambient.air..At.or.
near.the.edges,.where.oxygen.from.the.air.is.accessible,.the.chromia.scale.grown.on.
the.steel.and.Cr-containing.vapor.species.reacted.with.BaO.in.the.glass–ceramic,.
forming.BaCrO4,.presumably.via.the.following.reactions:

. 2.Cr2O3.(s).+.4.BaO(s).+.3.O2(g).=.4.BaCrO4(s). (11.2)

. CrO2(OH)2(g).+.BaO(s).=.BaCrO4(s).+.H2O(g). (11.3)

Due.to.the.large.thermal.expansion.mismatch.between.barium.chromate.and.the.
sealing.glass.or.ferritic.stainless.steel.(e.g.,.AISI.446),110.the.extensive.formation.of.
barium.chromate.resulted.in.crack.initiation.and.growth.between.the.sealing.glass.
and.alloy.coupons,.as.shown.in.figure.11.5.

In.the.interior.seal.regions,.where.access.of.oxygen.from.the.air.was.blocked,.
chromium.or.chromia.dissolved.into.the.BCAS.sealing.glass.to.form.chromium-rich.
solid.solutions..The.stainless.steel.also.reacted.with.residual.species.in.the.sealing.
glass–ceramic.to.generate.porosity.in.the.glass–ceramic.along.the.interface.in.the.
interior.regions..Recently.Haanappel.et.al.111,112.further.investigated.the.compatibility.
of.ferritic.stainless.steels.and.sealing.glasses.under.air–hydrogen.dual.exposures..It.
was.found.that.the.corrosion.at.the.interface.of.the.sealing.glass.and.the.chromia-
forming.steel.was.substantially.different.from.that.when.exposed.to.hydrogen.or.air.
only..At.the.air.side,.iron.oxide.nodules.formed.on.the.ferritic.stainless.steel.near.
or.at. the. triple-phase.boundary.of.air–glass–metal,.causing.short-circuiting.of. the.
glass–ceramic.seals..In.contrast,.no.iron.oxide.formation.was.found.at.the.interface.
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between.the.glass–ceramics.and.the.ferritic.steel.on.the.hydrogen.side..However,.it.is.
not.clear.how.the.dual.exposures.led.to.the.iron.oxide.formation.and.the.subsequent.
seal.degradation..Besides.the.BCAS.sealing.glass,.Haanapel.et.al.113.and.Batfalsky.
et.al.114.also.investigated.compatibility.of.PbO-containing.glass–ceramics.and.fer-
ritic.stainless.steels,.observing.extensive.internal.and.external.oxidation.of.ferritic.
stainless.steels.

Besides. the. glass. seal. interfaces,. interactions. were. also. reported. at. the.
interfaces.of.the.metallic.interconnect.with.electrical.contact.layers,.which.are.
inserted.between.the.cathode.and.the.interconnect.to.minimize.interfacial.elec-
trical. resistance.and. facilitate. stack.assembly.115.For. example,.perovskites. that.
are.typically.used.for.cathodes.and.considered.potential.contact.materials.have.
been. reported. to. react.with. interconnect. alloys..Reaction.between.manganites.
and. chromia-forming. alloys. led. to. formation. of. a. manganese-containing. spi-
nel. interlayer. that. appeared. to.help.minimize. the. contact.ASR.115–117.Sr. in. the.
perovskite.conductive.oxides.can.react.with.the.chromia.scale.on.alloys.to.form.
SrCrO4.115,118.Alternatively,.Tietz.et.al.119,120.examined.chemical.compatibility.of.
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fIgure ��.�  Interfacial reactions between G18 sealing glass and 446 stainless steel. (a) A 
schematic of the joined couple (446/G18/446) and SEM images of the interfacial cross-section 
(b) at the edge area A, (c) at the interior region, and (d) from the region marked C in (b). The 
446 coupons (12.7 × 12.7 × 0.5 mm) were joined to the G18 through heat treatment at 850°C 
for 1 h, followed by 750°C for 4 h in air.107
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Sr-containing.cuprate.superconductors,.as.potential.contact.materials,.with.fer-
ritic. stainless. steel.X.10CrAl18. and. found. formation. of. SrCrO4. and. extensive.
reaction.between.the.alloy.and.the.conductive.oxides.

��.� surfaCe modIfICaTIon for ImProved sTabIlITy

For.satisfactory.long-term.stability.against.oxidation.and.corrosion,.metallic.inter-
connects. are. often. coated. with. a. protection. layer. that. helps. minimize. electrical.
contact.resistance.and.mitigate.or.prevent.potential.cell.degradation.due.to.chromia.
scale.evaporation..The.discussion.in.this.chapter.mainly.focuses.on.the.protection.
layer.on.the.cathode.side,.considering.the.oxidizing.environment.and.the.suscepti-
bility.of.SOFC.cathodes.to.chromium.poisoning..Functionally,.the.protection.layer.
is.intended.first. to.serve.as.a.mass.barrier.to.both.chromium.cation.outward.and.
oxygen.inward.transport.(via.solid-state.diffusion.if. the.barrier.contains.no.open.
porosity),.as.shown.in.figure.11.6..The.difference.in.chromium.chemical.potential.
across.the.protection.layer.drives.chromium.cations.(e.g.,.Cr3+).to.possibly.diffuse.
into.and.through.the.protection.layer..If.this.occurs,.chromium.can.volatilize.from.
the.protection.layer.surface..Therefore,.the.material.for.the.protection.layer.ought.
to.either.exhibit.no.solubility.to.Cr.or.possess.very.low.chromium.cation.diffusivity..
Or.alternatively,.the.protection.layer.can.react.with.the.alloy.or.the.scale.grown.on.
the.alloy.to.form.a.reaction.product.layer.that.can.function.as.a.Cr.barrier..Oppo-
site. to. the. chromium.outward.diffusion,. the.oxygen.anions. (O2–).potentially.dif-
fuse.inward,.driven.by.the.oxygen.chemical.potential.gradient.across.the.protection.
layer..This.oxygen.flux.leads.to.selective.oxidation.of.the.substrate.alloy,.and.there-
fore.subsequent.growth.of.an.oxide.scale.between.the.protection.layer.and.the.bulk.
alloy..Extensive.growth.of.the.oxide.interlayer.plays.a.negative.role,.increasing.the.
electrical.resistance.and.likelihood.of.spallation,.especially.during.thermal.cycling,.
and.degrading. the.mechanical. integrity.of. the. interconnect..Thus,. the.protection.
layer.should.have.an.oxygen.ionic.conductivity.that.is.as.low.as.possible..In.addition.
to.the.mass.transport.properties,. thermomechanical.and.chemical.stability.of.the.

Conductive coat

Sub-scale

Chromia forming alloy

O2-
Mn+ ne

MO

Conductive coat

Sub-scale

Chromia forming alloy

O2-
Mn+ ne

MO

fIgure ��.�  Schematic of mass transport in a conductive oxide protection layer on a chro-
mia-forming alloy.
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protection.layer.is.essential.to.maintain.its.structural.integrity.during.SOFC.opera-
tion..Accordingly,.candidate.materials.for.the.protection.layer.are.also.required.to.
have.a.good.thermal.expansion.match.to.the.substrate.alloy.and.be.thermal-chemi-
cally.stable.and.compatible.with.adjacent.stack.components.in.SOFC.stacks.

The.aforementioned.requirements.on.surface.stability.are.typical.for.all.exposed.
areas.of.the.metallic.interconnect,.as.well.as.other.metallic.components.in.a.SOFC.
stack.(e.g.,.some.designs.use.metallic.frames.to.support.the.ceramic.cell)..In.addi-
tion,.the.protection.layer.for.the.interconnect,.or.in.particular.the.active.areas.that.
interface.with.electrodes.and.are.in.the.path.of.electric.current,.must.be.electrically.
conductive.. This. conductivity. requirement. differentiates. the. interconnect. protec-
tion. layer. from.many. traditional. surface.modifications.as.well. as.nonactive.areas.
of.interconnects.and.other.components.in.SOFC.stacks,.where.only.surface.stabil-
ity.is.emphasized..While.the.electrical.conductivity. is.usually.dominated.by.their.
electronic. conductivity,. conductive. oxides. for. protection. layer. applications. often.
demonstrate.a.nonnegligible.oxygen.ion.conductivity.as.well,.which.leads.to.scale.
growth.beneath.the.protection.layer..With.this.in.mind,.a.high.electrical.conductivity.
is.always.desirable.for.the.protection.layers,.along.with.low.chromium.cation.and.
oxygen.anion.diffusivity.

As.noted,. for.nonactive.areas,. such.as. the.edge.sealing.area.or.areas.without.
direct.contact.with.cathodes,.their.protection.layers.are.not.required.to.be.electri-
cally.conductive..For.example,.the.channel.walls.in.a.corrugated.design,.as.shown.
in. figure.11.1a,. can. be. aluminized. for. improved. surface. stability. and. reduced. Cr.
volatility..Similarly,.nonconductive.coatings.(e.g.,.applied.by.aluminizing121).can.be.
applied.onto.edge.areas.of.metallic.interconnects.for.improved.sealing.and.interfa-
cial.compatibility..Surface.modification.of.the.active.areas.of.metallic.interconnects.
is.mainly.discussed.in.this.chapter.

Early. reported. examples. of. protection. layers. include. overlay. coatings. of. the.
conductive.perovskite. compositions. that. are.often.used.as. cathode.and. intercon-
nect.materials.in.SOFCs..For.example,.Linderoth122.and.Sakai.et.al.123.reported.the.
effectiveness.of.a.(La,Sr)CrO3.protection.layer.on.Ducralloy.Cr5FeY2O3.in.improv-
ing.its.electrical.performance.and.surface.stability..Kadowaki.et.al.124. found.that.
(La,Sr)CoO3.protection. layers.fabricated.via. low-pressure.plasma.spray.on.Ni-Cr.
base.alloys.effectively. improved.the.alloy.interconnect.electrical.conductivity.. In.
contrast,.Batawi.et.al.125.evaluated.the.performance.of.(La,Sr)CrO3,.(La,Sr)CoO3,.
and.(La,Sr)MnO3.protection.layers.thermally.sprayed.onto.both.Cr5FeY2O3.and.Ni-
Cr.base.alloys,. indicating. that.all.coatings. increased. the.alloy.oxidation.rate..As.
pointed.out.by.the.authors,. the.(La,Sr)CoO3.coatings.were.ineffective.because.of.
rapid.diffusion.of.chromium.through.the.coatings.and.formation.of.thick.interfacial.
reaction. layers,.while. the.(La,Sr)MnO3.protection. layers.on.Cr5FeY2O3.exhibited.
the. best. performance. due. to. the. sluggish. kinetics. of. interlayer. growth. and. slow.
diffusion. of. chromium. through. the. coatings.. Quadakkers. et. al.117. also. observed.
significant. transport. of. chromium. into. plasma-sprayed. (La,Sr)CoO3. coatings. on.
Cr5FeY2O3. alloy.. Recent. work. by. Fujita. et. al.126. found. that. (La,Sr)CoO3. protec-
tion.layers.spin.coated.onto.ferritic.stainless.steels.AISI.430.and.ZMG.232.helped.
improve.the.alloy.interconnect.surface.stability.and.cell.performance.by.reducing.
chromium.poisoning..Overall,.it.appears.that.the.chromites,.which.exhibit.a.lower.
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oxygen.ionic.conductivity.than.many.other.perovskites,.such.as.cobaltites,.provided.
better. protection. to. the. metal. substrates. by. more. effectively. inhibiting. the. scale.
growth.beneath.the.perovskite.protection.layer..Besides,.the.chromites.offer.a.bet-
ter.CTE.match.to.alloy.substrates.than.cobaltites.if.a.BCC.substrate.alloy.such.as.
a.ferritic.stainless.steel.is.used,.thus.providing.better.thermomechanical.stability..
However,.one.potential.concern.is.that.the.chromites.will.release.Cr.via.vaporiza-
tion,.albeit.at.a.relatively.low.rate,127,128.which.may.still.lead.to.an.unacceptable.deg-
radation.in.cell.performance..In.comparison,.non-Cr-containing.perovskites.such.
as.cobaltites.with.higher.electrical.conductivity.and.higher.oxygen.ion.conductivity.
than.the.chromites.offer.more.effective.improvement.in.surface.conductivity..How-
ever,.the.higher.ionic.conductivity.often.leads.to.a.higher.growth.rate.of.the.scale.
beneath.the.protection.layer,. thus.negatively.affecting.the.surface.stability.of. the.
coated.metallic.interconnect..Furthermore,.there.is.a.concern.regarding.potential.
Cr.outward.diffusion.through.the.nonchromium.perovskite.layers.during.high-tem-
perature.exposure,.which.can.eventually.lead.to.the.presence.of.Cr.at.the.surface.of.
the.protection.layer.and.subsequent.migration.into.cells.and.cell.poisoning..Recent.
work.by.Yang.et.al.129.found.Cr.diffusion.through.the.(La,Sr)FeO3.layers.after.300.h.
of.exposure.at.800°C.in.air..The.work.also.clearly.demonstrated.that.the.growth.rate.
of.the.scale.beneath.the.protection.layers.increased.with.ionic.conductivity.of.the.
conductive.oxides..The.scale.growth.approximately.followed.a.parabolic.relation-
ship.with.time.during.high-temperature.exposure.

In.addition.to.the.perovskite.compositions,.late.work.extended.to.include.the.use.
of.spinel.compositions..In.particular,.non-Cr-containing.spinels.become.more.favor-
able,.due.to.the.fact.that.Cr-containing.ones,.such.as.the.(Mn,Cr)3O4.spinel.that.is.
thermally.grown.as.a.top.layer.on.Crofer.22.APU,.help.improve.surface.and.electrical.
stability,.but.still.release.Cr.37,130.Previous.work.of.Larring.and.Norby131.on.Ducrolloy.
Cr5FeY2O3. indicated. that.a.(Mn,Co)3O4.spinel.contact. layer.could.be.a.promising.
barrier. to.chromium.migration..Recently,.Yang.et.al.116,132–134. investigated. thermal.
growth.of. (Mn,Co)3O4.spinel. layers,.with.a.nominal.composition.of.Mn1.5Co1.5O4,.
onto.a.number.of.ferritic.stainless.steels,.including.AISI.430.and.Crofer.22.APU.(see.
figure.11.7).for.interconnect.applications.in.intermediate-temperature.SOFCs..Chen.
et.al.135.reported.MnCo2O4.coatings.onto.ferritic.stainless.steel.AISI.430.via.slurry.
coating.followed.by.mechanical.compaction.and.air.heating..The.authors.found.that.
the.coated.spinel.significantly. improved.oxidation.resistance.of. the.430.substrate..
The.Mn-Co.spinel.protection.layer.appeared.to.be.an.effective.mass.barrier.to.both.
chromium.outward.and.oxygen.inward.transport,.as.indicated.by.long-term.evalua-
tions.136.It.also.demonstrated.an.excellent.thermomechanical.stability.against.spall-
ation,.mainly.due.to.the.excellent.thermal.expansion.matching.to.the.ferritic.stainless.
steel. substrate..With.electrical. conductivities. (60.S·cm–1. at.800°C). that. are.3.~.4.
and.1.~.2.orders.of.magnitude.higher.than.those.of.chromia.and.MnCr2O4,.respec-
tively,137–139.the.spinel.protection.layers.drastically.improved.interfacial.contact.resis-
tance.. Electrochemical. evaluation. by. Simner. et. al.140. found. that. the. Mn1.5Co1.5O4.
protection.layers.of.ferritic.stainless.steels.were.effective.in.blocking.Cr.migration,.
which.resulted.in.long-term.stability.of.the.(La,Sr)MnO3.cathode..Overall,.it.appears.
that.the.(Mn,Co)3O4.spinels.are.promising.coating.materials.to.improve.the.surface.
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(a) 

(b) 

Scale
Mn1.5Co1.5O4

AISI430

Cr

Scale
Mn1.5Co1.5O4

AISI430

Cr

Scale
Mn1.5Co1.5O4

Crofer22 
APU

Cr

Scale
Mn1.5Co1.5O4
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APU

Cr

fIgure ��.�  SEM cross-sections and elemental distributions of (a) AISI430 and (b) Crofer 
22 APU coated with Mn1.5Co1.5O4. The slurry samples were first heat treated in Ar + 2.75 H2 
+ 3% H2O at 800°C for 4 hours and then oxidized in air for 100 h.134
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stability.of. ferritic. stainless. steel. interconnects,.minimize. contact. resistance,. and.
seal.off.chromium.in.the.metal.substrates.

��.� summary

During.SOFC.operation,.the.interconnects.that.electrically.connect.neighboring.cells.
and.act.as.a.gas.separator.in.stacks.must.perform.in.a.very.challenging.environment,.
as.they.are.simultaneously.exposed.to.air,.an.oxidizing.environment,.on.the.cathode.
side,.and.fuel,.a.reducing.environment,.on.the.anode.side..Driven.by.cost.reduction.
and.encouraged.by. the.advances. in.materials. technology,.high-temperature.oxida-
tion-resistant.alloys.have.found.increased.use.as.interconnect.materials..They.nev-
ertheless.have.to.demonstrate.satisfactory.stability.against.oxidation.and.corrosion.
under.the.challenging.SOFC.operating.conditions..The.candidate.alloys.are.oxidized.
by.reaction.with.oxygen.in.air.on.the.cathode.side,.and.with.oxygen.in.the.fuel.on.the.
anode.side..When.a.hydrocarbon.fuel.is.used.or.fuel.impurity.is.present,.corrosion.by.
carburization,.for.example,.potentially.occurs.on.the.anode.side.of.metallic.intercon-
nects..Additionally,.recent.studies.found.that.metallic.interconnects.potentially.suffer.
anomalous.oxidation.or.corrosion.on.the.air.side.under.air–fuel.dual.exposures..The.
anomalous.oxidation.is.likely.a.result.of.hydrogen.transport.from.the.fuel.side.to.the.
air.side,.driven.by.the.difference.in.the.hydrogen.partial.pressures.between.these.two.
sides..For.Fe-Cr-base.stainless.steels,.the.anomalous.oxidation.is.detrimental.to.the.
surface.and.structural.stability.of.the.metallic.interconnects..In.addition.to.the.oxi-
dation.and.corrosion.at.the.metal–gas.interface,.metallic.interconnects.may.also.be.
degraded.by.interactions.at.the.interfaces.between.interconnects.and.adjacent.compo-
nents..As.an.example,.the.sealing.glass.can.react.with.the.oxidation-resistant.alloys,.
affecting.the.stability.of.the.metallic.interconnects,.as.well.as.that.of.the.glass.seals.

Substantial.progress.has.been.achieved.in.the.past.few.years.in.improving.the.
surface. stability. of. bulk. metallic. interconnects.. However,. it. appears. that. the. use.
of.high-temperature.oxidation-resistant.alloys,.in.particular.ferritic.stainless.steels.
that.demonstrate.a.CTE.match.to.the.ceramic.cells,.remains.challenging.in.terms.of.
satisfactory. lifetime.surface.stability.at. the. temperatures. that.are.allowed.by.cur-
rent.SOFC. technologies..An.alternative.approach. to.bulk. alloy.development,. sur-
face.modification.of.metallic.interconnects.via.application.of.protection.layers,.has.
proved.to.be.viable.for.improvement.of.their.stability.and.mitigation.of.adverse.inter-
actions.with.cell.and.stack.components.. In.particular,.protection. layers. fabricated.
from.non-Cr-containing.conductive.oxides,.e.g.,.(Mn,Co)3O4.spinels,.are.among.the.
most.promising.candidates..Further.progress. in. terms.of.materials.understanding.
and.optimization.will.be.necessary.to.achieve.satisfactory.cost-effective,.long-term.
interconnect.performance.
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��.� InTroduCTIon

Proton.exchange.membrane.(PEM).fuel.cell.technology.is.a.promising.alternative.
for.a.secure.and.clean.energy.source.in.portable,.stationary,.and.automotive.appli-
cations..However,.it.has.to.compete.in.cost,.reliability,.and.energy.efficiency.with.
established.energy.sources.such.as.batteries.and.internal.combustion.engines..Many.
of. the.major.challenges.in.PEM.fuel.cell.commercialization.are.closely.related.to.
three.critical.materials.considerations:.cost,.durability,.and.performance..The.chal-
lenge.is.to.find.a.combination.of.materials.that.will.give.an.acceptable.result.for.the.
three.criteria.combined..For.example,.Hamilton.Standard. (a. subsidiary.of.United.
Technologies.Corporation).demonstrated.individual.cell.lifetimes.of.over.87,600.run.
hours. on. at. least. three. individual. test. cells. operated. continuously. at. 0.54. A/cm2.
using.a.thick.membrane.(Nafion®.120,.250.μm.thick).and.Pt.black.electrodes.(>10.
mg.Pt/cm2).1,2.They.also.achieved.stable.voltage.(decay.rate.~.1.μV/h).for.40,000.h.
on.a.four-cell.stack.operated.continuously.at.low.current.density.(CD).(~0.13.A/cm2)..
These. lifetime. performances. met. or. exceeded. the. Department. of. Energy. (DOE).
target.(40,000.h).for.stationary.applications.3.However,.the.cost.of.these.systems.is.
prohibitively.high.for.commercial.applications.(DOE.targets:.$30/kW.for.transporta-
tion.applications.using.neat.H2.and.$750/kW.for.stationary.power.applications.using.
natural. gas. reformate).. On. the. other. hand,. state-of-the-art. PEM. fuel. cells,. using.
thinner.membranes.(<40.μm).and.Pt/C.electrodes.(<1.mg.Pt/cm2).for.cost.reduction,.
are.less.expensive.(but.still.higher.than.DOE.cost.targets).but.only.have.a.demon-
strated.lifetime.of.less.than.15,000.h.operating.on.reformate.3–5.There.are.numerous.
reviews.on.general.PEM.fuel.cell.technology,5–11.fuel.cell.components,12–15.electrode.
catalysts,16–24. membrane. electrolytes,25–32. bipolar. plates,33,34. and. system. reliability.
and. compatibility.4,35,36. This. chapter. summarizes. the. current. status. of. materials-
related.aspects.of.PEM.fuel.cell. research.and.development,. including.basic. func-
tional. requirements,. state-of-the-art. materials,. and. technical. challenges. for. each.
individual.component..Hydrogen.production,.distribution,.and.storage.are.covered.
in.sections.12.1.to.12.3.

The.idea.of.using.an.ion-conductive.polymeric.membrane.as.a.gas–electron.bar-
rier. in. a. fuel. cell. was. first. conceived. by. William. T.. Grubb,. Jr.. (General. Electric.
Company). in.1955.37,38. In.his.classic.patent,37.Grubb.described. the.use.of.Amber-
plex.C-1,.a.cation.exchange.polymer.membrane. from.Rohm.and.Haas,. to.build.a.
prototype.H2–air.PEM.fuel.cell.(known.in.those.days.as.a.solid-polymer.electrolyte.
fuel. cell).. Today,. the. most. widely. used. membrane. electrolyte. is. DuPont’s. Nafion.
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due.to.its.good.chemical.and.mechanical.stability.in.the.challenging.PEM.fuel.cell.
environment..A.perfluorinated.polymer.with.pendant.sulfonated.side.chains,.Nafion.
was.initially.developed.in.1968.by.Walther.G..Grot.of.DuPont.for.the.chlor-alkali.
cell.project.of. the.National.Aeronautics.and.Space.Administration.(NASA).space.
program.39.Several.manufacturers.provide.other.perfluorinated.polymers,.composite.
polymers,.and.hydrocarbon.polymers.as.membrane.electrolytes.25–32

Figure.12.1.is.a.schematic.view.of.a.typical.PEM.fuel.cell..A.membrane.elec-
trode.assembly.(MEA).usually.refers.to.a.five-layer.structure.that.includes.an.anode.
gas.diffusion.layer.(GDL),.an.anode.electrode.layer,.a.membrane.electrolyte,.a.cath-
ode.electrode.layer,.and.a.cathode.GDL..Most.recently,.several.MEA.manufacturers.
started.to.include.a.set.of.membrane.subgaskets.as.a.part.of.their.MEA.packages..
This.is.often.referred.to.as.a.seven-layer.MEA..In.addition.to.acting.as.a.gas.and.

e-

H2
O2

H2O

Fuel
inlet 

Air
inlet 

H+

e- e-

Anode
outlet 

Cathode
outlet 

Bipolar
Plate

Bipolar
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Gas Diffusion Layers

fIgure ��.�  Schematic views of a PEM fuel cell and a seven-layered MEA.
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electron. barrier,. a. membrane. electrolyte. transports. protons. (H+). from. the. anode,.
where.H2. is.oxidized. to.produce.H+. ions.and.electrons,. to. the.cathode,.where.H+.
ions. and. electrons. recombine. with.O2. to. produce. H2O.. Small. organic. molecules,.
such.as.CH3OH.and.HCOOH,.can.also.be.used.as.the.anode.fuel.in.place.of.H2,.but.
they.pose.special.challenges.for.various.MEA.components,.especially.the.catalysts.
(poisoning).and.the.membrane.(swelling.and.fuel.crossover)..For.economic.reasons,.
air. is.usually.used.as. the.cathode. feed. rather. than.pure.O2..Electrons.are.carried.
from.the.anode.to.the.cathode.through.the.external.electric.circuit..The.anode.and.
cathode.electrode. layers.are. typically.made.of.Pt.or.Pt.alloys.dispersed.on.a.car-
bon.support.for.maximum.catalyst.utilization..Ionomers.and.polytetrafluoroethylene.
(PTFE).resins.can.be.added.to.the.electrode.layers..The.former.extends.the.proton.
transport.path.beyond.the.electrode–membrane.interfaces;.the.latter.facilitates.liquid.
water.removal.from.the.electrode.layers..Both.can.also.help.bind.together.various.
electrode. components.. GDLs. are.made.of.porous.media. such. as. carbon.paper.or.
carbon.cloth.to.facilitate.the.transport.of.gaseous.reactants.to.the.electrode.layers,.as.
well.as.the.transport.of.electrons.and.water.away.from.the.electrode.layers..An.MEA.
is.sandwiched.between.two.bipolar.plates.to.form.a.single.fuel.cell..The.word.bipo-
lar.refers.to.a.plate’s.bipolar.nature.in.a.series.of.single.cells.(known.as.a.stack).in.
which.a.plate.(or.a.set.of.half.plates).is.anodic.on.one.side.and.cathodic.on.the.other.
side..Bipolar.(half).plates.often.have.gas.channels.on.the.side.facing.an.MEA.and.
channels.for.temperature.control.on.the.other.side.and,.together.with.the.GDLs,.they.
provide.structural.support.for.the.MEAs.in.addition.to.serving.as.transport.media.for.
reactants/products,.electricity,.and.heat.

In. the. following. sections,. a. brief. overview. of. the. basic. electrochemical. pro-
cesses.in.a.H2/O2.PEM.fuel.cell.is.given,.followed.by.information.on.individual.fuel.
cell.components:.anode,.cathode,.catalyst. support,.membrane,.GDLs,.and.bipolar.
plates.. The. focus. is. on. the. specific. functionalities. and. material. requirements. for.
each.individual.component..The.subgaskets.of.a.seven-layer.MEA.will.be.discussed.
in.conjunction.with.materials.compatibility.in.a.separate.section,.which.also.covers.
the.materials.selection.criteria.for.coolant,.hoses,.and.other.system.components..A.
high-temperature.(HT).version.of.the.H2/O2.PEM.fuel.cell.using.a.polybenzimid-
azole–phosphoric.acid.(PBI-PA).membrane.electrolyte.will.also.be.described,.with.
emphasis. on. its. advantages. and. disadvantages. relative. to. low-temperature. (LT).
counterparts..Other.types.of.PEM.fuel.cells.using.small.organic.molecules.as.direct.
fuels,.such.as.direct.methanol.fuel.cells.(DMFCs),.are.beyond.the.scope.of.this.book.
and.will.be.discussed.only.when.relevant.to.a.H2/O2.PEM.fuel.cell.system.

��.� eleCTrode maTerIals

The.hydrogen.oxidation.reaction.(HOR).occurs.at.the.anode.electrode.of.an.H/O2.
PEM.fuel.cell.(reaction.1):

H2.↔.2.H+.+.2.e–. E0.=.0.V. (1)

This.is.a.thermodynamically.reversible.process.that.often.serves.as.a.standard.
reference.electrode,.known.as.the.reversible.hydrogen.electrode.(RHE),.for.all.other.
electrochemical.processes.
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At.the.cathode.electrode,.the.thermodynamically.irreversible.four-electron.oxy-
gen.reduction.reaction.(ORR).is.the.dominant.electrochemical.process.(reaction.2):

O2.+.4.H+.+.4.e–.↔.2.H2O. E0.=.1.229.V. (2)

When.connected.through.an.external.circuit,.the.net.result.of.these.two.half-cell.
reactions.is.the.production.of.H2O.and.electricity.from.H2.and.O2..Heat.is.also.gen-
erated.in.the.process..In.the.absence.of.a.proper.catalyst,.however,.neither.of.these.
two.half. reactions. takes.place.at.meaningful. rates.under.PEM.fuel.cell.operating.
conditions.(50.to.80°C,.1.to.5.atm)..Despite.decades.of.effort.in.search.of.cheaper.
alternatives,.platinum.is.still.the.catalyst.of.choice.for.both.the.HOR.and.ORR.

In. a. real. fuel. cell,. the. apparent. cell. voltage. is. significantly. lower. than. 1.229.
V,.the.standard.potential.difference.between.the.two.half.reactions..The.difference.
between. the. ideal.and.apparent.cell.voltage. is.known.as. the.overpotential,.which.
includes.catalyst.activation.loss,.mass.transport. loss,.and.ohmic.loss.(figure.12.2)..
Most.of.the.activation.losses.originate.from.a.sluggish.ORR.kinetics,40.as.the.overpo-
tential.for.the.HOR.on.a.Pt.anode.is.generally.negligible.except.at.a.very.high.CD.or.
in.the.presence.of.certain.catalyst-poisoning.species.(such.as.CO)..These.overpoten-
tials.are.responsible.for.the.reduced.efficiency.of.an.electrochemical.cell..For.an.HT.
system,.some.of.the.energy.lost.may.be.recuperated.through.a.heat.recovery.process.
for.internal.or.external.usage,.but.the.quality.of.the.heat.from.an.LT.system.may.be.
too.low.for.this.to.be.worthwhile.

Hydrogen.peroxide.is.also.formed.as.the.two-electron.ORR-byproduct.(reaction.3):

O2.+.2.H+.+.2.e–.↔.H2O2. E0.=.0.695.V. (3)
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fIgure ��.�  Schematic view of various overpotential losses: ideal and apparent fuel cell 
voltage–current characteristics.
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The.free.radicals.(·OH,.·OOH,.…).from.H2O2.decomposition.are.a.primary.cause.of.
membrane.and.ionomer.chemical.degradation.25.The.H2O2-related.membrane.degra-
dation.mechanism.will.be.discussed.in.more.detail.in.section.12.3.1..The.remainder.
of.section.12.2.is.divided.into.four.subtopics:.anode,.cathode,.catalyst.support,.and.
engineered.nanostructured.electrodes.

12.2.1 anOde CatalySt materialS

As.mentioned.above,.an.anode.serves.as.the.HOR.site.in.a.H2/O2.fuel.cell..As.such,.
it.must. fulfill. the. following.basic. functional. requirements:. (1). transport.H2. to. the.
catalyst.sites,.(2).catalyze.the.HOR.process,.(3).carry.protons.away.from.the.reac-
tion.sites.to.the.membrane.electrolyte,.(4).remove.electrons.from.the.anode,.and.(5).
transfer.heat.in.or.out.of.the.reaction.zone..Water.management.is.also.an.important.
consideration,.as.it.is.for.all.PEM.fuel.cell.components.

The.HOR.process.is.believed.to.proceed.through.the.following.steps.(Reactions.
4.to.6;.M.=.metal.catalyst):41,42

H2.+.2.M.→.2.MHads. Tafel.reaction. (4)

or
H2.+.H2O.+.M.→.MHads.+.H3O+.+.e–. Heyrovsky.reaction. (5)

and

MHads.+.H2O.→.H3O+.+.e–.+.M. Volmer.reaction. (6)

The. rate-determining. step. varies. depending. on. the. specific. catalysts. and. the.
reaction.conditions..For.a.PEM.fuel.cell.with.a.Pt.anode,.the.HOR.process.involves.
only.the.Tafel.and.Volmer.reactions,.with.the.Tafel.reaction.being.the.rate-determin-
ing.step.41.The.rate.of.the.overall.HOR.process.can.be.expressed.in.the.Butler–Vol-
mer.form.(equation.12.1):

	
j j e eF RT F RTs s= −−( )[ ]0

1 1 1β η β η/ /

. (12.1)

The. exchange. current. density. ( j0). depends. on. the. nature. of. the. catalyst. mor-
phology,.the.catalyst–electrolyte.interface,.the.properties.of.the.reaction.media.(pH,.
electrolyte,. temperature,. concentration,. etc.),. and. the. levels. of. contaminants. such.
as.CO,.Cl–,.and.sulfur.species..For.the.HOR,.the.measurement.of.j0.is.further.com-
plicated.by.the.lowered.H2.gas.diffusivity.in.a.strong.electrolyte.solution.known.as.
the.“salting.out”.effect.42.As.a.result,.the.reported value.ranges.from.10–5.to.10–2.A/
cm2.for.different.Pt.electrodes.in.various.acidic.media.42.However,.the.rate-limiting.
process.of.a.H2/O2.fuel.cell.is.the.ORR.on.the.cathode.electrode.because.j0.for.the.
ORR.is.10–6.~.10–11.A/cm2.40.Anode.materials.research.has.been.centered.mostly.on.
Pt-loading.reduction,.CO-tolerant.catalysts.for.DMFCs.and.systems.operating.with.
CO-contaminated.fuels.(such.as.reformate),.and.low-cost.Pt.alternatives.
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��.�.�.� Pt-loading reduction

Over.the.last.15.years.or.so,.reduction.of.Pt.loading.has.been.accomplished.primar-
ily.through.the.transition.from.Pt.black.catalysts.(~10.mg.Pt/cm2.used.in.the.NASA.
space.program).to.high.surface.area.carbon-supported.Pt.catalysts.(nominally.0.8.mg.
Pt/cm2.for.representative.commercial.MEAs).6,7,43,44.It.has.been.estimated.that.at.j0.=.
27.mA/cm2,.an.anode.with.0.05.mg.Pt/cm2.loading.would.be.sufficient.to.support.the.
HOR.up.to.1.A/cm2.with.less.than.10.mV.overpotential.loss.(figure.12.3).44.Johnson.
Matthey.reported.the.half-cell.test.results.of.an.anode.catalyst.with.as.low.as.0.025.
mg.Pt/cm2.(20%.Pt.on.Vulcan®.XC72R).and.observed.less.than.a.5-mV.increase.in.
anode.overpotential.23.An.MEA.with.a.PtRu20/C.anode.catalyst.provided.by.Adzic’s.
group.at.Brookhaven.National.Laboratory.(anode,.0.022.mg.Pt/cm2;.cathode,.com-
mercial.Pt/C.catalyst-coated.GDL.with.0.4.mg.Pt/cm2).demonstrated.a.10-.to.15-mV.
improvement.over.a.commercial.anode.(1:1.alloy,.0.6.mg.Pt/Ru/cm2).when.100%.H2.
was.used.as.the.fuel.45–47.The.PtRu20/C.anode.catalyst.was.prepared.by.depositing.
a.monolayer. of.Pt. over. approximately.1/8.of. the. surface.of. carbon-supported.Ru.
nanoparticles.through.the.spontaneous.deposition.of.Pt.on.Ru.48–50.The.metallic.Ru.
surface.undergoes.facile.oxidation.without.dissolution,.which.ensures.selective.Pt.
deposition.on.Ru.but.not.at.the.carbon.support..Long-term.(>1,000.h).performance.
evaluation. of. this. anode. catalyst,. by. both. Plug. Power. and. Los. Alamos. National.
Laboratory.(~0.017.mg.Pt/cm2),.demonstrated.excellent.cell.voltage.stability.using.
neat.H2.as.the.fuel.45–47.However,.this.catalyst.appeared.to.be.highly.susceptible.to.
Ru.oxidation.and.quickly.lost.its.CO.tolerance.when.operating.with.a.CO-containing.
reformate.45.Zeis.et.al..prepared.Pt-plated.nanoporous.gold.leafs.as.low.Pt.loading.
(10.to.100.μg.Pt/cm2).and.carbon-free.electrodes.51.The.long-term.stability.of.low.Pt.

fIgure ��.�  Calculated anode overpotential as a function of current density and Pt load-
ing. (From Gasteiger, H. A. et al., J. Power Sources, 127, 162, 2004. With permission.)
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loading.electrodes.is.still.not.settled,.and.more.experiments.are.needed.using.either.
neat.H2.or.reformate.23,44–47

��.�.�.� non-Pt anode Catalysts

As. mentioned. earlier,. the. rate-determining. step. in. the. HOR. process. for. a. H2/O2.
PEM.fuel.cell.is.the.Tafel.reaction.41.It.involves.the.dissociative.chemisorption.of.H2.
on.a.catalyst.surface.to.form.MH.adatom.species..Figure.12.4.is.a.volcano.diagram.
depicting. the. hydrogen. evolution. reaction. (HER,. a. thermodynamically. reversible.
process. of. the. HOR). exchange. current. density. over. different. metal. surfaces. as. a.
function.of. the. calculated.hydrogen. chemisorption. energy.52.There. is. a. clear. cor-
relation.between.hydrogen.chemisorption.energy.and.exchange.current.density..Pt.is.
a.better.HOR.catalyst.than.other.metals.because.the.Tafel.reaction.is.energetically.
neutral.on.Pt.at.the.equilibrium.potential.52.A.few.other.metals,.such.as.Pd.and.Re,.
also. possess. HOR. exchange. current. densities. that. are. comparable. to. that. of. a. Pt.
electrode..However,.chemical.instability.limits.the.application.of.these.elements.as.
viable.anode.catalysts.under.PEM.fuel.cell.operating.conditions..Furthermore,.the.
cost.of.Pd.or.Re,.although.considerably.lower.than.that.of.Pt,.would.still.be.high.for.
a.commercial.fuel.cell.
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fIgure ��.�  Top: Experimentally measured exchange current, log(i0), for the HER over 
different metal surfaces plotted as a function of the calculated hydrogen chemisorption 
energy per atom, ΔEH (top axis). Single crystal data are indicated by open symbols. Bottom: 
The result of the simple kinetic model plotted as a function of the free energy for hydrogen 
adsorption, ΔGH* = ΔEH + 0.24 eV. (From Nørskov, J. K. et al., J. Electrochem. Soc., 152, J23, 
2005. With permission.)
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Nonprecious.metal.alloys,.carbides,.or.oxides.may.hold. the.solution. to. the.
cost.and.chemical.instability.problems..WCx.and.WOx.are.the.most.studied.sys-
tems.as.low-cost.alternatives.to.a.Pt.anode.because.of.their.excellent.stability.in.
acidic.media..They.also.have.high.CO. tolerance.because.CO.does.not. readily.
adsorb.onto.their.surfaces.53–56.WCx.is.particularly.attractive.because.its.electron.
density.states.near.the.Fermi.level.are.similar.to.those.of.Pt.57,58.Yang.and.Wang.
obtained.a.high.CD.(0.9.A/cm2).from.a.H2–air.PEM.fuel.cell.with.a.WC.anode.
(0.48.mg.WC/cm2).59.The.CD.was.limited.by.the.WC.anode.in.contrast.to.a.typi-
cal.PEM.fuel.cell.with.a.Pt.anode,.which.is.cathode.(ORR).limited.and.can.reach.
over.2.A/cm2.under.the.same.test.conditions..Nevertheless,.this.represents.a.CD.
increase. of. two. orders. of. magnitude. over. the. previously. reported. WC. anode.
catalysts.60,61

Limoges.et.al..looked.at.the.HOR.catalytic.activities.of.a.series.of.heteropolyac-
ids.(HPAs).containing.Mo.and.V.62.The.CD.is.too.low.(a.few.mA/cm2).for.them.to.be.
used.as.stand-alone.anode.catalysts,.although.it.should.be.pointed.out.that.the.HPA.
loading.of.the.anode.used.in.this.study.was.one.to.two.orders.of.magnitude.lower.on.
a.molar.basis.than.that.of.a.typical.Pt.anode..However,.HPAs.have.been.shown.to.be.
promising.proton-conductive.membrane/ionomer.fillers. and.effective. catalysts. for.
H2O2.decomposition.63,64.On.this.basis,.they.may.eventually.become.a.part.of.fuel.
cell.electrodes.

��.�.�.� Carbon monoxide–Tolerant anode Catalysts

The.current.lack.of.a.national.hydrogen.infrastructure.dictates.that.on-site.hydrogen.
generation.will.be.the.choice.of.many.H2–air.PEM.fuel.cell.applications.in.the.fore-
seeable.future..In.many.respects,.water.hydrolysis.using.electricity.generated.through.
renewable.solar.or.wind.energy.would.be.ideal.for.on-site.H2.generation..However,.
the.most.technically.and.economically.viable.on-site.H2.generation.technology.today.
is. still. reforming.of.natural.gas.or.other. readily.available.hydrocarbon. fuels..The.
ubiquitous. CO. in. a. reformate. fuel. poses. a. significant. challenge. to. anode. materi-
als.because.even.a.few.ppm.of.CO.can.induce.a.considerable.cell.voltage.loss.(fig-
ure.12.5).65.This.is.because.the.Pt-CO.adlayer.formation.is.far.more.exothermic.than.
the.energetically.neutral.Pt-H.adatom.formation.50,66,67.The.Pt-CO.adlayer.coverage.
can.reach.over.98%.even.when.just.a.few.ppm.of.CO.is.present.in.a.reformate.23.In.
this.situation,.the.HOR.can.occur.at.only.a.few.bare.Pt.sites.in.a.compact.CO.mono-
layer.68.The.result.is.an.elevated.anode.overpotential.even.at.a.CD.as.low.as.0.1.A/cm2.
(~0.8.V.for.an.E-TEK.20%.Pt/Vulcan®.anode).and,.in.turn,.a.lower.cell.voltage.69

Development.of.CO-tolerant.anode.materials.is.also.driven.by.DMFC.applica-
tions.in.which.CO.is.one.of.the.methanol.oxidation.products.6,7.CO.poisoning.at.the.
DMFC.anode.leads.to.low.power.density,.a.critical.parameter.for.portable.applica-
tions.. Pt/Ru. alloys. are. the. state-of-the-art. materials. for. CO-tolerant. anodes.. The.
optimal.Pt/Ru.molar.ratio.is.generally.found.to.be.1:1,.but.it.varies.depending.on.the.
exact.nature.of.a.Pt/Ru.alloy.and.its.fabrication.process.23,70.Pt.alloys.of.other.metals.
(such.as.W,.Sn,.and.Mo).and.non-Pt.alloys.have.also.been.examined.as.CO-tolerant.
anode.materials.14,23,71
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The. generally. accepted. bifunctional. mechanism. for. Pt/Ru-catalyzed. CO. oxi-
dation.involves.the.formation.of.either.a.Ru-activated.H2O.molecule.or.a.Ru(OH).
surface.complex.adjacent.to.Pt-CO.sites.(reactions.7.to.10):72–74

. Ru.+.H2O.→.Ru-H2O. (7)

. Ru-H2O.+.Pt-CO.→.CO2.+.2.H+.+.2.e–. (8)

or

. Ru.+.H2O.→.Ru(OH).+.H+.+.e–. (9)

. Ru(OH).+.Pt-CO.→.CO2.+.H+.+.e–. (10)

There.appears.to.be.a.close.link.between.the.actual.CO.oxidation.mechanism.
and. the. nature. of. Pt-CO. bonds:. the. route. involving. Ru-H2O. is. associated. with. a.
CO.molecule.bridge.bonded.to.two.adjacent.Pt.sites,72.whereas.the.route.involving.
Ru(OH).is.linked.to.a.CO.molecule.linearly.bonded.to.a.single.Pt.site.73

For.reformate.with.a.high.CO.concentration.(>10.ppm),.a.PEM.fuel.cell.with.a.
Pt/Ru.alloy.anode.still.suffers.from.a.substantial.cell.voltage.loss,.especially.in.the.
high-CD.region,.because.the.maximum.CO.oxidation.current.occurs.from.0.39.to.
0.6.V.75.At.its.onset.potential.(<0.1.V),.the.CO.oxidation.current.density.of.a.Pt/Ru.
anode.is.capable.of.oxidizing.only.a.few.ppm.CO..The.ignition.potential,.defined.as.
the.potential.at.which.the.CD.increases.by.approximately.two.orders.of.magnitude.
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fIgure ��.�  Progressive poisoning from 10, 40, and 100 ppm CO on pure Pt and Pt0.5Ru0.5 
alloy anodes. Increased CO tolerance is shown by the Pt0.5Ru0.5 alloy anodes. The MEAs 
are based on catalyzed substrates bonded to Nafion 115. The single cell is operated at 80ºC, 
308/308 kPa, 1.3/2 stoichiometry with full internal membrane humidification. (From Ralph, 
T. R. and Hogarth, M. P., Platinum Metal Rev., 46, 117, 2002. With permission.)
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within.a.narrow.potential.range,.was.found.to.be.as.high.as.0.45.V.in.some.cases.76.
A.Pt/Ru.anode.may.experience.an.overpotential.from.0.39.V.for.a.state-of-the-art.
Pt/Ru.catalyst.to.as.high.as.0.6.V.for.an.average.Pt/Ru.catalyst.when.the.Pt.surface.
is.saturated.with.CO.68–76.Gottesfeld.and.Pafford.discovered.that.CO.could.be.chemi-
cally.oxidized.to.CO2.when.a.small.amount.of.air.was.bled.into.the.anode.of.a.PEM.
fuel.cell.77,78.This.CO.oxidation.process.is.electrochemically.promoted.and.is.cata-
lyzed.by.Pt.79,80.Unlike.the.electrochemical.CO.oxidation.catalyzed.by.Pt/Ru,.the.air.
bleed.(AB).process.prefers.a.hydrophobic.environment.for.facile.O2.diffusion..Excess.
O2,.usually.at.O2/CO.>.100.(or.200.in.stoichiometry),.is.required.for.effective.CO.
removal.75.The.excess.O2.reacts.with.H2..In.addition.to.the.consumption.of.valuable.
H2,.it.also.leads.to.the.formation.of.a.significant.amount.of.H2O2.at.the.anode.81–84.
Free.radicals.(HO·,.HOO·).generated.by.decomposition.of.H2O2.have.been.identified.
as. the.primary.cause.for. ionomer/membrane.chemical.degradation.29,85,86.We.have.
developed.a.pulsed.air.bleed.(PAB).technology.to.minimize.H2O2.formation,.and.
hence.to.reduce.the.rate.of.membrane/ionomer.degradation.75.For.a.reformate.with.
10.ppm.CO,.PAB.reduced.the.amount.of.air.needed.by.more.than.80%.relative.to.a.
continuous.AB.under.otherwise.the.same.operating.conditions..This.led.to.a.reduc-
tion. in.fluoride. release. rate. (FRR).of.>70%,.and. it. improved.cell.performance. in.
single-cell.and.short-stack.endurance.tests.75,87.PAB.is.also.a.simple.yet.effective.CO.
mitigation.strategy.for.systems.with.variable.CO.concentrations.or.transient.high.CO.
concentrations.because.it.automatically.adjusts.its.pulsing.frequency.in.response.to.
changes.in.CO.concentration.

An. anode. configuration. closely. related. to. the. AB. approach. is. the. so-called.
reconfigured.anode,. in.which.a. thin. layer.of.metal. (such.as.Pt/C).or.metal.oxide.
(such.as.FeOx).is.added.to.the.outside.of.the.anode.GDL.facing.the.flow.field.79,88.
Unlike.a.normal.anode.electrode.layer.that.is.impregnated.with.ionomers.for.facile.
proton.transport,.this.ionomer-free.CO.oxidation.layer.is.hydrophobic.for.improved.
gas.diffusion.to.help.maximize.the.interaction.between.CO.and.O2.

With.almost.endless.possible.combinations,.finding.the.right.alloy.catalysts.for.
the.HOR.and.CO-tolerant.anode,.and.for.that.matter.good.ORR.catalysts,.requires.
rational.design.strategies.with.a.set.of.sound.guidelines..Strasser.et.al..employed.a.
density.functional.theory.(DFT).calculation.to.map.out.detailed.adsorption.energies.
and.activation.barriers.for.a.variety.of.model.ternary.PtRuM.alloys.as.potential.CO-
tolerant.catalysts.89.They.found.a.similar.trend.for.electrocatalytic.activity.as.a.func-
tion.of. the.alloy.composition.as.observed.experimentally..Greeley.and.Mavrikakis.
suggested.the.use.of.a.plot.of.CO.binding.energy.vs..surface.segregation.energy.to.
assist.the.selection.of.near-surface.alloys.(NSAs).as.candidates.for.further.screening.90.
NSAs.are.alloys.where.a.solute.metal.is.present.near.the.surface.of.a.host.metal.in.
concentrations.different.from.the.bulk..A.minute.amount.of.solute.metal.in.the.sur-
face.region.can.drastically.change.the.catalytic.properties.of.the.corresponding.pure.
metals.90–92.At.the.NSA.dilution.limit,.it.is.expected.that.defect.sites.on.or.near.the.sur-
face.can.catalyze.the.HOR.by.providing.a.local.environment.that.resists.poisoning.90.
High-throughput.sample.preparation.and.fast.screening.technology.are.essential.for.a.
successful.implementation.of.such.a.vast.undertaking.89,93.One.attractive.fast.screen-
ing.method.was.demonstrated.by.Stevens.et.al.,.who.devised.a.64-electrode.PEM.fuel.
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cell.to.study.the.effect.of.composition.for.a.series.of.(Pt1–xRux)1–yMoy.alloys.in.a.single.
experimental.run.under.realistic.fuel.cell.operating.conditions.94

The. equilibrium. CO. coverage. on. Pt. decreases. as. the. temperature. increases.
because.CO.adsorption.on.Pt.is.an.exothermic.process..It.has.been.demonstrated.in.
phosphoric.acid.fuel.cells.that.at.temperatures.above.180°C,.one.can.operate.with.
a. reformate. containing. 1%. CO. or. higher.6,7. The. ability. to. operate. with. high. CO.
concentrations.can.greatly.simplify.the.reforming.subsystem.for.reduced.cost.and.
improved.system.reliability..Plug.Power.has.been.working.on.a.PBI-based.PEM.fuel.
cell. system.with.an.operating. temperature. range. from.160. to.180°C.95.Compared.
to.its.LT.counterpart,.this.system.eliminates.the.need.for.LT.shift.and.preferential.
oxidation. (PROX).reactors. in. the. fuel.processing.system.. It.also.does.not. require.
water.management. components. for. its. fuel. cell. system..Furthermore,. it. enables. a.
combined.heat.and.power.(CHP).system.design.that.provides.high-quality.heating.
and. improved. system. efficiency.. A. Pt/C. anode. is. used. in. place. of. a. Pt/Ru. alloy.
because.of.the.enhanced.CO.tolerance.and.the.good.chemical.stability.of.Pt.at.the.
elevated.temperature.

12.2.2 CathOde CatalySt materialS

A.cathode.serves.as.the.site.for.the.ORR.in.a.H2/O2.fuel.cell..It.should.fulfill.the.fol-
lowing.basic.functional.requirements:.(1).transport.O2.to.the.catalyst.sites,.(2).carry.
protons.from.the.membrane.electrolyte.to.the.catalyst.sites,.(3).move.electrons.to.the.
reaction.sites,.(4).catalyze.the.ORR,.(5).remove.product.water,.and.(6).transfer.heat.
to.or.from.the.reaction.zone.

The.exact.ORR.mechanism.is.still.a.topic.of.much.debate.40.Two.representative.
mechanisms,.namely,. a.dissociative.mechanism. (reactions.11,.15,. and.16). and.an.
associative.mechanism.(reactions.12.to.16),.are.illustrated.here:

. 1/2.O2.+.M.→.M-Oads. (11)

or

. O2.+.M.→.M-O2. (12)

. M-O2.+.H+.+.e–..→.M-O2H. (13)

. M-O2H.+.H+.+.e–..→.H2O.+.M-Oads. (14)

The.final.two.steps.are.the.same.for.both.mechanisms:

. M-Oads.+.H+.+.e–..→.M-OH. (15)

. M-OH.+.H+.+.e–..→.H2O.+.M. (16)

Recent. studies. pointed. to. the. formation. of. a. peroxy. intermediate. on. the. Pt.
surface,.suggesting. that. the.more.complex.associative.mechanism.is.at.work.on.a.
Pt.electrode.96–98.However,. the.DFT.calculations.by.Nørskov.et. al.. suggested. that.
the.associative.mechanism.was.only.the.dominant.pathway.at.ORR.overpotentials.
greater.than.0.8.V.99.At.realistic.ORR.overpotentials.(<0.8.V),.the.two.pathways.run.
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parallel.to.each.other..Regardless.of.the.actual.ORR.mechanism,.one.thing.is.clear:.
the.ORR.is.the.rate-limiting.process.in.a.H2/O2.fuel.cell..The.slow.ORR.kinetics.is.
responsible.for.the.steep.slope.in.the.activation.polarization.region.(figure.12.2)..A.
small.but.noticeable.H2.crossover.current.at.the.open.circuit.(OC).is.largely.to.blame.
for.the.open-circuit.voltage.(OCV).loss.even.for.a.state-of-the-art.membrane.electro-
lyte..Much.of.the.cathode.research.has.been.directed.at.finding.a.cathode.catalyst.to.
improve.the.slow.ORR.kinetics.and.to.find.a.cheap.replacement.for.Pt.

��.�.�.� Pt and Pt alloy Cathode Catalysts

Pt.and.Pt.alloys.are.the.most.active.catalysts.for.the.ORR.100.The.DFT.calculations.
by.Nørskov.et.al..indicated.that.the.ORR.activity.is.a.function.of.both.the.O.and.OH.
binding.energy.99.They.generated.two.ORR.volcano.plots.(figure.12.6).for.the.ORR.
activities.of.various.metals:.one.based.on.the.O.binding.energy.(dissociative.mecha-
nism).and.the.other.on.both.the.O.and.OH.binding.energies.(associative.mechanism)..
These.plots.explain.why.Pt.is.the.best.elemental.catalyst.material.and.why.certain.
Pt.alloys.display.a.better.ORR.activity.than.elemental.Pt,.i.e.,.metals.such.as.Ni,.Co,.
Fe,.and.Cr.have.smaller.O.binding.energies.than.Pt.99.Markovic.and.Ross.observed.
that.Pt.alloys.of.Ni,.Co,.or.Fe.with.a.Pt.monolayer.on.their.surfaces.displayed.higher.
ORR. activities. than. the. corresponding. Pt. alloys. (skin. effect).96. Calculations. by.
Kitchin.et.al..indicated.that.the.oxygen.dissociative.adsorption.energy.on.the.surface.
Pt.was.weakened.as.its.d-band.was.broadened.and.lowered.in.energy.by.interactions.
with.the.underlayer.3d metals.101.This.explains.the.enhanced.ORR.activities.of.these.
“skin”.alloys..Studies.like.these.have.provided.guidelines.in.the.search.for.an.effec-
tive.ORR.catalyst..Adzic.et.al..synthesized.a.series.of.PtM.(M.=.Ni,.Co,.Cr,.Pd,.Au,.
Ru,.Ir,.Rh).alloy.cathode.catalysts.46,48–50,102.These.alloys.exhibited.better.ORR.activ-
ity.than.pure.Pt,.with.the.highest.half-wave.potential.increase.(45.mV).obtained.on.
a.Pt/PtCo.skin.alloy.102.Stamenkovic.et.al..demonstrated.that.the.Pt3Ni(111).surface.
is. 10. times.more. active. for. the.ORR. than. the. corresponding.Pt(111). surface,. and.
90. times.more.active. than. the.current.state-of-the-art.Pt/C.catalysts. for.PEM.fuel.
cells.103.Xu.et.al..studied.the.skin.effect.of.Pt-Co.and.Pt-Fe.alloys.104.Teliska.et.al..
found.that.the.OH.chemisorption.decreased.in.the.direction.of.Pt.>.Pt-Ni.>.Pt-Co.>.
Pt-Fe.>.Pt-Cr,.which.correlated.directly.with.the.observed.fuel.cell.performance.105.
Balbuena.et.al..developed.a.thermodynamic.design.guideline.for.bimetallic.Pt.alloy.
ORR. catalysts.106,107.Tamizhmani. and. Capuano. showed. that. Pt-Cr-Cu1–x(CuO)x>0.3.
was.six. times.more.active. than.pure.Pt,.and. that.Pt-Cr.and.Pt-Cr-Cu.alloys.were.
about.twice.as.active.as.Pt.108.Mukerjee.et.al..studied.the.effect.of.alloy.preparation.
conditions.on.electronic.and.structural.properties,.and.ORR.electrocatalytic.activi-
ties.109.Pt.alloys.can.be.made.by.either.depositing.a.base.metal.onto.pre-made.Pt.
particles.or.depositing.Pt.and.base.metals.simultaneously..A.sintering.step.at.about.
600°C.or.higher.temperatures.is.often.needed.for.the.formation.of.a.true.alloy,.which.
may.inadvertently.cause.the.sintering.and.coalescence.of.alloy.particles..Pt.alloys.of.
other.precious.metals.have.also.been.shown.to.display.higher.ORR.activities.than.
Pt.alone..For.example,.Ioroi.and.Yasuda.showed.that.Pt.alloys.with.5.to.20.wt%.Ir.
enhanced.the.ORR.activity.by.a.factor.of.more.than.1.5.at.0.8.V.110
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fIgure ��.�  Trends in ORR activity as a function of (a) the O binding energy and (b) both 
the O and OH binding energy. (From Norskov, J. K. et al., J. Phys. Chem. B, 108, 17886, 2004. 
With permission.)
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The.stability.and.durability.of.Pt.alloys,.especially.those.involving.a.3d.transi-
tion.metal,.are.the.major.hurdles.preventing.them.from.commercial.fuel.cell.appli-
cations.111,112.The.transition.metals.in.these.alloys.are.not.thermodynamically.stable.
and.may.leach.out.in.the.acidic.PEM.fuel.cell.environment..Transition.metal.atoms.
at.the.surface.of.the.alloy.particles.leach.out.faster.than.those.under.the.surface.of.
Pt.atom.layers.113.The.metal.cations.of. the. leaching.products.can.replace. the.pro-
tons.of.ionomers.in.the.membrane.and.lead.to.reduced.ionic.conductivity,.which.in.
turn.increases.the.resistance.loss.and.activation.overpotential.loss.16.Gasteiger.et.al..
showed.that.preleached.Pt.alloys.displayed.improved.chemical.stability.and.reduced.
ORR.overpotential.loss.(in.the.mass.transport.region),.but.their.long-term.stability.
has.not.been.demonstrated.16,114.These.alloys.experienced.rapid.activity.loss.after.a.
few.hundred.hours.of.fuel.cell.tests,.which.was.attributed.to.changes.in.their.surface.
composition.and.structure.114

Bouwman.et.al..demonstrated.that.Pt.can.be.used.in.the.ionic.form.(Pt2+.and.Pt4+).
by.dispersing.it.in.a.matrix.of.hydrous.iron.phosphate.(FePO).via.a.sol-gel.process.
(Pt-FePO).115. The. hydrous. FePO. possesses. micropores. of. approximately. 2. nm.. It.
has.~3.H2O.molecules.per.Fe.atom.and.is.thought.to.also.serve.as.a.proton.transport.
medium..The.Pt-FePO.catalyst.exhibited.a.higher.ORR.activity.than.Pt/C.catalysts..
This.catalyst.was.also.found.to.be.less.sensitive.to.CO.poisoning.because.CO.did.
not.adsorb.onto.the.catalyst.surface..The.ORR.catalytic.activity.was.attributed.to.the.
adsorption.and.storage.of.oxygen.on.the.FePO,.presumably.as.Fe–hydroperoxides..
However,. these. catalysts. have. poor. electrical. conductivity.. There. is. no. published.
data.on.the.long-term.stability.of.these.catalysts.in.fuel.cell.environments.

��.�.�.� non-Pt Cathode Catalysts

There. are. many. active. programs. pursuing. nonprecious. metal. ORR. catalysts,. but.
none.of.them.have.demonstrated.acceptable.ORR.activity.for.practical.usage.17.The.
most.promising.candidates.are.a.class.of.Fe–.and.Co-Nx–C.complexes.on.a.carbon.
support.that.show.reasonably.good.ORR.activity.17,116,117.Fe/Co-based.PEM.fuel.cell.
catalysts. are. often. made. by. pyrolyzing. metal. porphyrins. and. other. macrocycles..
The.chelating.reagents.often.contain.four.N.atoms.coordinated.to.the.metal.center.
(N4-M)..In.1964,.Jasinski.discovered.that.some.N4–Co.macrocycles.were.capable.of.
catalyzing.the.ORR.118.Since.then,.a.host.of.N4-M.(M.=.Fe,.Co).macrocycles.have.
been.prepared.and.studied.for.PEM.fuel.cell.applications.119–128.The.common.chelat-
ing.reagents.are. tetraazaannulene,.phthalocyanine,.and. tetraphenylporphyrin..The.
last.two.are.porphyrin.derivatives.closely.related.to.the.heme.unit.found.in.biological.
systems.such.as.heme.oxygenase,.a.common.enzyme.catalyzing.the.ORR.process.
in. living.organisms.129. It.was.proposed. that. the. catalytic. site. is. the.N4-M.macro-
cycle.bound.to.the.carbon.support.through.a.heat.treatment.130,131.N4-M.was.shown.to.
improve.not.only.the.activity.of.these.catalysts.for.the.ORR,.but.also.their.chemical.
stability,.even.in.an.acidic.medium.116.A.second.active.site.was.recently.identified.
as.Fe-N2/C.based.on. its. typical.FeN2C4

+. ion.signature. in. time-of-flight.secondary.
ion.mass.spectometry,.although. its. full.coordination. is.not.yet.known.131.There. is.
evidence.that.this.Fe-N2/C.site.is.catalytically.more.active.than.Fe-N4/C.for.oxygen.
reduction,.converting.>95%.oxygen.to.water.131.Most.recently,.Bashyam.and.Zelenay.
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found.that.Co–polypyrrole–carbon.exhibited.a.good.ORR.activity.and.a.remarkable.
stability.with.a.Co.loading.as.low.as.0.06.mg/cm2.in.PEM.fuel.cells.132

N4-M.catalysts.can.also.be.made.from.nonmacrocyclic.precursors.133–138.In.the.
presence.of.a.nitrogen.source,.they.can.be.prepared.by.pyrolyzing.transition.metal.
salts. or. complexes. adsorbed. on. a. carbon. support.. Examples. of. salts/complexes.
include. acetate,127,139. Fe(OH)2. (derived. from. FeSO4),134. and. phenanthroline. com-
plexes.137.The.nitrogen.sources.may.come.from.an.external.supply.such.as.NH3,139.or.
from.nitrogen.surface.groups.of.a.N-enriched.carbon.support.127,139

There.are,.however,.many.hurdles.for.transition.metal-based.catalysts.to.be.used.
in. PEM. fuel. cells..The. two. critical. ones. are. the. low.catalytic. activity. relative. to.
commercial.Pt.catalysts.and.the.significant.peroxide.generation.as.a.side.reaction..
The.low.catalytic.activity.is.attributed.to.a.low.surface.nitrogen.content.of.the.car-
bon.support,.which.is.required.to.anchor.metal.atoms.to.the.carbon.127.Even.with.a.
N-enriched.carbon.support,.the.best.catalyst.was.reported.to.have.a.catalyst.activity.
of.~0.1.A/cm2.at.0.6.V,127.compared.to.>0.6.A/cm2.for.commercial.Pt.catalysts..The.
significant.peroxide.generation.presents.two.major.problems.for.PEM.fuel.cells:.(1).
Nafion.membrane.degradation.as.a.result.of.peroxide.free.radical.attack29.and.(2).
Fe/Co.dissolution.in.acidic.conditions.catalyzed.by.peroxide.131.Transition.metal.dis-
solution.further.accelerates.the.membrane.degradation.because.Fe/Co.ions.serve.as.
free.radical.initiators..Fe/Co.ions.can.also.replace.protons.within.the.Nafion,.leading.
to.a.lower.proton.conductivity.

Fernández.et.al..proposed.guidelines.based.on.simple.thermodynamic.principles.
for.the.improved.design.of.noble.metal–base.metal.alloy.electrocatalysts.for.the.ORR.
in.acidic.media.140.They.assumed.a.simple.mechanism.where.one.metal.breaks.the.
O–O.bond.of.molecular.O2.and.the.other.metal.acts.to.reduce.the.resulting.adsorbed.
atomic.oxygen..Analysis.of. the.Gibbs. free.energies.of. these. two.reactions.helped.
select.combinations.of.metals.that.can.produce.alloy.surfaces.with.enhanced.activ-
ity.for.the.ORR.relative.to.the.individual.constituents..On.this.basis,.they.prepared.
M-Co.(M.=.Pd,.Ag,.and.Au),.Pd-Ti,.and.Pd-Co-M.(M.=.Mo,.Au).alloys.of.various.
compositions,.each.as.a.binary.or.ternary.array.on.a.glassy.carbon.substrate.140–142.
These.arrays.were.subject.to.rapid.screening.using.scanning.electrochemical.micros-
copy.technology..Co.was.shown.to.reduce.the.ORR.overpotential.of.Pd,.Ag,.and.Au,.
with.the.Pd-Co.alloy.displaying.an.ORR.activity.similar.to.that.of.Pt.140.Pd-Ti.and.
Pd-Co-M.(M.=.Mo,.Au).alloys.showed.even.better.ORR.activity.than.Pt,.with.Pd-
Co-Mo.also.displaying.a.remarkable.stability.in.acidic.media.141,142.Long-term.fuel.
cell.testing.is.required.to.assess.these.catalysts.further.

Tantalum.oxynitride.(TaO0.92N1.05).showed.some.ORR.catalytic.activity,.but. it.
was.much.lower.than.that.of.Pt.143.ZrOx.showed.high.stability.in.an.acidic.electrolyte.
and.was.also.found.to.possess.some.ORR.catalytic.activity.144

��.�.�.� stability of Pt Cathode Catalysts

Cathode.lifetime.durability.presents.a.special.challenge.in.PEM.fuel.cells..The.major.
problems.associated.with.the.catalysts.are.Pt.agglomeration,.sintering,.dissolution,.
and.redistribution..The.cathode.environment.is.highly.oxidative.and.corrosive.due.
to.high.voltage.(e.g.,.0.6.to.1.0.V),.low.pH,.elevated.temperature,.and.the.presence.
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of.water.and.oxygen..Paik.et.al..showed.that.the.Pt.surface.oxidation.increased.with.
cathode.potential,.O2.concentration,.and.exposure.time.145.Although.Pt.has.low.solu-
bility. at. normal. cell. operating. voltages,. its. solubility. increases. significantly. with.
cell.voltage.and.reaches.the.highest.dissolution.rate.at.around.1.1.V.146.Furthermore,.
freshly.formed.PtOx.and.Pt(OH)x.are.less.stable.in.acidic.media.than.materials.that.
have.been.aged..This.makes.a.PEM.fuel.cell.very.susceptible.to.Pt.dissolution.when.
its.voltage.cycles.are.between.0.75.and.1.2.V.147–149.Some.dissolved.Pt.ions.(e.g.,.Pt2+).
will.migrate.into.the.ionomers.or.membrane,.where.they.are.reduced.to.Pt.by.H2.that.
has.diffused.from.the.anode.side.147.These.Pt.particles.in.membrane/ionomers.are.
unlikely.to.participate.in.the.ORR.process.because.of.the.lack.of.electrical.continu-
ity.148.Some.dissolved.Pt.can.redeposit.onto.other.Pt.particles,.which.results.in.the.
growth.of.the.Pt.particles.147–149.Yasuda.et.al..found.that.when.a.catalyst.layer.was.
made.of.Pt.black,.the.dissolved.Pt.preferentially.deposited.onto.other.Pt.particles,.
but.when.Pt/C.was.used. instead,. the.dissolved.Pt.preferentially.migrated. into. the.
membrane,150.and.a.Pt.band.was.observed.within.a.membrane.147.It.is.believed.that.
the.exact.band.location.is.determined.by.the.H2.crossover.rate..There.is.no.indica-
tion.of.cell.shorting.due.to.the.formation.of.such.a.Pt.band.because.the.band.is.quite.
narrow.in.width.

Xie.et. al..observed. that.both.anode.and.cathode.catalysts.migrate. toward. the.
membrane.151.They.found.that.Pt.particles.migrated.more.deeply.into.the.membrane.
than.Pt3Cr.particles,.indicating.that.the.alloy.particles.were.more.stable.in.terms.of.
both.bonding. to. the. carbon. support. and. resistance. to.oxidation..They. also. found.
that.Pt.agglomeration.occurred.primarily.during. the.first.500.h.of.operation,.and.
speculated.that.the.fuel.cell.activity.decay.afterward.was.mainly.due.to.the.degrada-
tion.of. the. ionomers.within. the.catalyst. layer..Ferreira.et.al..showed.that.Ostwald.
ripening.of.Pt.particles.and.migration.of.soluble.Pt.species.(then.redeposited.within.
the.ionomer).each.accounted.for.about.50%.of.the.overall.Pt.electrochemical.active.
surface.area.loss.147

We.demonstrated.that.a.multilayered.cathode.with.a.thin.Pt.black.layer.near.the.
membrane.and.a.Pt/C.layer.near.the.GDL.was.more.stable.than.a.single.Pt/C.layer.152.
Zhang.et.al..found.that.adding.gold.clusters.to.Pt/C.catalysts.prevented.Pt.dissolution.
under.the.oxidizing.conditions.of.the.ORR,.and.with.potential.cycling.between.0.6.
and.1.1.V.for.over.30,000.cycles.153.They.observed.only.insignificant.changes.in.the.
activity.and.the.surface.area.of.Au-modified.Pt.over.the.course.of.cycling,.compared.
to.rapid.losses.with.the.pure.Pt.catalyst.under.the.same.conditions..The.increased.Pt.
stability.was.attributed.to.the.raised.Pt.oxidation.potential.by.the.gold.clusters..This.
finding.is.sure.to.draw.renewed.interest.in.Pt-Au.catalysts,.such.as.the.ultra.low.Pt-
loading.catalysts.that.use.nanoporous.gold.foils.(<100.nm.in.thickness).as.the.cata-
lyst.support.51.This.class.of.catalysts.is.also.attractive.because.no.carbon.is.present.

12.2.3 eleCtrOde SuppOrt materialS

The.primary.functions.of.a.good.catalyst.support.are.to.(1).maximize.catalyst.utiliza-
tion,.(2).transport.electrons,.and.(3).transfer.heat..Other.desirable.attributes.include.
high.chemical.and.electrochemical.stability,.good.mechanical.integrity,.and,.last.but.
not.least,.low.cost..Carbon.materials,.such.as.Vulcan-X72.by.Cabot.Corp.,.are.widely.
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used.as.PEM.fuel.cell.catalyst.supports.because.of.their.high.surface.area,.low.cost,.
excellent.electric/thermal.conductivity,.and.adequate.stability.and.mechanical.prop-
erties..The.use.of.carbon-supported.Pt.in.place.of.Pt.black.is.directly.responsible.for.
the.reduction.of.Pt.loading.in.PEM.fuel.cells.44,154.However,.this.also.substantially.
increases.the.thickness.of.the.electrode.layers..Since.both.the.HOR.and.ORR.pro-
cesses.involve.gaseous.reactants.(H2/O2),.protons,.and.electrons,.the.active.catalyst.
sites.must.have.access.to.these.species.at.the.same.time..Such.reaction.sites.are.often.
referred. to. as. catalyst–electrolyte–reactant. triple-phase. boundaries. (TPBs).154. In.
order.to.increase.catalyst.utilization.and.reduce.the.activation.overpotential.loss,.it.is.
critical.to.maximize.the.TPB.regions.within.an.electrode..Proton-conducting.mate-
rials.(such.as.Nafion.ionomers).are.usually.added.to.the.electrode.layer.to.improve.
the.proton.transport.beyond.the.electrode–membrane.interface,.thus.increasing.the.
Pt.utilization.155,156.The.ionomer.and.PTFE.resin.also.serves.as.a.binder.to.keep.the.
Pt/C.particles.together.and.to.create.hydrophobic/hydrophilic.domains.for.facile.gas.
and.water.transport.

��.�.�.� stability of Carbon support

In. the.past. few.years,. the. issue.of. carbon.corrosion.under.various.PEM.fuel. cell.
operating. conditions. has. come. under. intensive. scrutiny.157–176. Kangasniemi. et. al..
showed.that.carbon.underwent.surface.electrochemical.oxidation.under.typical.PEM.
fuel.cell.operating.conditions.157.Pt.catalyzes.both.the.chemical.and.electrochemical.
carbon.oxidation.processes.158–160.Surface.carbon.corrosion.weakens.the.Pt–carbon.
interaction.and.promotes.Pt.agglomeration..Rapid.carbon.corrosion.has.been.linked.
to.adverse. fuel.cell.operating.conditions.such.as. repeated.start–stop.cycling,161–170.

voltage.cycling,171,172.fuel.starvation,23,173–175.and.cell.flooding.176

Despite.its.low.equilibrium.potential,177.the.rate.of.the.carbon.oxidation.reaction.
(COR). (reaction.17). is.negligible.at.potentials. less. than.1.8.V.because.of. its.very.
small.exchange.current.density.( jo.=.6.×.10–19.A/cm2).161–163

C.+.2.H2O..→..CO2.+.4.H+.+.4.e–. E0.=.0.207.V. (17)

Substantial.carbon.corrosion.occurs.in.a.PEM.fuel.cell.when.a.reverse.current.
is. imposed. on. one. of. its. electrodes.23,161,163.This. can. happen. at. the. anode. during.
fuel.starvation,.in.which.a.reverse.current.is.imposed.by.either.an.electric.load.or.
normal. fuel.cells.adjacent. to.a.starving.cell.23. It.can.also.happen.on. the.cathode.
during.a.fuel.cell.start-up.or.shutdown,.in.which.a.fuel–air.front.is.formed.on.the.

fIgure ��.�  A schematic view of the fuel–air front formed during a fuel cell start-up or 
shutdown.
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anode.side.(figure.12.7).161,163.In.this.case,.a.reverse.current.is.generated.in situ.in.the.
fuel–air.segment.(figure.12.7,.right),.and.it.drives.reactions.on.the.air–air.segment.
(figure.12.7,.left).of.the.same.MEA.through.an.internal.circuit.

Under.these.conditions,.the.COR.current.is.dictated.by.the.amount.of.fuel.avail-
able. in. the.fuel–air.segment.as.well.as. the.extent.of.a.competing.water.oxidation.
reaction.(WOR).(reaction.18).in.the.air–air.segment:

H2O..→..½.O2.+.2.H+.+.2.e–. E0.=.1.229.V. (18)

Both.are.a.function.of.the.ionomer.water.activity.(controlled.by.its.hydration.state.
and.relative.humidity.(RH)).and.the.CD.(controlled.by.the.fuel–air.segment).163

The.exchange.current.density.for.the.WOR.is.~1.×.10–9.A/cm2..The.WOR.igni-
tion.potential.is.~1.4.V..In.the.presence.of.a.sufficient.amount.of.water,.figure.12.8.
shows.that.the.WOR.oxidation.potential.will.not.exceed.the.COR.ignition.potential.
(~1.8.V).below.0.5.A/cm2..This. implies. that. carbon. is.protected.by.virtue.of. the.
WOR.unless.a.cell.is.subjected.to.a.CD.that.is.not.sustainable.by.the.WOR.alone..In.
a.real.PEM.fuel.cell,.there.is.a.finite.water.supply.during.a.start-up.or.a.shutdown..
As.the.water.activity.gradually.decreases,.the.WOR.overpotential.increases.and.the.
curve.bends.toward.the.COR.region.(dashed.line.in.figure.12.8)..The.rate.of.the.COR.
is.therefore.the.greatest.under.low.RH.and.high.CD.conditions.161–163

Many.start-up/shutdown.procedures.have.aimed.to.reduce.the.corrosion.current.
through.practices.such.as.anode.purging.and.shunting.166–169.Others.have.attempted.
to. use. more. stable. carbon. materials. such. as. graphitized. carbon169–171. and. carbon.
nanotubes.(CNTs).178,179.To.delay.the.onset.of.the.COR.during.fuel.starvation,.WOR.
catalysts.have.been.incorporated.into.the.anode.electrodes.23.Increasing.anode.iono-
mer.content.has.also.been.recommended.for.a.fuel.starvation-resistant.anode.because.
it.increases.the.amount.of.water.available.for.the.WOR.23,165.In.general,.the.materials.
approaches.are.applicable.to.all.kinds.of.carbon.corrosion.
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fIgure ��.�  A schematic view of the WOR and COR overpotentials.
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��.�.�.� modified Carbon and noncarbon support materials

To. increase. catalyst. utilization,. it. is. desirable. to. maximize. the. TPB. regions. of.
Pt.particles..Several.innovative.approaches.have.been.pursued.to.improve.the.Pt.
utilization. through.catalyst. support.modifications..Qi. and.Pickup.first. proposed.
that.a.catalyst.support.can.be.made.to.conduct.both.electrons.and.protons,180.which.
requires. only. a. two-phase. (catalyst-reactant). interface. instead. of. a. TPB.. It. can.
be.accomplished. through. the.use.of.either.a. functionalized.carbon.support.or.a.
conductive.polymer.with.both.proton-.and.electron-conducting.capabilities.180–185.

Qi.and.Pickup.used.conducting.poly(3,4-ethylenedioxythiophene)/poly(styrene-4-
sulfonate).composites.as.the.Pt.support.and.produced.currents.as.high.as.0.4.A/cm2.
at.0.5.V.181.They.also.showed.that.carbon.surfaces.could.be.oxidized.to.improve.
the.fuel.cell.performance.182.Qi.et.al..also.demonstrated.the.feasibility.of.using.a.
sulfonated.carbon.support.as.a.dual.proton–electron.conductor.183–185.For.example,.
by.functionalizing.an.E-TEK.Pt/C.catalyst.with.ethanesulfonic.acid.groups,.they.
were.able.to.achieve.a.60%.increase.in.fuel.cell.peak.power.and.a.50%.reduction.
in.ionomer.content.184

Gullá.et.al..reported.several.thin-layer.electrodes.with.superior.performance.and.
stability.186.Using.a.dual-ion.beam-assisted.deposition. technique,. they.coated.a.Pt.
outer.layer.(~50.nm.thick,.0.08.mg.Pt/cm2).directly.onto.GDLs.with.either.a.Co.or.
Cr.inner.layer.(~50.nm.thick)..These.bilayered.electrodes.showed.a.mass-specific.Pt.
activity.more.than.50%.higher.at.900.mV.than.that.for.a.single.Pt.layer.on.GDLs..No.
ionomers.were.present.in.the.electrodes.

Noncarbon.supports,.such.as.metal.oxides.(i.e.,.SnO2.and.ZrO2).and.HPAs,.have.
also. been. investigated.. One. advantage. of. these. noncarbon. supports. is. that. their.
hydrous. surfaces. may. provide. a. pathway. for. proton. transport.. However,. the. low.
electrical.conductivity.of.such.supporting.materials.often.requires.that.they.be.used.
with.carbon.black..An.example.is.the.Au/SiO2/Vulcan.catalyst,.which.is.much.more.
active.toward.ORR.than.either.Au/Vulcan.or.SiO2/Vulcan.alone..The.enhanced.cata-
lytic.activity.was.attributed.to.the.Au–SiO2.interaction.187

Polyaniline. (PANI). is. a. class.of. conductive.polymer.with.good.chemical. and.
thermal.stability.188.It.contains.various.benzoid.and.quinoid.fragments.in.different.
redox.and.protonation.states. linked. through.N.atoms..The. ratio.of.different. frag-
ments.can.be.adjusted.in.a.reversible.manner.by.changing.the.electric.potential.and.
acidity.for.the.fine-tuning.of.its.electron.and.proton.conductivities.188–190.The.electron.
(hole).conductivity.of.a.PANI.material.can.be.as.high.as.~10.S/cm,188.whereas.its.pro-
ton.conductivity.can.reach.up.to.10–2.S/cm2.191–194.Various.PANI.materials.have.been.
used.as.the.catalyst.support.in.PEM.fuel.cells.188,193–197.Some.of.them.also.showed.
low.but.measurable.catalytic.activity.for.oxidations.of.small.organic.molecules.such.
as.HCHO.194,197.With.its.tunable.electronic.properties,.there.is.hope.that.one.might.
find.a.suitable.PANI.material.as.a.Pt-free.HOR.catalyst,.but.so.far,.Pt.is.still.needed.
in.a.PANI-based.anode.198.In.general,.the.use.of.organic.conducting.polymers.is.lim-
ited.by.their.low.chemical.and.electrochemical.stability.and.durability.under.PEM.
fuel.cell.conditions.184
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��.�.�.� other Components of electrode layers

PEM.fuel.cells.developed.by.GE.in.the.1960s.used.an.unsupported.Pt.black.catalyst.
with.PTFE.as.a.binder.and.water-repelling.agent..In.such.an.electrode,.only.the.cata-
lyst.particles.that.are.in.direct.contact.with.the.membrane.can.participate.in.the.reac-
tion.because.of.the.limited.access.for.protons..Those.Pt.black.electrodes.typically.
have.high.Pt.loadings.and.low.performance..A.carbon-supported.Pt.catalyst.reduces.
the.Pt.loading.and.at.the.same.time.improves.the.fuel.cell.performance..The.addition.
of.an.ionomer.such.as.Nafion.further.improves.catalyst.performance.and.utilization.
by.making.the.entire.catalyst.layer.accessible.to.protons.199–201.The.ionomer.content.
within.the.catalyst.layer.should.be.controlled.to.an.optimal.level.in.order.to.provide.
effective.proton.transport.without.adversely.affecting.water.management..The.opti-
mal.level.differs.for.different.types.of.catalyst.supports.and.for.different.Pt.loadings.
on. the. same. type. of. support.. Typically,. a. carbon. support. with. high. surface. area.
requires.high.ionomer.content..In.addition,.a.gradient.of.the.ionomer.content.can.be.
generated. from. the.membrane–catalyst. layer. interface. (higher. for. optimal. proton.
transport). to. the.catalyst–GDL.interface. (lower. for. facile.gas.diffusion.and.water.
transport).202.Uchida.et.al..concluded.that.the.ionomers.filled.mainly.the.secondary.
pores.(40.to.1,000.nm).because.the.volume.of.these.pores.decreased.linearly.with.an.
increase.in.the.ionomer.content,.whereas.the.primary.pores.(20.to.40.nm).remained.
unchanged.203.In.contrast,.Xie.et.al..found.that.the.ionomers.filled.both.the.primary.
and.secondary.pores.when.MEAs.were.made.by.a.thin.film.decal.method.in.which.
the.H.form.of.Nafion.was.first.converted.to.the.tetrabutylammonium.form.during.
the.catalyst.ink.formulation.process.204.They.also.noticed.that.the.total.pore.volume.
of.the.catalyst.layers.increased.tremendously.after.the.MEAs.had.been.boiled.in.an.
acidic.aqueous.solution..These.results.emphasize.that.the.characteristics.of.an.elec-
trode.depend.on.the.processing.method.as.well.as.its.constituents.since.the.process-
ing.affects.the.local.juxtaposition.of.phases.

The.catalyst. ink.can.be.made.by.directly.mixing.a.Pt/C.catalyst.with.H-form.
ionomers.and.a.mixture.of.water.and.a.short-chain.alcohol.such.as.isopropanol.205.
Alternatively,.the.ionomers.can.be.converted.into.the.Na.form.before.mixing.with.
a.Pt/C.catalyst.in.order.to.increase.the.allowable.processing.temperature.199,200.Sub-
sequently,.the.Na.form.can.be.converted.back.to.the.H.form.by.an.acid.treatment..
Colloidal. ink. can. be. prepared. by. adding. certain. organic. solvents. to. the. ionomer.
solution.203.Other. ingredients.can.also.be.added. into. the.catalyst. layer. in.order. to.
tailor. its.properties..For.example,.Jung.et.al..added.SiO2. into. the.catalyst. layer. to.
enhance.the.fuel.cell.operations.at.low.RH.206

There.has.been.a.renewed.interest.in.Pt.black.electrodes.because.of.the.corrosion.
of.the.carbon.support.under.certain.fuel.cell.operating.conditions.157–176.Carbon.sup-
ports.have.also.been.linked.to.the.formation.of.H2O2,.which.leads.to.excessive.mem-
brane.degradation.84.We.observed.that.MEAs.made.of.Pt.black.and.a.hydrocarbon.
membrane.achieved.over.2,000.h.of.stable.performance.under.voltage.cycling.at.low.
RH.and.85°C,.far.exceeding.published.results.for.hydrocarbon-based.MEAs.using.
Pt/C. as. electrodes,. presumably. because. of. a. reduction. in. H2O2. formation.207. We.
have.also.succeeded.in.preparing.MEAs.with.less.than.1.mg.Pt/cm2.using.Pt.black.
and.thin.(<50-μm).Nafion.membranes..The.long-term.performance.of.these.MEAs.
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is.currently.under.investigation..It.will.be.interesting.to.find.out.if.these.MEAs.can.
achieve.an.acceptable.lifetime.at.a.reasonable.cost.

12.2.4 enGineered nanOStruCtured eleCtrOdeS

In.simple.terms,.the.electrodes.that.are.used.in.PEM.fuel.cells.are.porous.structures.
that.attempt. to.maximize. the.utilization.of. the.catalyst.materials.while.maintain-
ing.their.other.functional.requirements..However,.the.most.fundamental.functional.
requirement.of.the.electrode,.i.e.,.creating.and.maintaining.the.integrity.of.TPBs,.is.
still.not.adequately.understood.154.Accordingly,.electrode.manufacture.is,.to.a.large.
extent,.an.art..As.such,.much.of. the.knowledge.of. the. influence.of.an.electrode’s.
material.properties.and.its.structure.on.performance.is.held.as.highly.proprietary.
information.by.MEA.manufacturers.21

Attempts. have. been. made. to. elucidate. the. influence. of. electrode. structure.
through.the.use.of.models..Macroscopic.models.that.treat.the.electrode.as.a.random.
porous. structure,. while. attempting. to. get. at. the. material. property. and. structural.
issues.underlying.charge.and.material.transfer,.do.so.only.in.a.gross.sense,.and.cer-
tainly.do.not.fully.explain.the.underlying.materials-related.mechanisms.involved.in.
PEM.fuel.cell.operation..Instead,.they.indicate.the.dependence.of.performance.on.
macrohomogenous.parameters.such.as.electrode.porosity.and.effective.diffusivity..
Nevertheless,.a.great.deal.of.advancement.has.been.made.in.our.understanding.of.
PEM.fuel.cell.operation.and.its.dependence.on.macrohomogeneous.material.proper-
ties.through.the.use.of.such.models..Excellent.reviews.of.the.models.used.to.describe.
transport.of.charge.and.reactants.in.fuel.cells.have.been.given.by.Weber.and.New-
man208. and.Wang.209.More. recently,.models. have.been.developed.using.DFT.and.
molecular.dynamics.(MD).calculations.to.get.a.more.detailed.understanding.of.the.
dependence.of.performance.on.materials.properties.at.a.more.fundamental.level..An.
example.is.the.use.of.MD.to.study.the.transport.of.gases.in.CNTs.210,211

In.order.to.improve.electrode.performance,.researchers.are.now.actively.engaged.
in.the.development.of.more.highly.engineered.nanostructured.electrodes,.with.spe-
cific.attention.placed.on.the.control.of.the.catalyst.and.the.nature.of.its.support..For.
example,. researchers.are.now.heavily. involved. in.understanding. the.performance.
characteristics.of.nanostructured.materials.such.as.CNTs,.carbon.nanofibers.(CNFs),.
and. carbon. nanohorns. (CNHs).8. Early. in. these. studies,. results. were. inconsistent,.
possibly.because.of.the.quality.of.the.materials.used..More.recently,.the.results.from.
various.research.groups.are.more.consistent.with.enhanced.fuel.cell.performance.
over.the.conventional.carbon.black.supports.such.as.Vulcan.XC-72R..For.example,.
Yoshitake.et.al..described.the.preparation.of.fine.Pt.catalysts.supported.on.single-
wall.CNHs.for.use.in.fuel.cell.applications,.citing.superior.performance.over.com-
mercial.carbon.black.supports.212.Li.et.al..demonstrated.the.use.of.CNTs.as.support.
for.cathode.catalysts. in.DMFCs.213.Matsumoto.et.al..claimed.higher.performance.
of.a.Pt/CNT.electrode.over.a.commercial.Pt/C.counterpart.214.Finally,.Xing.devel-
oped.a.sonochemical.process.to.create.surface.functional.groups.on.CNTs.for.metal.
nanoparticle. deposition.215. Cyclic. voltammetry. measurements. showed. that. the. Pt.
nanoparticles.on.CNTs.are.more.than.twice.as.active.as.those.supported.on.carbon.
black..It.is.clear.that.there.is.a.growing.effort.in.place.to.capitalize.on.the.unique.
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properties. of. CNTs. and. other. nanostructured. materials. in. improving. the. perfor-
mance.of.electrodes.

In.some.applications,.researchers.simply.replace.the.carbon.black.with.CNT.or.
CNF.supports,.while. retaining. the.basic.underlying. random.structure. that. results.
from.the.typical.manufacturing.processes.used.with.carbon.black..Thus,.while.the.
CNT.does.bring.some.increased.structure.to.an.electrode,.the.full.benefit.of.CNTs.
might.not.be.achieved.until.it. is.further.engineered.by.aligning.the.CNTs.in.such.
a.way.as.to.increase.their.ability.to.meet.all.the.desired.functional.properties..For.
example,.Liu.et.al..prepared.vertically.aligned.CNTs.and.tested. them.both.as. the.
catalyst. support. and. as. the. stand-alone.ORR.catalyst.216,217.The. stand-alone.ORR.
activity.is.attributed.to.the.–N–M–N–.(M.=.Fe,.Co).active.centers.that.were.intro-
duced.by.mixing.NH3.and.organometallic.Fe–.and.Co–.precursors.during.the.prepa-
ration.of. the.aligned.CNTs.by.chemical.vapor.deposition..An.excellent. review.of.
the.use.of.CNTs.and.approaches.to.nanostructure.electrodes,.which.discusses.their.
electrochemical.properties,.has.been.given.by.Gooding.218

It.is.interesting.to.note.that.conventional.carbon.black.supports.promote.the.for-
mation.of.peroxide,.which.then.decomposes.into.radicals.that.attack.the.membrane.84.
However,.the.role.of.graphitized.carbon.materials.(such.as.CNTs).in.peroxide.forma-
tion.is.less.clear..Smalley.suggested.that.the.curvy.graphitic.structure.of.CNTs.deac-
tivates.free.radicals.by.stabilizing.them.through.enhanced.delocalization.219.It.would.
be.worthwhile.to.determine.whether.the.formation.and.fate.of.peroxide.is.any.differ-
ent.between.the.carbon.black.and.the.CNT..At.any.rate,.it.is.well.known.that.the.rate.
of.formation.of.peroxide.is.greatly.reduced.by.elimination.of.the.carbon.black.sup-
port..Evidence.of.this.is.clear.from.the.work.we.have.done.on.carbonless.electrodes.
(PTFE-bonded.Pt.black.electrodes).and.those.with.a.hybrid.structure.152,207

An.excellent.example.of.a.highly.engineered.carbonless.electrode.is.the.work.
done.by.Debe.and.co-workers.at.3M,.in.which.Pt.catalysts.are.deposited.and.sup-
ported.on.a.nanostructured.thin.film.of.oriented.crystalline.organic.“whiskers.”220–222.
These.nanostructured.thin.film.(NSTF).whiskers.have.cross-sectional.dimensions.in.
the.neighborhood.of.50.nm,.aerial.densities.of.3.to.5.billion.whiskers.per.cm2,.and.
controllable.aspect.ratios.(length.to.width).in.the.range.of.20.to.50..They.are.made.
of.parylene.red,.a.class.of.materials.used.in.a.variety.of.applications.that.demand.
extreme.chemical.and.thermal.stability..The.film.is.formed.by.vacuum.deposition,.
a.dry.process.amenable.to.high-volume.manufacturing..A.typical.NSTF-supported.
electrode.is.~0.3.μm.in.thickness.(20.to.30.times.thinner.than.the.conventional.elec-
trodes.made.of.Pt/C).with.a.low.Pt.loading.of.0.1.mg.Pt/cm2.and.a.specific.surface.
area.of.~10.m2/g..Under.accelerated.aging.conditions,.the.NSTF.electrodes.showed.
75. times. less. FRR. at. 120°C. than. Pt/C. electrodes.. The. results. also. showed. good.
resistance.to.corrosion.of.the.support.at.1.5.V,.negligible.mass.transport.loss.at.a.CD.
up.to.2.A/cm2,.and.a.maximum.of.33%.surface.area.loss.after.9,000.cycles..Elec-
trodes.made.of.these.crystalline.whiskers.contain.no.ionomer.but.achieved.nearly.a.
100%.Pt.utilization,.challenging.the.conventional.TPB.paradigm..The.mechanism.
by.which.protons.can.reach.all.the.Pt.sites.has.not.been.ascertained,.although.surface.
transport.along.the.NSTF.whiskers.or.grain.boundary.transport.through.the.Pt.sites.
are.plausible.explanations..NSTF-supported.Pt.ternary.alloys.such.as.PtNiMn.and.
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PtCoMn.were.5.to.10.times.more.active.than.Pt/C.and.4.5.times.more.active.than.
PtCo/C,.with.10.to.20.times.longer.lifetime.than.Pt/C.223

Finally,.there.is.a.whole.new.approach.being.taken.to.engineer.electrode.struc-
tures.using.conventional.and.nonconventional.microfabrication.technologies,.mainly.
for.miniature.fuel.cells.for.portable.applications..For.example,.Shah.and.co-work-
ers.have.used.vacuum.sputtering. to.deposit. electrodes.and.catalysts.directly.onto.
the. membrane,. as. well. as. other. novel. techniques. for. selective. deposition. using.
elastomeric.shadow.masks.and.direct.patterning.on.membrane.electrolytes.224.It.is.
anticipated. that. future.electrode.materials.and.structures.will.be.developed.using.
nanotechnology.with.silicon.or.more.resilient.alternatives.as.the.underlying.building.
materials..A.review.of.these.nanofabrication.techniques.is.outside.the.scope.of.the.
present.discussion.

��.� membrane eleCTrolyTe maTerIals

Membranes.are.a.critical.and.challenging.component.in.PEM.fuel.cell.applications..
In.order.to.meet.the.cost.and.durability.target.for.residential.and.automotive.applica-
tions,.a.membrane.electrolyte.must.meet.several.functional.requirements:.(1).high.
proton.conductivity.over.a.wide.RH.range;.(2).low.electrical.conductivity;.(3).low.
gas.permeability,.particularly.for.H2.and.O2.(to.minimize.H2/O2.crossover);.(4).good.
mechanical.properties.under.cycles.of.humidity.and.temperature;.(5).stable.chemical.
properties;.(6).quick.start-up.capability.even.at.subzero.temperatures;.and.(7).low.
cost.6,27,28.The.lifetime.of.a.membrane.is.related.to.its.original.thickness,.its.mechani-
cal.integrity,.and.the.chemical.stability.of.the.constituent.ionomers..There.are.many.
factors.that.can.affect.the.membrane.lifetime..These.include.not.only.the.membrane.
properties.(such.as.its.chemical.structure,.composition,.morphology,.configuration,.
and. fabrication. process),. but. also. several. external. factors. (such. as. contamination.
of.the.membrane,.materials.compatibility,.and.the.operating.conditions.of.the.fuel.
cell)..A.large.number.of.possible.membrane.materials.have.been.the.subject.of.sev-
eral.recent.review.articles.25–28,225.Here.we.focus.on.the.materials.aspects.of.recent.
research.and.development.activities.

12.3.1 perFluOrOSulFOniC aCid membrane materialS

Perfluorinated.membranes.are.still. regarded.as. the.best. in. the.class.for.PEM.fuel.
cell.applications.226–228.These.materials.are.commercially.available.in.various.forms.
from.companies.such.as.DuPont,.Asahi.Glass,.Asahi.Chemical,.3M,.Gore,.and.Sol-
vay..Perfluorosulfonic.acid.(PFSA).polymers.all.consist.of.a.perfluorocarbon.back-
bone.that.has.side.chains.terminated.with.sulfonated.groups..

The.equivalent.weight.(EW).of.these.polymers.is.typically.in.the.range.of.700.
~.1,200.g/mol.for.PEM.fuel.cell.applications..With.a.low.EW,.the.density.of.ionic.
groups.is.generally.high.(hence.high.proton.conductivity),.but.the.dimensional.stabil-
ity.and.mechanical.strength.are.both.low..PFSA.membranes.with.short.side.chains,.
such.as.the.Dow.polymer.with.–OCF2CF2SO3H.(now.available.from.Solvay),.contain.
more. ionic.groups. than.Nafion.with. the.same.EW,.and.consequently,. they.have.a.
higher.proton.conductivity..It.achieved.a.threefold.improvement.in.current.density.
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at.0.5.V.relative.to.Nafion.117.under.similar.fuel.cell.operating.conditions.229.The.
perfluorocarbon. backbone. (resembling. PTFE,. a.k.a.. Teflon®). provides. the. chemi-
cal.stability.and.structural.integrity.in.the.demanding.PEM.fuel.cell.environment..
The.sulfonated.side.chains.form.aggregated.hydrophilic.domains.that,.when.fully.
hydrated,.are.responsible.for.the.proton.transport.across.the.membrane.electrolyte.27.
A.PFSA.membrane.must.maintain.proper.water.content.for.effective.proton.trans-
port;.this.presents.one.of.the.major.challenges.in.PEM.fuel.cell.design.and.operation..
It. requires. the.use.of. fully.humidified. fuel–air. feeds. for.optimal. fuel. cell.perfor-
mance.and.limits.the.cell.temperature.range..Furthermore,.the.liquid.water.must.be.
removed.promptly.to.avoid.cell.flooding..Finally,.the.mechanical.integrity.of.a.PFSA.
membrane.is.severely.compromised.by.the.significant.dimensional.changes.associ-
ated.with.changing.water.content.230,231

��.�.�.� Thin reinforced membrane for Improved mechanical Properties

The.traditional.extrusion.casting.process.was.developed.for.producing.thick.mem-
branes,. normally.greater. than.125.microns..The. extruded. membrane. is. produced.
with.ionomers.in.the.–SO3K.form,.and.the.membrane.is.later.converted.to.the.final.
–SO3H.form.by.an.acid.exchange.process..Fuel.cell.developers.have.been.continu-
ously.pushing.the.limit.for.thinner.and.thinner.membranes.because.they.reduce.the.
ohmic.loss,.especially.during.high-power.operations,.and.reduce.the.cost..This.places.
tremendous.challenges.on.membrane.properties,.such.as.chemical.and.mechanical.
stability,.gas.permeability,.and.processability..Today,.more.and.more.PFSA.mem-
branes.are.produced.by.solution.casting,.which.is.capable.of.producing.thin.layers.of.
uniform.thickness.at.a.high.production.rate.and.low.cost.

Membranes.based.purely.on.PFSA.ionomers.typically.have.low.dimensional.sta-
bility.during.wet–dry.cycles.and.have.a.tendency.to.swell.excessively.when.exposed.
to.organic.solvents.(such.as.methanol),.which.leads.to.poor.mechanical.properties.
and.difficulty.with.handling..This.problem.is.worse.for.thin.membranes,.especially.
when.a.fuel.cell.is.operating.at.an.elevated.temperature.under.load.cycling..In.accel-
erated.fuel.cell.tests,.it.has.been.found.that.the.most.influential.factor.for.membrane.
durability.is.its.mechanical.strength.232–234.The.failures.are.typically.localized,.e.g.,.
local.imperfections.and.stress.points.formed.during.MEA.fabrication.or.structural.
damage. caused. by. cell. testing.. Therefore,. membranes. without. reinforcement. are.
vulnerable.to.crack.initiation.and.propagation,.which.may.lead.to.catastrophic.fail-
ure.232–237.Stone. and.Galis. reported. that.one.of. the.major. failures. for.membranes.
was.ruptures.in.the.thinned.area,.most.likely.caused.by.mechanical.stresses.induced.
during. rapid. changes. in. membrane. water. content. that. occur. during. fast. dynamic.
operation.of.fuel.cells.238

We.have.identified.membrane.crossover.through.edge.cracks.as.one.of.the.major.
stack.failure.modes.(figure.12.9)..The.crack.in.figure.12.9.is.at.the.membrane.edge,.
which. is.particularly.susceptible. to.damage.because.of. the.excessive. thermal.and.
mechanical. stresses.during. load.cycles.and.multiple. starts. and. stops.. In.addition,.
it. is.exposed. to. the.chemicals. that.are. leached.out.of. the.gaskets.or.plates.and. to.
any.coolant.material.that.reaches.the.MEA.side.of.the.system.36.This.could.lead.to.
either. membrane. chemical. degradation. (pinhole. formation). or. mechanical. failure.
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(blister.and.creep)..Fully.gasketed.MEAs.with.subgaskets.covering.the.membrane.
edges.were.first.introduced.by.Gore,.and.they.are.now.available.from.all.major.MEA.
suppliers.

Reinforced. membranes. have. been. shown. to. delay. crack. initiation. and. propa-
gation.232–239. PTFE-based. porous. films,. woven. fibers,. and. microfibers. are. widely.
used.for.membrane.reinforcement.because.of.their.improved.chemical.stability.and.
excellent.structural.compatibility.with.fluorinated.ionomers..W..L..Gore.introduced.
Gore-Select®.membranes,.a.class.of.expanded.PTFE-reinforced.PFSA.membranes.
as.thin.as.5.microns.234,240.These.enable.a.fuel.cell.to.achieve.a.higher.power.density.
with.significantly.improved.durability..Asahi.Glass.reported.a.fiber-reinforced.PFSA.
membrane.with.good.mechanical.strength.and.performance.241.Most.recently,.Bal-
lard.reported.a.composite.membrane.with.a.Solupor®.matrix,.a.highly.porous.and.
mechanically.robust.microporous.film.that.is.made.of.ultra.high.molecular.weight.
(MW).polyethelene.238.This.film.has.a.thickness.of.~20.microns.and.relatively.large.
pores.with.an.overall.porosity.of.85%..These.properties.allow.for.the.fabrication.of.a.
composite.membrane.with.high.mechanical.strength.and.well-controlled.thickness..
Performance.of.this.composite.membrane.is.similar.to.that.of.traditional.membranes.

fIgure ��.�  SEM analysis of an MEA sample from a failed stack showing the ruptured 
membrane as a result of mechanical failures.
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but.with. improved.durability.. Johnson.Matthey.presented.a. reinforced.membrane.
that.gave.a.sixfold.increase.in.durability.for.a.30-cell.stack.operated.under.dynamic.
operation.conditions.239.DuPont.recently.introduced.Nafion.XL™,.a.reinforced.mem-
brane.made.from.a.chemically.stabilized.ionomer.(see.below)..It.has.achieved.a.10-
fold.increase.in.lifetime.under.low.RH.and.potential.cycling.conditions.242

��.�.�.� Improvement in Pfsa Chemical stability 
through end-group modification

Peroxide. radicals. from. decomposition. of. H2O2. are. believed. to. be. responsible. for.
membrane.chemical.degradation.29,85,86,243.The.generally.accepted.end-group.degra-
dation.mechanism,.the.so-called.unzipping.mechanism,.starts.from.the.end.groups.
of. a.perfluorinated.polymer.chain.85,86.Reactions.19. to.21. illustrate. this.using. the.
carboxylic.end.group.as.an.example:

. Rf-CF2COOH.+.·OH..→..Rf-CF2·.+.CO2.+.H2O. (19)

. Rf-CF2·.+.·OH.→.[Rf-CF2OH]..→..Rf-COF.+.HF. (20)

. Rf-COF.+.H2O..→..Rf-COOH.+.HF. (21)

The.rate.of.PFSA.degradation.depends.strongly.on.fuel.cell.operating.conditions.
such.as.RH,. temperature,.H2/O2.crossover.rate,.CO.concentration,.air.bleed.level,.
and.electrode.potential..Fluoride.ions.(F–).are.generated.and.are.present.in.the.water.
collected.from.both.anode.and.cathode.outlets..The.FRR.is.a.good.indicator.of.the.
rate.of.membrane.and.ionomer.degradation.and.has.been.used.successfully.in.the.
past.to.predict.membrane.lifetime.1.The.gradual.loss.of.ionomers.and.the.thinning.
of.the.membrane.eventually.lead.to.a.lower.membrane.performance.(increased.gas.
crossover.rate).and.accelerated.mechanical.failure.(pinholes.and.shorting)..Impuri-
ties.can.also.exacerbate.the.rate.of.pinhole.formation..Figure.12.10.shows.an.aged.
membrane.with.severe.thinning..Table.12.1.shows.the.effect.of.RH.on.the.FRR.and.
the.rate.of.cell.voltage.degradation.

Several.companies.have.developed.proprietary.end-group.protection.strategies.
to.reduce.the.number.of.polymer.end.groups.and.their.vulnerability..DuPont.reported.
that.its.modified.PFSA.membrane.exhibited.10.to.25%.reduction.in.FRR.compared.
to. a. standard. Nafion. membrane.29. However,. this. reduction. did. not. correlate. well.
with.the.reduction.(>90%).in.the.active.end.groups,.implying.that.the.reactivity.of.
the.end.groups.had.been.altered.or.that.there.are.multiple.pathways.for.degradation..
More.recently,.3M.introduced.a.new.ionomer.membrane.that.was.claimed.to.have.
improved.oxidation.stability.and.durability..Schiraldi.et.al..synthesized.a.series.of.
model.compounds.and.confirmed.that.degradation.proceeded.through.the.backbone.
independently.of.the.side.chains.244.The.most.likely.point.of.attack.was.shown.to.be.
carboxyl.end.groups.such.as.–COOR.and.–COR.

5024.indb   277 11/18/07   5:54:57 PM



���	 Materials	for	the	Hydrogen	Economy

fIgure ��.�0  SEM analysis of an MEA sample from a failed stack showing the thinned 
membrane (from 45 μm to ~9 μm).

Table ��.�

rh effect on the frr and the rate of voltage degradation at ��°C, 0.� a/
cm�, and �.�/�.0 reformate-air stoichiometry

rh(%) Testing Time(h) Total 
frr(�0–�/g·h·cm�)

degradation 
rate(μv/h)

40 1,000 4.89 40

60 1,200 3.54 17

80 1,050 3.52 20

100 1,300 2.85 3

120 1,050 2.67 1
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��.�.�.� modification of Pfsa membrane

Many.research.groups.are.actively.engaged.in.modifying.existing.membrane.struc-
tures.to.improve.durability.and.expand.the.range.of.operating.temperatures.while.
retaining. the. desirable. membrane. properties.30,240,245,246. However,. chemical. modi-
fication. is. largely. limited. to. the. side. chains. because. the. perfluorinated. backbone.
offers.few.opportunities.for.cross-linking.and.controlled.branching.247.Even.for.side.
chain.groups,. the.opportunities.are. limited.by.both. the. length.and.availability.of.
perfluorinated.precursors..Nonperfluorinated.side.chains.provide.more.opportunities.
at.the.expense.of.lowered.chemical.stability..One.promising.approach.is.to.introduce.
acidic.groups,.such.as.sulfonimide.and.sulfonyl.methide,.which.are.stronger.than.the.
sulfonic.group.248–250.DesMarteau.synthesized.a.number.of.perfluorinated.ionomers.
containing.sulfonamide.and.other.acid.groups.248.Its.H.form.(EW.~.1,100.g/mol).was.
reported.to.have.an.equilibrium.water.uptake.of.116%.by.weight.of.its.dry.ionomer,.
corresponding.to.70.H2O.molecules.per.acid.group.250

An.active.area.of.research.is.to.prepare.composite.membranes.from.PFSA.poly-
mers. and. various. organic. and. inorganic. materials.30,240,245,246. Examples. of. PTFE-
reinforced.PFSA.composite.membranes,.such.as.Gore.Select®,.were.discussed.above..
Recently,.Asahi.Glass.reported.a.new.perfluorinated.polymer.composite.membrane.
that.can.be.operated.at.120°C.and.50%.RH.for.4,000.h..This.membrane.reduced.
the.degradation.rate.by.two.to.three.orders.of.magnitude.relative.to.the.degradation.
rate.for.conventional.MEAs.251.The.primary.aims.of.these.endeavors.are.to.elevate.
the.membrane.operating.temperature.and.to.reduce.methanol.crossover.in.DMFC.
applications..Alberti.and.his.co-workers.pioneered.the.preparation.and.use.of.exfoli-
ated.layered.zirconium.phosphates.in.composite.PFSA.membranes.252,253.However,.
in situ. formation.of. inorganic.fillers. is. ideal. for.membranes.manufactured.via.an.
extrusion.process..For.example,.Mauritz.et.al..prepared.PFSA.composite.membranes.
filled.with.SiO2,.ZrO2,.SiO2/TiO2,.and.SiO2/Al2O3.using.a.sol-gel.process.254–260.The.
proton.conductivity.of.the.SiO2–PFSA.composite.membranes.was.found.to.be.~0.1.
S/cm,.slightly.higher.than.that.of.Nafion.261.Composite.membranes.can.also.be.made.
by.filling.a.porous.polymer.matrix.with.organic.or.inorganic.fillers,.through.either.
direct.filtration.or.in situ.particle.formation.30.When.a.sulfonated.phenethylsilica.sol-
gel.was.used,.the.resulting.filler.particles.contained.both.–SiOH.and.–SO3H.groups..
The.conductivity.of.such.a.composite.membrane.was.found.to.be.three.to.six.times.
higher.than.that.of.Nafion.262.HPAs.are.another.class.of.inorganic.fillers.studied.by.
many.research.groups.because.of.their.electrocatalytic.activity,.strong.acidity,.and.
excellent.proton.conductivity.263,264.Most.HPAs.have.a.molecular.size.of.about.1.nm.
in.diameter.and.possess.the.Keggin.structure,.ideal.for.membrane.fillers..Malhotra.
and.Datta.impregnated.a.PFSA.membrane.with.HPAs.and.achieved.a.proton.con-
ductivity.of.0.05.S/cm.265.Tazi.and.Savadogo.prepared.composite.membranes.from.
recast.Nafion.and.silicotungstic.acid.266.It.was.found.that.a.fuel.cell.with.this.compos-
ite.membrane.had.a.CD.of.810.mA/cm2.at.0.6.V,.compared.to.640.mA/cm2.for.a.fuel.
cell.with.Nafion.117.under.similar.operating.conditions..Staiti.et.al..prepared.doped.
PFSA–SiO2.with.phosphotungstic.and.silicotungstic.acids..DMFCs.made.from.these.
membranes.were.able.to.operate.at.145ºC.and.achieved.a.significant.reduction.in.the.
overpotential.for.methanol.oxidation..A.membrane.doped.with.phosphotungstic.acid.
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was.shown.to.be.the.best.with.maximum.power.densities.of.250.and.400.mW/cm2,.
using.air.and.oxygen,.respectively.267

Although. much. progress. has. been. made. on. PFSA-based. membranes,. there.
remain.many.challenges..For. automotive.applications,. a.membrane. is. required. to.
have.good.proton.conductivity.at.an.RH.as.low.as.25%..The.same.membrane.should.
also.be.fully.functional.even.at.external.temperatures.as.low.as.–40°C.3.The.operat-
ing.temperature.is.preferred.to.be.above.120°C.for.high.system.efficiency.and.effec-
tive.thermal.management..For.residential.applications,.the.membrane.should.last.for.
over.40,000.h..For.DMFC.applications,.methanol.crossover.remains.a.major.problem.
for.PFSA.membranes..Finally,.chemical.synthesis,.safety.concerns.with.tetrafluoro-
ethylene,.and.the.cost/availability.of.perfluoroether.co-monomers.are.manufacturing.
challenges.that.still.need.to.be.addressed.

12.3.2 pOlybenZimidaZOle membrane materialS

Plug.Power,.working.with. its.European.partners.PEMEAS.(now.BASF.Fuel.Cell.
GmbH).and.Vaillant,.is.actively.pursuing.a.PBI-based.HT.PEM.fuel.cell.system.as.
a.CHP.system.with.high.system.efficiency.and.great.CO.tolerance.95.This.system.
demonstration.project. is. jointly.sponsored.by. the.U.S..Department.of.Energy.and.
the.European.Union,.one.of. the.first.collaborations.of. this.kind.between. the.U.S..
and.the.EU.

N

N

R

N

N

R1

R2
n

PBI.(see.chemical.structure.above). is.a.hydrocarbon.membrane. that.has.been.
commercially.available. for.decades..Free.PBI.has.a.very. low.proton.conductivity.
(~10–7.S/cm).and.is.not.suitable.for.PEM.fuel.cell.applications.268.However,.the.pro-
ton.conductivity.can.be.greatly.improved.by.doping.PBI.with.acids.such.as.phos-
phoric,.sulfuric,.nitric,.hydrochloric,.and.perchloric.acids.269,270.The.PA-doped.PBI.
membrane.is.the.most.popular.one.in.PEM.fuel.cell.applications.because.H3PO4.is.a.
nonoxidative.acid.with.very.low.vapor.pressure.at.elevated.temperature.271.Savinell.
et.al..and.Wainright.et.al..first.demonstrated. the.use.of.PBI-PA.for.HT.fuel.cells.
in.1994.270–272.Since. then,. there.has.been. a. significant. amount.of. research.on. the.
PBI-based.membrane.because.of.its.low.cost.and.good.thermal.and.chemical.stabil-
ity.270,272–285.The.resulting.PBI-PA.membrane.can.be.operated.at.temperatures.up.to.
200°C,.with.the.optimum.temperature.depending.on.the.acid/PBI.ratio.272,279.With.
this.high.operating. temperature,.PBI-based.MEAs.exhibit.high.CO.tolerance. that.
allows.for.a.simplified.reforming.system..The.impregnated.H3PO4.acts.as.the.proton.
carrier. (electrolyte)..As. such,. there. is.no.need. for. an. external.water.management.
subsystem,.which.in.turn.greatly.reduces.the.system.cost.and.complexity..The.PBI.
membrane.also.finds.applications.in.portable.DMFCs.because.of.its.excellent.resis-
tance.to.methanol.crossover.281,282.The.primary.challenges.for.PBI-based.PEM.fuel.
cells.are.low.power.density.due.to.the.slow.ORR.kinetics.in.a.liquid.(PA).electrolyte,.
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acid.loss,.stability.of.catalyst/catalyst.support,.including.Pt.dissolution/agglomera-
tion.and.carbon.corrosion,.and.mechanical.relaxation.of.the.polymer.matrix.

Wainright.et.al.’s.early.work.focused.on.poly(2,2'-m-phenylene-5,5'-bibenzimid-
azole).doped.with.acids..This.m-PBI.membrane.can.retain.acids.at.molar.ratios.of.2.
to.8.per.repeating.unit.and.retain.its.proton.conductivity.(0.04.to.0.08.S/cm).at.high.
temperatures.under.nonhumidified.conditions.270.The.H2–air.fuel.cell.performance.
based.on.this.membrane.is.about.0.45.V.at.0.2A/cm2..Much.effort.has.been.made.to.
increase.the.amount.of.acid.held.by.PBI.membranes.because.an.improved.acid.dop-
ing.level.leads.to.an.increase.in.proton.conductivity.and,.presumably,.an.improve-
ment.in.fuel.cell.performance..Wainright.et.al..found.that.the.proton.conductivity.
was.in.the.range.of.10–5.to.10–4.S/cm.at.25°C.for.PBI.membranes.with.0.07.to.0.7.
H3PO4.molecules.per.repeat.unit.270.For.a.PBI.membrane.with.four.or.five.H3PO4.
molecules.per.repeat.unit,.the.proton.conductivity.increases.to.~10–2.S/cm.270.Li.et.al..
reported.an.m-PBI-PA.complex.with.16.moles.of.H3PO4.per.repeat.unit.that.exhib-
ited.a.conductivity.of.0.13.S/cm.at.160°C.286.However,.a.membrane.made.by.simple.
postpolymerization.doping.methods.loses.its.mechanical.integrity.at.high.acid.dop-
ing.levels.

Xiao. et. al.. have. developed. a. sol-gel. process. to. prepare. PBI. membranes. with.
high.MW.and.high.acid.doping.levels.277,278.This.sol-gel.process.uses.polyphosphoric.
acids.as. the.polymer.condensation.agent,.polymer.solvent,.and.membrane.casting.
solvent. during. the. production. process,. and. the. process. is. suitable. for. large-scale.
casting.production..In situ.hydrolysis.of.polyphosphoric.acids.after.casting.leads.to.
H3PO4.imbibed.in.the.final.membrane.product.278.This.membrane.can.retain.up.to.30.
acid.molecules.per.repeat.unit.and.still.maintain.reasonable.mechanical.properties.
because.of.its.high.MW..The.sol-gel.process.is.used.by.PEMEAS.in.the.production.
line.of.its.commercial.PBI-PA.membranes..Its.commercial.Celtec-P®.MEAs,.based.
on.this.type.of.membrane,.are.claimed.to.have.minimal.carbon.corrosion.and.acid.
loss.with.the.ability.to.operate.for.up.to.18,000.h.287

The.proton.conductivity.of.PBI.can.be.increased.significantly.by.grafting.PBI.
with.sulfonated.groups.288–290.When.fully.hydrated,.the.proton.conductivity.of.these.
membranes.was.found.to.be.comparable.to.those.of.PBI-PA.membranes..However,.
highly.sulfonated.PBI.membranes.are.susceptible.to.embrittlement.under.dry.condi-
tions.and.they.are.not.suitable.for.HT.applications.290.On.the.other.hand,.PBI.graft-
ing.is.an.effective.method.for.replacing.the.imidazole.hydrogen.with.other.functional.
groups.that.deactivate.the.adjacent.benzene.rings..This.makes.the.fused.rings.less.
susceptible. to. electrophilic. attack,. thus. improving. PBI’s. chemical. stability. under.
fuel.cell.operating.conditions..Tang.and.Sherrington.introduced.nitrile.groups.to.PBI.
membranes.291.Kerres.and.others.attempted.to.obtain.various.PBI.membranes.with.a.
variety.of.fillers,.blends,.and.sulfonated.groups.for.specific.applications.275,280,283

12.3.3 Current StatuS OF hydrOCarbOn membraneS

In.addition.to.PBI,.there.are.many.other.hydrocarbon.membranes.that.can.also.serve.
as.proton-conducting.membranes..Most.of.them.have.been.developed.for.automotive.
and.DMFC.applications.28,225,292.The.driving.forces.for.hydrocarbon.membranes.are.
the. need. for. a. low-cost. membrane. electrolyte. with. a. wide. operating. temperature.
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range.(a.critical.requirement.for.automotive.applications).and,.for.DMFC.applica-
tions,. low.methanol.crossover..Other.advantages.of.hydrocarbon.membranes.over.
PFSA.include.easy.control.of.sulfonated.group.density.and.distribution.for.improved.
proton.conductivity,.less.membrane.swelling,.lower.gas.permeability,.and.absence.
of.HF.in.the.condensed.water,.which.is.considered.beneficial.to.the.fuel.cell.hard-
ware.and.the.environment..The.disadvantages.of.hydrocarbon.membranes.include.
low.chemical.stability.and.peroxide.tolerance.(and,.as.a.result,.the.leaching.out.of.
membrane.main.chains.and.sulfonated.groups.over. time).and.embrittlement.(with.
the. corresponding. loss. of. mechanical. strength,. especially. under. cycling. condi-
tions)..The.design.of.the.polymer.backbone.and.the.balance.of.the.hydrophilic.and.
hydrophobic.chain.groups.are.keys.to. improving.the.performance.of.hydrocarbon.
membranes..Some.recent.activities.in.hydrocarbon.membrane.development.are.high-
lighted.below.

��.�.�.� styrene

Styrenic.polymers,.which.are.easy.to.synthesize.and.modify,.were.studied.extensively.
in.the.early.literature..One.example.is.BAM®.made.by.Ballard.Advanced.Materials.
(see. chemical. structure. below).293. This. membrane. is. 75. μm. thick. and. has. an. ion.
exchange.capacity.of.about.1.1.to.2.6.meg/g..Its.chemical.stability.is.not.as.good.as.
PFSA.even.with. its.perfluorinated.backbone..Ballard.claimed. that. this.membrane.
could.last.for.several.hundred.hours.under.low.RH.operating.conditions..It.is.no.lon-
ger.in.production.due.to.its.high.cost.and.the.lack.of.availability.of.the.monomer.
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Another.example.is.Dias.Analytics’.styrenic.membrane.based.on.the.well-known.
block.copolymer.styrene–ethylene/butylene–styrene.family.294.This.membrane.has.
good.conductivity;.0.07.to.1.0.S/cm.when.fully.hydrated..It.showed.reasonable.per-
formance.but.had.poor.oxidative.stability.due. to. the.susceptibility.of. its.aliphatic.
backbone.to.peroxide.attack.

��.�.�.� Poly(arylene ether)

Polyarylenes,.in.particular.different.types.of.poly(arylene.ether.ketone)s,.have.been.
the.focus.of.much.hydrocarbon.membrane.research.in.recent.years.6,28,225.With.good.
chemical. and. mechanical. stability. under. PEM. fuel. cell. operating. conditions,. the.
wholly.aromatic.polymers.are.considered.to.be.the.most.promising.candidates.for.
high-performance.PEM.fuel.cell.applications..Many.different.types.of.these.poly-
mers.are.readily.available.and.with.good.process.capability..Some.of. these.mem-
branes.are.commercially.available,.such.as.poly(arylene.sulfone)s.and.poly(arylene.
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ether.sulfone)s.under.the.trade.name.Udel®.by.Solvay.Advanced.Polymers.and.vari-
ous. types. of. poly(arylene. ether. and. ether. ketone)s. under. the. trade. name. PEEK™.
by. Victrex®.. In. most. cases,. the. sulfonated. groups. are. introduced. by. subjecting.
the. polyarylenes. to. direct. electrophilic. sulfonation.. Others. are. prepared. through.
direct.copolymerization.of.sulfonated.monomers,.which.produces.final.polymers.or..
co-polymers. with. improved. control. of. the. degree. and. location. of. the. sulfonated.
groups..Recent.examples.from.the.leading.hydrocarbon.membrane.developers.are.
summarized.below.

12.3.3.2.1 BAMG2® Membrane
Made.by.Ballard.Advanced.Materials,. this.membrane.contains.an.aromatic.ether.
(biphenol).segment.that.is.common.to.poly(ether.ketone)..This.aromatic.backbone.
confers.structural.flexibility..The.sulfone.group.is.stable.with.respect.to.oxidation.
and.reduction.

S O C O

CF3

CF3O

O nSO3H

12.3.3.2.2 Poly(aryl Ether Ketone) Random or Block Co-Polymers
These.customer-synthesized.new.polymers.are.made.of.chains.with.either.random.
or.block.co-polymers.on.a.laboratory.scale.by.Hickner.et.al.28.The.MW.and.the.ratio.
of. the. random.and.block.segments.can.be.well.controlled..The.sulfonated.groups.
can. be. introduced. directly. or. modified. after. polymer. synthesis.. The. preliminary.
results.showed.some.promise.for.PEM.fuel.cell.and.DMFC.applications.with.low.
gas/methanol.crossover.

12.3.3.2.3 Hoku Membranes
No.structural.information.is.available.from.the.manufacturer,.but.these.hydrocarbon.
membranes.are.believed.to.be.a.part.of.the.poly(arylene.ether).family..Hoku.Scien-
tific,.Inc.,.reported.2,000-h.test.data.operating.with.H2–air.295

12.3.3.2.4 PolyFuel Membranes
These.membranes.are.good.for.DMFC.applications.because.of.their.low.methanol.
crossover.rate.296–298.The.acid–base.polymer.blend.membranes.consist.of.an.acidic.
polymer,.a.basic.polymer,.and.a.third.functional.polymer.for.improved.membrane.
conductivity,. flexibility,. dimensional. stability,. and. reduced. methanol. crossover.298.
These.membranes.can.be.operated.at.low.RH.(<50%).and.HT.(~100°C),.which.makes.
them.particularly.attractive.for.automotive.applications..The.conductivity.of.Poly-
Fuel.membranes.is.slightly.higher.than.that.for.Nafion..They.have.30.to.40%.water.
uptake. in. boiling. water.. The. membranes. have. a. relatively. good. tolerance. toward.
chemical.degradation,.showing.~5%.weight.loss.in.an.off-cell,.4-h.test.using.Fenton’s.
reagent.296,297.No.publications.could.be.found.on.the.membranes’.mechanical.proper-
ties.and.durability.under.the.long-term.automobile.load.cycling.
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12.3.3.2.5 Honda Membrane
No.detailed.structural.information.has.been.disclosed.except.that.it.contains.an.aro-
matic.main.chain.and.an.ion.exchange.substrate.299.The.aromatic.nature.of.the.mem-
brane.presumably.provides.excellent.mechanical.strength.and.good.thermal.stability..
It.prevents.the.membrane.from.softening.and.deforming.at.temperatures.up.to.95°C..
This.membrane.also.has.excellent.dimensional.stability.and.high.proton.conductivity.
over.a.wide.temperature.range,.including.at.temperatures.below.0°C..In.addition,.it.has.
lower.gas.permeability.than.PFSA.membranes..MEAs.based.on.this.membrane.exhib-
ited.impressive.performance.under.realistic.PEM.fuel.cell.operating.conditions.299

��.�.�.� Polyimide membranes

This.class.of.polymers.has.great. thermal. stability.and.promising.short-term.perfor-
mance.28,300.The.six-membered.ring.of.naphthalenic.imides.is.preferred.over.the.five-
membered.ring.of.phthanic.imides..The.latter.is.susceptible.to.acid-catalyzed.hydrolysis,.
which.leads.to.chain.scission.and.membrane.embrittlement.229.An.example.of.six-mem-
bered.ring.polyimides.is.the.block.sulfonated.copolyimides.shown.below.301
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The.–SO3H.group.can.be.introduced.directly.or.indirectly..This.block.copoly-
mer.has.been.shown.to.be.a.promising.candidate.for.PEM.fuel.cell.applications,.but.
poor.solubility.limited.the.ability.to.use.a.casting.process..This.problem.was.par-
tially.solved.through.randomized.polymerization..However,.the.resulting.membrane.
displayed.a.high.degree.of.water.swelling.and.weak.mechanical.strength..Various.
hydrophobic.segments.were.altered.in.the.main.chain.to.prevent.the.membrane.from.
overswelling.and,.at.the.same.time,.create.ion-rich.domains.in.the.side.chains..How-
ever,.the.difficulties.in.getting.an.imidazole.ring.closing.reaction.to.go.to.completion.
are.expected.to.cause.hydrolysis.of. the. imido-ring.in. the.acidic.fuel.cell.environ-
ment,.which.in.turn.would.lead.to.membrane.failure.

��.�.�.� arkema Pvdf membranes

Yi.et.al..reported.a.new.type.of.PVDF.membrane.prepared.by.blending.two.very.
different.polymers,.a.PVDF.fluoropolymer.such.as.Kynar®.with.a.sulfonated.poly-
electrolyte.302.The.new.membrane.is.inexpensive.and.displayed.good.performance.
and.durability.based.on.1,000-h.test.data.

��.�.�.� Polyphosphazene membranes

Polyphosphazene.has.good.chemical.and.thermal.stability.303.Its.polyphosphazene.
backbone.is.highly.flexible..Various.side.chains.can.be.introduced.to.this.backbone.
readily..Cross-linking.is.needed.in.order.to.reduce.the.dimensional.changes.in.the.
presence.of.methanol.or.water..The.membranes.have.shown.reasonable.proton.con-
ductivity. and. low. methanol. crossover.. However,. an. improvement. in. mechanical.
strength.is.needed.for.practical.fuel.cell.applications.
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��.� gas dIffusIon layer maTerIals

The.GDL.received.little.attention.until.its.importance.as.a.fuel.cell.component.was.
realized.recently.304.The.GDL.functional.requirements.can.be.summarized.as.fol-
lows:.(1).allow.uniform.transport.of.reactant.gases.to.the.electrode;.(2).conduct.elec-
trons;.(3).remove.product.water.from.the.electrode;.(4).transfer.heat.to.maintain.the.
cell.temperature;.and.(5).provide.mechanical.support.for.the.MEA..To.fulfill.these.
functions,.an. ideal.GDL.material. should.have.small.gas. transfer. resistance,.good.
electron.conductivity,.and.good.thermal.conductivity.12,305,306.The.porosity.of.a.GDL.
structure.is.the.most.important.parameter.for.reactant.transfer..Water.management.
is.the.most.challenging.problem.in.GDL.and.fuel.cell.design..The.ability.to.remove.
water.is.one.of.the.key.properties.in.evaluating.GDL.performance..If.water.cannot.
be.removed.from.the.system.in.a.timely.fashion,.excessive.water.accumulation.will.
lead.to.blockage.of.the.reactant.pathways.and.result.in.local.fuel.or.air.starvation..
This.problem,.known.as.flooding,.has.been.studied.through.both.experiments.and.
modeling.6,307–309.An.example.is.the.study.by.Nam.and.Kaviany.using.network.mod-
els.for.the.anisotropic.solid.structure.and.the.liquid.water.distribution.310.The.results.
showed.that.the.cell.performance.can.be.improved.by.placing.a.fine.layer.(such.as.a.
microporous.layer.(MPL)).between.the.GDL.and.the.catalyst.layer.because.it.creates.
a.saturation.jump.across.the.interface.

Commonly. used. GDL. materials. are. made. of. porous. carbon. fibers,. including.
carbon.cloth.and.carbon.paper..Carbon.cloth.is.more.porous.and.less.tortuous.than.
carbon.paper.and.has.a.rougher.surface..Experimental.results.showed.that.carbon.
cloth.GDL.has.better.performance.under.high-humidity.conditions.because.its.low.
tortuosity.(of.the.pore.structure).and.rough.textural.surface.facilitate.droplet.detach-
ment.311.However,.under.dry.conditions,.carbon.paper.GDL.has.shown.better.per-
formance.than.carbon.cloth.GDL.because.it.is.capable.of.retaining.the.membrane.
hydration.level.with.reduced.ohmic.loss.

In.most.fuel.cell.operations,.humidified.gases.are.used.to.ensure.proper.mem-
brane.hydration..Hence,.the.ability.to.remove.liquid.water.becomes.the.primary.
concern.of.GDL.selection..PTFE.is.often.used.to.increase.the.GDL.hydrophobic-
ity.312–314.Contact.angle. is.commonly.used. to.measure. the.hydrophobicity. (typi-
cally.in.the.range.between.120.and.140°)..However,.Gurau.et.al..suggested.that.
external.contact. angle.measurements.were.more. indicative.of. the.GDL.surface.
roughness. than. the. capillary. forces. in. the. GDL. pores. (which. reflects. the. real.
measurement. of. water. removal. capacity).315. They. presented. a. new. method. for.
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estimating.the.average.internal.contact.angle..Pai.et.al..found.that.the.GDL.hydro-
phobicity.could.be.improved.by.a.CF4.plasma.treatment.316

Recent.studies.have.found.that.placing.a.thin,.highly.hydrophobic.MPL.between.
the. catalyst. layer. and. the. GDL. can. improve. the. fuel. cell. performance.. Qi. and.
Kaufman.found.that.an.MPL.is.extremely.helpful.where.the.GDL.is.prone.to.flood-
ing,317.in.addition.to.providing.better.contact.with.an.electrode.layer..They.attributed.
most.of.this.effect.to.water.management,.noting.that.the.limiting.current.density.was.
raised.and.the.membrane.hydration.was.improved..They.also.compared.MPLs.with.
different.PTFE.contents.and.found.that.the.best.performance.was.achieved.with.35%.
PTFE..Paganin.et.al..observed.that.the.MPL.thickness.was.more.important.than.the.
PTFE.content,.and.they.suggested.that.the.performance.improvement.was.mainly.
due.to.decreased.ohmic.losses.318.Separate.experimental.studies.by.Kong.et.al..and.
Jordan.et.al..concluded.that.the.optimal.MPL.pore.size.was.on.the.order.of.microm-
eters,.which.was.believed.to.be.a.trade-off.between.water.removal.and.O2.diffusion.
(that. required.different.pore.sizes).319,320.Mathematical.models.have. illustrated. the.
effects.of.MPL.in.enhancing.the.liquid.water.removal.and.reducing.the.water.satura-
tion.in.the.electrode.321–323.The.effects.of.MPL.properties.such.as.thickness,.porosity,.
and. hydrophobicity. were. included. in. the. modeling. studies.. It. was. found. that. the.
presence.of.the.MPL.at.the.cathode.side.may.be.more.beneficial.than.at.the.anode.
side.323

Electrical. conductivity. is. another. important. factor. to. be. considered. in. GDL.
selection..The.contact.resistance.between.the.GDL.and.other.components.dominates.
the.ohmic.loss.because.the.bulk.resistance.of.the.GDL.in.the.(thin).through-plane.
direction.is.negligible..GDL.contact.resistance.has.been.linked.to.the.extent.of.GDL.
compression.305,306,324.Compression.may.reduce.the.contact.resistance,.but.extensive.
compression. not. only. damages. the. MEA. and. GDL. structure,. but. also. leads. to. a.
higher.impermeability.and.larger.mass.transfer.resistance..Bazylak.et.al..observed.
the.irreversible.damage.of.GDL.due.to.breakage.and.deformation.of.the.carbon.fiber.
and.PTFE.coating.325.Consequently,.the.liquid.favored.the.compressed.area.due.to.
both.GDL.morphology.change.and.hydrophobicity.loss..An.optimal.GDL.compres-
sion.ratio.exists,.balance.between.the.need.to.minimize.the.contact.resistance.and.
the.need. to. reduce. the. reactant. transfer. loss..This.balance. is.different. for.carbon.
cloth.and.carbon.paper.because.the.magnitude.of.the.contact.resistance.tends.to.be.
smaller. for.carbon.cloth.325.A.numerical.model. simulation.has. shown. that,. in. the.
lateral.direction,.electron.transfer.in.the.GDL.directly.affected.the.current.density.
distribution,.and.hence.the.water.distribution.326

In.conclusion,.the.properties.of.the.GDL.material.have.a.direct.impact.on.fuel.
cell. operation.. These. properties. need. to. be. optimized. to. achieve. the. best. perfor-
mance..However,.relatively.little.progress.has.been.made.in.this.direction.so.far.due.
to.a.lack.of.physical.understanding.of.GDL.transport.properties.

��.� bIPolar PlaTe maTerIals

Bipolar.plates.play.an.important.role.in.fuel.cell.operation.33,34,327–330.Generally,.the.
functions.of.bipolar.plates.can.be.summarized.as.(1).supply.and.separate.reactant.
gases.without.introducing.impurities;.(2).conduct.electrons;.(3).remove.the.reaction.
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heat.and.control. the. fuel.cell.operating. temperatures;.and. (4). remove. the.product.
water. from. the. system.. To. fulfill. these. functions,. an. ideal. bipolar. plate. material.
should. have. minimal. gas. permeability,. high. electrical. conductivity,. high. thermal.
conductivity,.and.good.chemical.and.electrochemical.stability.in.the.fuel.cell.envi-
ronment..From.a.manufacturing.perspective,.the.bipolar.plate.material.should.have.
low.density,.good.mechanical.strength,.easy.processability,.and.low.cost..Nowadays,.
materials.commonly.used.for.bipolar.plates.are.either.graphite.based.or.metallic.

Up.until. the.early.1990s,.pure.graphite.was.used.as.the.primary.bipolar.plate.
material. for. its.good.electron.conductivity,. low.density,. and.high.corrosion. resis-
tance.(e.g.,.680.S/cm.and.1.78.g/cm3.for.POCO.AXF-5Q).329.However,.due.to.its.poor.
strength.and.ductility,.graphite.plates.cannot.be.easily.fabricated,.and.the.minimum.
thickness. is. limited. to.about.5.mm..This. results. in.a. large.stack.volume.and. low.
efficiency.in.heat.transfer..The.brittleness.of.the.graphite.limits.the.methods.of.fab-
rication,.which.leads.to.a.high.manufacturing.cost.

To.provide.good.mechanical.strength.and.ease.of.manufacturing,.graphite-based.
conductive. polymeric. composites. have. been. studied. extensively. in. recent. years..
Graphite-based.composite.plates.are.made.from.a.graphite/carbon.powder.filler.and.
a.polymer. resin,. either. thermoplastic.or. thermosetting..Polymer. resin.used. in. the.
composite.should.have.good.thermal.stability,.high.chemical.stability,.and.low.per-
meability. to. the. reactant.gases..The.electrical. conductivity.of.graphite.composite.
materials. is. lower. than. that. of. a. pure. graphite. material. (with. the. extent. depend-
ing.on.the.volume.fraction.of.graphite)..However,. these.composite.materials.offer.
low.density.and. low.cost..Moreover,. the.composite.plate.can.be. fabricated.easily.
using.typical.material.processing.methods.such.as.extrusion.or.compression.mold-
ing..In.addition,.the.polymer.component.can.provide.appropriate.surface.character-
istics.(hydrophobic.or.hydrophilic).to.facilitate.water.removal.from.the.gas.channel..
We.have.demonstrated.through.neutron.radiographic.studies.that.surface.alterations.
have.a.profound.impact.on.the.liquid.water.removal.capability.of.graphite.composite.
plates.(figure.12.11).331–334

The.main.challenge.for.composite.plates.is.to.meet.the.conflicting.needs.of.thick-
ness,.electrical.conductivity,.mechanical.strength,.and.gas.permeability.335,336.A.thin.
plate.with.good.electrical.conductivity.requires.a.high.ratio.of.graphite.filler. in.the.
composite,.which. tends. to.give.weaker.mechanical.strength.and.higher.gas.perme-
ability..Oak.Ridge.National.Laboratory.developed.a.carbon–carbon.composite.bipolar.
plate.using.slurry.molding.of.a.chopped-fiber.preform.followed.by.sealing.with.chemi-
cally.vapor.infiltrated.carbon.337.The.composite.is.characterized.by.a.low.density.(0.96.
g/cm3).and.a.flexural.strength.about.twice.that.of.POCO.graphite..Wolf.and.Willert-
Porada.developed.a.composite.of.liquid.crystalline.polymers.and.carbon.in.which.the.
carbon.content.was.below.40.vol%.338.Wu.and.Shaw.suggested.that.a.composite.with.
a. triple-continuous. structure. could. provide. high. electrical. conductivity. and. tensile.
strength.simultaneously.339.In.such.a.composite,.the.electrical.conductivity.is.provided.
by.the.carbon-filled.polymer.phase,.whereas.the.tensile.strength.and.ductility.are.pro-
vided.by.the.carbon-free.polymer.phase..Huang.et.al..proposed.a.method.of.stacking.
and.compression.molding.graphite-filled.wet-lay.composite.sheets.in.order.to.achieve.
higher.in-plane.conductivity.and.mechanical.strength.340.Blunk.et.al..found.that.align-
ment. of. the. conductive. filler. in. the. composite. together. with. a. conductive-tie. layer.
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to.reduce.the.contact.resistance.at.the.plate–GDL.interface.can.significantly.reduce.
the. filler. loading. for. conductivity. requirements,. which. leads. to. better. mechanical.
strength.336.A.Pd–Ni-coated.polymer.composite.was.shown.to.be.promising.because.
of.its.excellent.electrical.and.physical.performance.characteristics.341

Metals. such. as. titanium,. aluminum,. and. stainless. steel. have.been. considered.
for.bipolar.plate.materials.330.With.their.high.mechanical.strength.and.low.perme-
ability.to.gases,.metal.plates.can.be.much.thinner.than.their.graphitic.counterparts,.
and.hence.they.easily.meet.the.conductivity.and.volume.requirements.3,6.In.addition,.
the.metal.plate.can.be.fabricated.with.conventional.methods.at.low.cost..For.metal.
plates,.a.primary.concern.is.surface.oxide.formation..A.stable.oxide.layer,.e.g.,.Cr2O3.
at.the.surface.of.stainless.steel,.will.form.at.the.metal.surface,.which.increases.the.
contact.resistance.within.the.fuel.cell..The.growth.of.oxide.layers.on.the.surfaces.
of.copper–beryllium.alloy.and.stainless.steel.(SS316L,.SS446).in.a.fuel.cell.envi-
ronment.and.the.effects.of.these.layers.have.been.studied.by.several.groups.342–345.
Although.the.bulk.resistance.of.metal.is.much.lower.than.that.of.graphite,.its.contact.
resistance.is.much.higher.and.it.dominates.the.ohmic.loss,.i.e.,.metal.plates.degrade.
quickly.with.the.formation.of.a.resistive.layer..Another.problem.with.metal.plates.is.
the.contamination.of.the.membrane.and.poisoning.of.the.catalyst.layer.by.the.soluble.
cations. formed. during. metal. corrosion.. Therefore,. increasing. the. corrosion. resis-
tance.and.preventing. the. resistive.oxide.formation.are.major.challenges.for.metal.
bipolar. plates.. The. most. popular. approach. for. solving. the. surface. resistance. and.
corrosion.problems.is. to.coat. the.metal.surface.with.a.highly.conductive.material.
that.is.also.chemically.stable..However,.care.is.needed.to.avoid.localized.corrosion.at.
imperfections.in.the.coating..For.Ti.plates.coated.with.titanium.nitride/gold,.the.fuel.
cell.voltage.loss.is.comparable.to.that.of.graphite..However,.typical.coating.materi-
als.are.noble.metals.such.as.Pt.and.Au..The.coating.process.also.creates.additional.
manufacturing.cost.

fIgure ��.��  Comparison of liquid water transport for two 50-cm2 single-cell PEM fuel 
cells using commercial graphite composite bipolar plates: (a) surface modified and (b) as 
received (0.1 A/cm2, 1.5/2.0 H2–air stoichiometry, 100% RH).
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Silva’s. study. showed. that. although. Ni-based. alloys. have. a. contact. resistance.
comparable. to. that. of. graphite,. their. corrosion. resistance. in. an. acidic.medium. is.
unsatisfactory.345.Nevertheless,.nitride-coated.stainless.steel.demonstrates.both.low.
contact. resistance. and. good. corrosion. resistance.. Wang. et. al.. used. iridium. oxide.
(IrO2).and.Pt.to.coat.Ti.bipolar.plates,.and.they.found.that.the.cell.performance.was.
close.to.that.of.graphite.bipolar.plates.346.Weil.et.al..used.boronization.to.increase.the.
corrosion.resistance.of.Ni.as.a.plate.material.347.A.composite.material.comprised.of.
Nylon-6.and.SS316L.stainless.steel.alloy.fibers.was.used.to.fabricate.bipolar.plates.
via.an.injection.molding.process,.but.the.performance.was.poor.compared.to.that.of.
graphite.plates.348.Wang.and.Northwood.used.a.polypyrrole.coating.to.improve.the.
corrosion.resistance.of.SS316L.349.Two.compositions.of.Fe-based.amorphous.alloys.
were.developed.by.Fleury.et.al.350.Their.study.indicated.that.the.contact.resistance.of.
the.Fe-based.amorphous.alloys.was.similar.to.that.of.stainless.steel,.whereas.these.
alloys.exhibited.better.mechanical.strength.and.corrosion.resistance.than.SS316L.

Graphite-based.composites.and.metal/alloy.materials.both.have.their.own.advan-
tages.and.drawbacks..Current.research.interests.in.bipolar.plate.materials.include.both.
graphite.composites.and.coated.metals..No.doubt.progress.on. these.materials.will.
eventually.lead.to.substantial.reduction.in.the.volume.and.cost.of.the.fuel.cell.stack.

��.� maTerIals ComPaTIbIlITy and 
manufaCTurIng varIables

We. have. demonstrated. the. importance. of. system. component. compatibility. and.
manufacturing.variables.using.examples.from.our.product.development.experience.
(figure.12.12).4,36.Other.groups.have.also.shown.the.effects.of.non-MEA.components.
on.stack.life.351–355.Stack.components.must.be.chemically.and.mechanically.stable.
under.fuel.cell.operating.conditions.so.that.they.will.not.leak.or.leach.out.species.that.
poison. the.electrode.catalysts,353.be.harmful. to.membrane.stability.and. its.proton.
conductivity,354,355.or.have.adverse.effects.on.the.electrode/GDL.properties,.such.as.
hydrophilic/hydrophobic. character.4.Stanic. and.Hoberecht. linked.membrane. edge.

fIgure ��.��  Impact of system components on fuel cell performance. (From Du, B. et al., 
JOM, 58, 44, 2006. With permission.)
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failure. and. pinhole. formation,. two. primary. causes. of. premature. stack. failure,. to.
contaminants.leached.out.from.gaskets,.bipolar.plates,.hoses,.and.other.components.
upstream.of.the.stack.351.Schulze.et.al..studied.the.compatibility.of.the.sealing.mate-
rials.and.the.stack.coolant.required.to.maintain.stable.sealing.properties.352

12.6.1 SealinG materialS and COOlant COmpatibility

We.discovered.that.one.widely.used.commercial.fuel.cell-grade.sealing.material.did.
not.meet.our.materials.compatibility.requirements.4,36.The.decomposition.products.
of.the.silicon-based.sealing.material.were.found.at.the.membrane.edges.and,.to.a.
lesser.extent,.inside.the.active.area.of.the.membrane,.possibly.through.a.diffusion.
mechanism.352.This.led.to.a.decrease.in.the.conductivity.and.mechanical.integrity.
of.the.membrane..Postmortem.analyses.of.MEAs.after.500.to.2,000.h.of.operation.
also.showed.calcium.deposition.in.the.edge.region;.this.calcium.is.believed.to.origi-
nate. from. the. fillers. of. certain. siloxane-based.gaskets.36. Furthermore,. the. silicon.
component.degraded.when.it.came.in.contact.with.the.coolant.and.other.fluids.used.
in.the.system..SiO2.was.found.to.imbibe.into.the.membrane,.which.led.to.the.loss.of.
the.force.retention.of.the.sealing.material.and,.subsequently,.coolant.leakage,.plate.
shorting,.and.gas.crossover..Furthermore,.certain.fragments.of.the.sealing.material.
and.coolant.found.their.way.into.the.GDL,.which.resulted.in.an.adverse.change.in.
its.hydrophobic.character,.thereby.increasing.the.likelihood.of.flooding.4,36.Finally,.
coolant.that.had.leaked.into.the.MEA.caused.the.loss.of.electrode.activity.through.its.
decomposition.products,.such.as.formic.acid.and.acetic.acid.353.Indeed,.we.found.sig-
nificant.levels.of.formate.and.acetate.anions.in.the.stack.condensate.water.36.These.
anions.originated.from.both.coolant.decomposition.and.plate.(binders).leaching..Ex 
situ.studies.indicated.that.these.anions.promoted.Ca.and.Si.release.from.the.sealing.
materials.36.All.of.these.factors.contributed.to.premature.stack.failures.

12.6.2 COOlant and bipOlar plate COmpatibility

Coolant. leakage.can.also.occur. through. the.bipolar.plates. if. the.fillers.or.binders.
are.susceptible.to.leaching..This.is.particularly.true.for.graphite–polymer.composite.
materials.. For. example,. we. found. that. a. plate. sample. with. a. particular. combina-
tion.of.graphitic.particles. and. resin.binders. emitted.7.2. and.1.7.µg/g.plate·day.of.
formate.and.acetate.anions,.respectively,.when.immersed.in.condensate.at.85°C.36.
The.coolant.decomposition.products.accelerate.corrosion.of.other.components.such.
as.the.radiator.and.gasket..These.degradation.species,.in.the.form.of.metal.ions.and.
organic/inorganic.species,.lead.to.MEA.contamination,.shunt.currents.in.the.coolant.
loop,. and. electrical. shorting. of. bipolar. plates. (via. local. precipitation).. One. well-
documented.situation.is.the.shunt.current.effect.on.coolant.stability.and.bipolar.plate.
compatibility.356–362.There.is.a.substantial.electric.potential.across.a.fuel.cell.stack.
that.forces.ionic.species.in.a.coolant.loop.to.move.in.certain.directions.depending.
on.their.electric.charges,.thus.generating.a.shunt.current..The.resulting.concentra-
tion.gradient.facilitates.the.leaching.of.trace.metals.and.other.ionic.species.from.the.
bipolar.plates,.sealing.materials,.and.other.components.in.contact.with.the.coolant..
Over.time,.this.could.lead.to.the.blockage.of.coolant.channels.at.one.end.of.a.stack.
and,.potentially,.shorting.of.bipolar.plates.under.extreme.circumstances..Some.of.
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the.species.serve.as.catalysts.for.coolant.degradation,.and.this.in.turn.accelerates.the.
leaching.process,.eventually.leading.to.coolant.leakage.from.bipolar.plates.and.loss.
of.stack.performance..To.avoid.component.corrosion.induced.by.shunt.currents,.it.is.
recommended.to.use.a.dielectric.coolant.system.or.a.coolant.loop.that.is.electrically.
insulated.from.the.rest.of.the.system.359–362.A.thorough.materials.compatibility.study.
is.therefore.critical.in.the.selection.of.the.coolant.and.all.components.that.can.come.
in.contact.with.it..A.coolant.must.be.compatible.with.manifolds,.pumps,.hoses,.radi-
ators,.gaskets,.and.seals.in.addition.to.having.appropriate.physical.properties.(such.
as.heat.capacity,.thermal.conductivity,. thermal.expansion,.dielectric.constant,.and.
viscosity).and.meeting.the.safety.and.environmental.standards.(toxicity.and.flam-
mability,.waste.recycling,.and.impact.on.aquatic.species.and.biodegradability).

12.6.3 Other COmpOnent COmpatibility iSSueS

Other.components,.e.g.,.hoses.and.O-rings,.can.also.impact.fuel.cell.performance.
since.the.impurities. in.these.parts.can.leach.out.and.be.brought. into.contact.with.
various.fuel.cell.components.through.the.reactant.streams.that.enter.the.stack..We.
identified. two.contaminants,.benzyl.alcohol.and.butyl.phthalate,. in.a.stream.con-
densed.after.passing.through.a.specified.length.of.the.hose.36.The.effects.of.these.
species.on.cell.voltage.were.evaluated.by. introducing. them.into. the.cathode. inlet.
air,.at.a.level.prorated.to.reflect.the.surface.areas.of.hoses.and.MEAs.in.a.full.stack..
It.was.found.that.the.cell.voltage.degraded.with.benzyl.alcohol.in.proportion.to.the.
level.added,.and.it.only.recovered.partially.after.the.flow.was.stopped..The.voltage.
did.not.change.significantly.when.butyl.phthalate.was.introduced.

12.6.4 COmpOnent manuFaCturinG VariableS and SyStem reliability

It.is.critical.to.minimize.the.component.manufacturing.variations.in.order.to.build.
a.reliable.PEM.fuel.cell.system..We.demonstrated.that.even.within.the.same.com-
mercial.MEA.sample,.the.thicknesses.of.the.electrode.layers.and.membrane.could.
vary.greatly.from.one.region.to.another.4.With.the.current.scale.of.PEM.fuel.cell.
production,.commercial-grade.fuel.cell.components.often.display.substantial.devia-
tions.from.their.product.specifications..Such.component.manufacturing.issues.ham-
per.the.overall.effort.toward.improving.commercial.PEM.fuel.cell.system.reliability..
Without.adequate.MEA.quality.control,.it.is.difficult.to.interpret.autopsy.results.and.
to.link.apparent.membrane/electrode.problems.of.used.MEAs.to.a.particular.failure.
mechanism..Part.of.the.problem.is.the.lack.of.a.nondestructive.in-line.MEA.quality.
control.method.to.ensure.batch-to-batch.consistency.

Overall,.the.component.reliability.is.a.challenge.to.fuel.cell.manufacturers.as.well.
as.their.component.suppliers..The.stack.is.only.one.of.several.subsystems.in.a.PEM.
fuel.cell.system.with.hundreds.of.parts.and.components..Component.compatibility,.
which.includes.both.chemical.and.mechanical.properties,.plays.an.important.role.in.
system.reliability.and.overall.performance..To.select. the.best.materials/design.for.a.
system.component,.one.must.first.study.its.properties.(physical,.chemical,.mechani-
cal,.and.electrochemical).under.relevant.conditions.such.as.temperature,.pressure,.and.
composition..For.example,.the.reactant.side.of.a.PEM.fuel.cell.bipolar.plate.(all.sealing.
materials.and.plate.components).must.be.able.to.tolerate.high.humidity,.temperature.
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changes,.reactive.chemicals,.and.certain.trace.hydrocarbons.and.inorganic.species.in.
the. gas. streams.. On. the. other. side. of. a. bipolar. plate,. the. coolant. must. have. stable.
chemical.properties.and.should.not.generate.any.harmful.species.that.could.attack.the.
seals,.plates,.or.delivery.hoses..At.the.same.time,.components.in.contact.with.the.cool-
ant.should.not.exacerbate.coolant.degradation.

With.the.many.chemical,.mechanical,.and.physical.properties.that.must.be.taken.
into.consideration,.together.with.how.those.properties.change.with.time,.any.screen.
for.new.materials.should.accept.from.the.outset.that.some.compromise.may.be.neces-
sary.to.reach.a.practical.and.cost-effective.solution..Also,.it.is.important.to.identify.
the.source.of.any.undesirable.contaminants:.some.species.may.originate.from.a.key.
raw.material,.whereas.others.may.come.from.additives.such.as.flow.modifiers.or.mold.
release.agents.used.to.facilitate.the.manufacture.of.complex.shapes..With.the.many.
options.available.for.gaskets,.plates,.hoses,.and.O-rings,.a.screening.method.is.needed.
to.select.materials.that.meet.the.durability,.performance,.and.cost.requirements.for.a.
given.application..This.screen.needs.to.be.rapid.yet.realistic..Moreover,.the.method.
should.aim.to.distinguish.between.limitations.that.are.inherent.to.a.candidate.mate-
rial.and. those. that.are.a.consequence.of. the.processing.method..For.example,.one.
should.ensure.that.polymerization.of.polymeric.gaskets.and.resin-based.plates.is.com-
plete,. and. that. residual.monomers. are. consumed.or. removed. as.much. as.possible..
This.improvement.might.be.achieved.by.a.suitable.postbake..The.screen.should.not.
be.based.on.chemical.tests.alone.since.physical.and.mechanical.properties.play.an.
important.role..For.plates,.compression.set,.compression.stress.relaxation,.the.stress–
strain.curve,.and.the.expansion.coefficient.are.important..For.gaskets,.additional.fac-
tors.are.weight.gain,.contact.pressure.for.sealing,.and.load.deflection.characteristics..
In.all.cases,.the.reproducibility.and.reliability.of.the.manufacturing.process.need.to.
be.evaluated..Candidates.that.show.promise.based.on.all.the.screening.criteria.should.
be.examined.further.in situ.under.real.fuel.cell.operating.conditions..To.avoid.false.
negatives.or.positives,.care.should.be.taken.to.ensure.that.any.accelerated.test.condi-
tions.truly.represent.actual.fuel.cell.operating.conditions.

��.� summary

It.is.relatively.straightforward.to.select.materials.for.PEM.fuel.cells.that.meet.two.
of.the.three.key.requirements:.cost,.durability,.and.performance..The.challenge.is.to.
find.a.combination.of.materials.that.will.give.an.acceptable.result.for.the.three.crite-
ria.combined..There.are.multiple.solutions.to.this.problem,.partly.because.each.fuel.
cell. application.seeks. to.optimize.a.unique.objective. function.and.partly.because.
there.are.many.possible.choices.for.the.constituent.materials..Should.one.select.elec-
trodes. with. a. relatively. high. loading. of. Pt. black,. a. thick. Nafion. electrolyte,. and.
design.for.an.MEA.to.deliver.40,000.h.of.lifetime?.Or,.at.the.other.end.of.the.spec-
trum,.should.one.combine.nonnoble.metal.catalysts.with.an.inexpensive.hydrocar-
bon.membrane.and.accept.the.need.to.replace.the.stack.regularly?.There.is.an.almost.
infinite.array.of.possibilities.to.choose.from,.which.helps.explain.the.large.number.of.
active.research.programs.in.the.area.

The.information.compiled.in.this.review.perhaps.serves.best.to.warn.the.reader.
of. the. dangers. of. suboptimization;. i.e.,. one. cannot. select. the. best. electrode. in.
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isolation.from.the.other.components.since.they.function.together.as.an.integrated.
whole..Moreover,.it.is.all.too.easy.to.ignore.materials.interactions.that.take.place.
at. the. system. level..For. example,.materials. compatibility. issues. associated.with.
plates,.gaskets,.and.coolant.have.been.found.to.have.a.strong.impact.on.both.sys-
tem.reliability.and.stack.life..Consequently,.systematic.screening.procedures.for.
materials. are. needed. that. give. a. quick,. yet. realistic. representation. of. fuel. cell.
behavior..An.additional.factor,.often.overlooked,.is.the.impact.of.variations.in.the.
manufacturing.of.the.various.components.in.the.stack.and.system..For.example,.a.
small.quantity.of.catalyst.deposited.inadvertently.in.the.edge.region.could.catalyze.
reactions.between.crossover.gases.and.lead.to.premature.failure.

Over.the.last.decade,.there.has.been.a.significant.improvement.in.the.understand-
ing.of.the.interactions.that.take.place.in.the.fuel.cell.environment.—.not.only.the.
electrochemical. reactions,.but.also. the.chemical. reactions.and.mechanical. forces..
New. discoveries. in. materials. research,. especially. those. in. engineered. nanostruc-
tured.materials,.provide.exciting.opportunities.and.potential.breakthroughs.for.fuel.
cell.component.development..Powerful.research.tools,.such.as.combinatorial.librar-
ies.and.rapid.material.screening.technologies,.make.it.possible.to.downselect.a.few.
promising.candidates.from.a.great.number.of.material.combinations.for.further.eval-
uation.under.realistic.fuel.cell.operating.conditions,.which.is.a.rather.time-consum-
ing.process..It.is.this.knowledge.that.provides.direction.for.many.current.research.
programs.and.gives.hope.that.several.optimized.combinations.of.MEA.components.
will.soon.be.realized.
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��.� InTroduCTIon

Internal.combustion.engines.(ICEs).offer.an.efficient,.clean,.cost-effective.option.for.
converting.the.chemical.energy.of.hydrogen.into.mechanical.energy..The.basics.of.
this.technology.exist.today.and.could.greatly.accelerate.the.utilization.of.hydrogen.
for.transportation..It.is.conceivable.that.ICE.could.be.used.in.the.long.term.as.well.
as.a.transition.to.fuel.cells..However,.little.is.known.about.the.durability.of.an.ICE.
burning.hydrogen..The.primary.components.that.will.be.exposed.to.hydrogen.and.
that.could.be.affected.by.this.exposure.in.an.ICE.are.(1).fuel.injectors,.(2).valves.
and.valve.seats,.(3).pistons,.(4).rings,.and.(5).cylinder.walls..A.primary.combustion.
product.will.be.water.vapor,.and.that.could.be.an.issue.for.aluminum.pistons,.but.is.
not.expected.to.be.an.issue.for.the.exhaust.system.except.for.corrosion..The.purpose.
of. this.chapter. is. to.provide.a.summary.of.what. is.known.about.hydrogen.effects.
on.these.ICE.components,.although.the.amount.of.data.on.the.actual.materials.and.
components.in.current.ICEs.is.very.limited.

��.� fuel InjeCTors

The.combustion.of.hydrogen. in.an. internal.combustion.engine. is.a. technology. to.
help.expand.the.utilization.of.hydrogen.fuel.in.the.near.term,.before.fuel.cell.tech-
nology.is.fully.developed..In.order.to.gain.the.highest.efficiency,.the.use.of.direct.
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injection.will.be.needed..Direct.injection.places.greater.requirements.on.the.injector.
than.indirect.injection..The.following.discussion.deals.only.with.injectors.for.direct.
injection..There.are.several.elements.to.these.injectors.that.could.experience.degra-
dation.in.the.presence.of.hydrogen:.(1).injector.body,.(2).actuator,.(3).epoxy.used.to.
encase.the.actuator,.and.(4).electrical.contacts..There.are.little.data.on.the.effects.of.
H.on.epoxies,.so.only.a.summary.of.the.H.effect.on.the.injector.body.and.actuator.
material.will.be.presented.

13.2.1 injeCtOr bOdy

Injector. bodies. are. made. primarily. from. steels. such. as. M2. (UNS. T11302),. H13.
(T20813),.and.4140.steel.(UNS.G41400)..The.alloy.M2.is.a.high-carbon.tool.steel.
with.a.carbon.concentration.ranging.between.0.8.and.1.05%,.while.H13.is.a.tool.steel.
with.a.carbon.concentration.of.0.3.to.0.45%.and.4140.steel.is.an.alloy.steel.with.a.
carbon.concentration.of.0.4%..M2.is.a.highly.alloyed.tool.steel.with.about.4%.Cr,.5%.
Mo,.6%.W,.and.2%.V..These.elements.are.all.carbide.formers,.so.their.combination.
with.high.carbon.results.in.a.significant.volume.fraction.of.carbides.in.the.micro-
structure..These.carbides.provide.wear.resistance,.which.is.needed.for.the.pin.and.
seat.of.the.injector..H13.is.a.lower-alloy.tool.steel.with.approximately.1%.Si,.5%.Cr,.
1%.Mo,.and.1%.V..Alloy.4140.steel.contains.approximately.1%.Cr.and.0.2%.Mo.as.
the.primary.alloy.additions.

M2.is.a.high-speed. tool.steel.developed.primarily. for.high-speed.cutting. tool.
applications.and.can.be.hardened.to.Rockwell.C.(HRC).65.and.has.excellent.reten-
tion.to.softening.at.temperatures.as.high.as.600°C..This.hardness.retention.results.
from.the.stable.carbides..The.tool.steel.H13.is.generally.hardened.to.HRC.40.to.55.
and.can.retain.its.hardness.to.500°C..The.alloy.steel.4140.can.be.hardened.to.HRC.55.
to.60,.but.this.requires.rapid.quenching.from.the.austenitizing.temperature.because.
of.the.low.alloy.content,.and.it.does.not.retain.the.hardness.above.about.400°C.

Composition. and. hardness. are. factors. that. directly. affect. the. performance. of.
these.steels.in.hydrogen..Longinow.and.Phelps1.have.clearly.shown.a.close.relation-
ship.between.the.strength.and.the.stress.intensity.threshold.for.crack.propagation,.
Kth,.for.4130,.4145,.and.4147.steel..These.steels.cover.the.composition.range.of.the.
4140.steel..Kth.decreases.from.70.MPa.m1/2.to.20.MPa.m1/2.over.an.ultimate.strength.
range.of.800.to.1,100.MPa..There.are.little.data.on.the.effects.of.hydrogen.on.tool.
steels,.but.Fiddle.et.al.2.showed.that.H11.steel.and.the.alloy.steel.4340,.which.is.simi-
lar.to.4140.steel,.exhibited.a.high.sensitivity.to.hydrogen.embrittlement..They.used.
a.disc.burst.test.and.noted.the.burst.pressure.in.helium.relative.to.hydrogen,.PHe/PH2..
This.ratio.is.noted.as.SH2,.and.these.steels.had.an.SH2.of.3.5..Materials.with.an.SH2.
equal.to.or.less.than.1.are.considered.not.susceptible.to.hydrogen.embrittlement,.a.
value.between.1.and.2.indicates.a.moderate.susceptibility,.and.values.greater.than.2.
indicate.a.high.susceptibility..For.comparison,.Type.304.SS.has.an.SH2.of.1.8.and.the.
aluminum.alloy.7075-T6.a.value.of.1.

The.injector.needle.and.seat.will.experience.impact.loading.and.cyclic.loading,.so.
hydrogen.embrittlement.will.cause.chips.and.fractures.of.these.components..Clark3.and.
Walter.and.Chandler4.showed.that.the.fatigue.crack.growth.rate.of.steel.is.increased.in.
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the.presence.of.hydrogen.gas..Therefore,.the.needle.and.seat.material.for.a.hydrogen.
fuel.injector.must.be.designed.to.tolerate.hydrogen.and.impact.and.cyclic.loading.

13.2.2 aCtuatOr materialS

Injectors.may.use.electromagnetic.or.piezoelectric.actuators. to.provide. the.active.
fuel.control..Some.actuators.for.direct.H.injection.utilize.piezoelectric.wafers.made.
of.lead.zirconium.titanate.(PZT).embedded.into.an.epoxy.or.other.insulating.mate-
rial..For.direct.injectors,.the.actuator.is.embedded.in.the.hydrogen.gas,.which.has.
the.potential.to.affect.performance.by.the.following.processes:.(1).change.the.capaci-
tance.of.the.PZT,5–7.(2).mechanical.failure.or.cracking.of.the.PZT,8,9.(3).separation.of.
the.PZT.wafers,.(4).debonding.of.electrical.connections,.and.(5).degradation.of.the.
epoxy.or.polymer.casing.materials.

Chen. et. al.5. found. that. the. electrical. resistance. of. barium. titanate. (BTO).
decreased.by.a.factor.of.103.and.the.capacitance.decreased.when.charged.electrolyti-
cally.with.hydrogen..The.electrolytic.charging.was.done.in.a.two-electrode.cell.with.
a.DC.voltage.of.4.5.V.between.the.cathode.and.anode.in.a.solution.of.0.01.M NaOH.
at.25°C..The.cathode.current.was.0.4.mA/cm2..The.electrochemical.potential.is.not.
well.controlled.by.this.arrangement,.but.the.authors.claimed.that.H2.evolved.from.
the.silver.contact.electrodes.attached.to.the.BTO.sample..The.authors.did.not.outgas.
the.sample.to.determine.if.the.effect.of.the.cathodic.charge.was.reversible,.so.it.is.not.
possible.to.definitely.conclude.that.the.property.changes.are.due.to.H..However,.the.
authors.noted.that.H.could.be.an.electron.donor.in.BTO,.which.would.be.consistent.
with.the.noted.property.changes..Others8–10.have.concluded.that.hydrogen.becomes.
incorporated.into.the.lattice.of.lead.zirconium.titanate.(PZT).as.OH–,.and.that.this.
causes. degradation. in. its. dielectric. properties.. The. details. of. the. mechanism. are.
unclear,.but.two.processes.have.been.suggested:.(1).the.formation.of.OH–.releases.an.
electron.and.increases.conductivity,.or.(2).the.H.enters.an.interstitial.site.and.causes.
the.formation.of.oxygen.vacancies.

Hydrogen.can.also.cause.fracture.of.ferroelectric.ceramics.as.demonstrated.by.
Wang. et. al.11. and. Gao. et. al.12. Gao. et. al.12. cathodically. charged. a. lead. zirconium.
titanate.(PZT-5).with.H.in.a.0.2.mol/l.NaOH.+.0.25.g/l.As2O3.solution.using.vary-
ing.current.densities..They.measured.an.increasing.H.concentration.with.increasing.
current.density;.however,.they.do.not.report.how.they.measured.the.H.concentration..
The. maximum. H. concentration. observed. was. 10. wppm,. with. a. charging. current.
density.of.300.mA/cm2..The.threshold.stress.intensity.for.fracture.in.hydrogen,.KIH,.
was.decreased.from.about.0.5.MPa.m1/2.to.less.than.0.1.MPa.m1/2.at.a.H.concentra-
tion.of.10.wppm..There.was.a.larger.drop.in.the.KIH.at.lower.H.concentrations.when.
the.electric.field.was.perpendicular.to.the.crack.growth.direction.than.when.it.was.
oriented.parallel.to.the.crack.growth.direction..At.high.H.concentrations.there.was.
no.orientation.dependence.

Uptake.of.H.from.the.gaseous.phase.will.differ.kinetically.from.cathodic.charg-
ing.because.of.the.high.surface.fugacity.of.H.possible.at.cathodic.potentials..How-
ever,.the.effect.of.dissolved.H.will.be.the.same.regardless.of.the.source.of.the.H..
The.results.of.Chen.et.al.,5.Wang.et.al.,11.and.Gao.et.al.12.clearly.demonstrated.that.
H.has.the.potential.to.alter.the.performance.of.ferroelectric.ceramics,.and.therefore.
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the.performance.of.H.injector.actuators..A.decrease.in.the.resistance.and.increase.in.
dielectric.loss.will.clearly.lead.to.failure.of.an.actuator..Hydrogen-induced.fracture.
of.a.ferroelectric.ceramic.could.lead.to.electric.discharge.at.the.opposing.fracture.
surfaces,.and.therefore.the.failure.of.the.actuator..Clearly,.a.more.detailed.study.of.
PZT.behavior.in.gaseous.H.is.needed.before.it.can.be.determined.whether.there.is.
a.stability.issue.for.its.use.in.hydrogen.ICE.applications,.but.there.is.reason.to.be.
concerned.about.its.durability.

Hydrogen.may.cause.separation.of.the.piezoelectric.wafers.and.debonding.of.the.
electrical.connections,.but.this.effect.has.not.been.evaluated..Hydrogen.could.also.
alter.the.behavior.of.the.epoxies.used.as.insulation.around.the.piezoelectric.compo-
nents..However,.no.available.data.exist.on.effects.of.hydrogen.on.the.properties.of.
epoxies..A.corollary.can.be.made.to.the.effects.of.water.on.epoxies.where.hydrogen.
bonding.within.the.epoxy.leads.to.a.change.in.the.glass.transition.temperature.13

��.� hydrogen effeCTs on InTernal engIne ComPonenTs

A.number.of.internal.components,.such.as.valves,.valve.seats,.cylinder.walls,.pis-
tons,.and.rings,.will.be.exposed.to.hydrogen.and.water.vapor..The.potential.effects.
are.of.two.primary.types:.(1).decarburization.of.steels.and.cast.iron.and.(2).hydrogen.
embrittlement.of.aluminum.pistons..Water.vapor.could.cause.excessive.corrosion.of.
exhaust.systems,.but.this.could.be.minimized.by.use.of.titanium.

13.3.1 deCarburiZatiOn eFFeCtS

Decarburization.occurs.in.steels.and.cast.irons.in.hydrogen.gas.by.the.reaction.of.H.
with.C.in.the.steel..The.decarburization.rate.is.primarily.dependent.on.the.diffusion.
rate.of.C.in.the.steel,.but.is.also.affected.by.the.carbon.content.of.the.steel,.alloying.
elements.in.the.steel,.such.as.chromium,.impurities.in.the.hydrogen,.and.of.course.
time.and.temperature..Carburization.of.steels,.the.reverse.of.decarburization,.is.usu-
ally. conducted. at. temperatures. of. about. 900°C,. but. decarburization. can. occur. at.
temperatures.as.low.as.800°C.14

Exhaust. valves. have. the. highest. operating. temperature. of. components. in. an.
internal.combustion.engine,.and. they. typically.operate.at.a.maximum.of.790°C,.
while.intake.valves.have.a.maximum.operating.temperature.of.540°C..Light-duty.
intake.valves.are.typically.made.from.SAE.1547,.which.is.an.iron-based.alloy.with.
1.5%.Mn.and.0.57%.C..For.higher-temperature.applications,. the.ferritic.stainless.
steel. alloy. 422. is. used.. This. alloy. has. about. 8.5%. Cr,. 3.25%. Si,. and. 0.22%. C..
Because. exhaust. valves. operate. at. higher. temperatures,. materials. with. a. higher.
alloy.content.are.used..A.primary.alloy.for.exhaust.valves.is.21-2N,.which.has.21%.
Cr,.2%.Ni,.and.2%.N..Other.alloys.used.for.exhaust.applications,.depending.on.the.
desired.operating. temperatures,. are.21-4N,.23-8N,. Inconel.751,.Pyromet.31,. and.
Nimonic.80A..Valves.used.for.heavy-duty.applications.have.one.of.these.alloys.for.
the.valve.head.with.a.hardenable.martensitic.stem..Valve.seats.are.often.made.with.
hard.facing.alloys.such.as.cobalt-based.Stellites.or.nickel-based.Eatonites..These.
are.high-carbon-content.alloys.having.about.2%.C..However,.much.of.this.carbon.is.
in.the.form.of.carbides.and.is.more.stable.than.the.carbon.in.solid.solution.
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Whether.decarburization.will.be.an.issue.for.internal.combustion.engines.burn-
ing.H2.is.difficult.to.predict.from.existing.information..Low-alloy.carbon.steels.begin.
to.decarburize.at.temperatures.around.the.operating.temperature.of.exhaust.valves,.
but.exhaust.valves.and.valve.seats.are.made.from.high-alloy.steels,.austenitic.alloys,.
and.superalloys.where.the.carbon.is.much.more.stable.than.low-alloy.carbon.steels..
The.hardenable.martensitic.valve.stems.of.exhaust.valves.may.experience.decarbu-
rization.over.extended.periods,.and.this.would.lead.to.accelerated.wear.because.of.
the.softened.surface.that.results.from.decarburization.

13.3.2 hydrOGen embrittlement OF piStOnS

Aluminum.pistons.in.an.engine.that.burns.H2.will.be.exposed.to.not.only.H2.but.also.
H2O.at. temperatures.of.80. to.120°C..Aluminum.alloys.can.be. totally. immune. to.
H2.embrittlement.and.H2-induced.crack.growth.if.the.natural.Al2O3.oxide.is.intact..
However,.there.are.processes.that.can.disrupt.this.film,.and.it.is.known.that.alumi-
num.alloys.will.absorb.H2.when.exposed.to.H2O.vapor.at.70°C..There.will.also.be.
periods.when.the.engine.is.cool.and.condensed.water.will.be.present.so.that.aqueous.
corrosion.could.occur,.but.this.is.not.expected.to.be.any.different.than.with.an.engine.
with.cast.aluminum.pistons.that.burns.gasoline.

Scully.et.al.15.have.reviewed.the.available.data.on.H.solubility.and.permeability.
in.Al.and.some.of.its.alloys..Their.review.shows.tremendous.variability.in.the.avail-
able.data..However,.H.is.very.insoluble.in.Al.at.25°C.and.1.atm.pressure,.with.values.
ranging. from. 10–17. to. 10–11.atom. fraction.. They. also. concluded. from. data. for. Al.
alloys.that.Li.and.Mg.alloying.additions.increased.the.solubility.of.H.in.Al.because.
of.their.chemical.affinity.for.H..A.summary.of.the.H.diffusivity.in.Al.also.revealed.
a.wide. range. in.values,.but. if. it. is. assumed. that. the.presence.of.aluminum.oxide.
(Al2O3).on.the.surface.is.likely.under.all.these.tests,.the.fastest.diffusivity.is.expected.
to.be.that.closest.to.bulk.diffusivity.in.Al,.because.this.likely.results.from.material.
with.a.defective.or.thinnest.oxide.film..There.are.several.studies.that.resulted.in.dif-
fusion.coefficients.at.25°C.of.about.10–7.cm2/sec.for.Al.

There.have.been.a.number.of.observations.of.H.uptake.during.corrosion.and.
stress. corrosion. testing. as. measured. by. thermal. desorption. following. exposure..
While.these.observations.are.less.quantifiable.than.permeation.measurements,.they.
do.provide.direct.evidence.of.H.uptake.during.specific.corrosion.conditions..Several.
methods.have.been.used.to.monitor.H.uptake.during.corrosion,.including.(1).thermal.
desorption,.(2).transmission.electron.microscopy.(TEM).of.bubbles,.and.(3).resistiv-
ity.change..Charitidou.et.al.16.and.Haidemenopoulos.et.al.16.measured.the.thermal.
desorption.of.H.from.2024.Al. that.had.been.exposed. to. the.exfoliation.corrosion.
solution.according.to.ASTM.G.34-90..Charitidou.et.al.16. found.that. the.alloy.had.
absorbed.over.1,200.wt.ppm.after.exposure.for.40.h.following.thermal.desorption.at.
600°C,.but.only.about.30.wt.ppm.was.released.at.100°C..Haidemenopoulus.et.al.17.
measured.a.H.release.corresponding.to.90.wt.ppm.following.216.h.of.exposure.to.the.
ASTM.G34-90.solution.when.the.H.extraction.was.done.at.100°C..These.two.results.
are.very.similar.considering.the.longer.exposure.time.in.the.latter.measurement..The.
H.uptake.during.these.tests.is.significantly.greater.than.that.expected.in.a.3.5%.NaCl.
solution.because.the.G34.solution.is.extremely.aggressive.
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The.observation.of.bubbles. in.Al.and.Al.alloys.exposed. to.water.vapor. is.an.
indirect.method.of.evaluating.H.uptake.18–20.Scamans.and.Rehal18.found.bubbles.that.
they.identified.as.H.bubbles,.in.pure.aluminum.and.aluminum.alloys..The.authors.
do.not.directly.measure.H.in.these.bubbles.but.seem.to.infer.that.they.are.H.filled.
based.on.the.reaction.of.Al.with.H2O.to.produce.H..In.an.Al-Mg.alloy.they.noted.
bubbles.on.grain.boundaries.and.dislocations.following.only.10.min.of.exposure.to.
water.vapor.at.70°C..Alani.and.Swann19.also.observed.bubbles.in.Al-Zn-Mg.alloys.
exposed.to.water.vapor.at.80°C..They.proposed.that.the.bubbles.were.the.result.of.the.
precipitation.of.molecular.hydrogen.and.that.the.cracks.observed.to.emanate.from.
the.bubbles.resulted.from.the.pressure.in.the.bubbles..However,.they.also.proposed.
that.it.was.the.atomic.H.dissolved.along.the.grain.boundaries.that.was.most.embrit-
tling..Scully.and.Young21.evaluated.the.kinetics.of.crack.growth.of.a. low.Cu.AA.
7050.in.a.90%.relative.humidity.environment.and.concluded.that.crack.growth.was.
controlled.by.H.environment-assisted.cracking.over.temperatures.of.25.to.90°C.

Aluminum.automotive.engine.pistons.are.generally.made.from.Alloy.332.0-T-
5.and.are.often.cast.by.the.permanent.mold.technique..For.heavy.vehicles,.alloys.
336.0-T551.and.242.0-T571.are.used..Permanent.mold.castings.are.useful.for.high-
volume.production.of.parts.that.are.larger.than.feasible.for.die.casting..Stress.cor-
rosion.cracking.is.generally.not.an.issue.for.these.alloys..Also,.the.environment.in.
an.engine.would.not.support.an.aqueous.environment.that.could.produce.an.anodic.
dissolution.type.of.stress.corrosion.cracking.associated.with.wrought.Al-Mg.alloys.

Only.recently.has.it.been.recognized.and.accepted.that.hydrogen.induces.crack.
growth.and.embrittlement.of.aluminum.alloys..It.is.clear.that.little.happens.in.dry.
hydrogen,. but. that. crack.growth.occurs. readily. in. moist. hydrogen.. Speidel22. also.
demonstrated.that.the.threshold.stress.intensity.for.crack.growth.was.relatively.low.
in.the.presence.of.moist.hydrogen..Values.of.5.to.10.MPa.m½.were.reported..Thresh-
old.stress.intensity.values.this.low.indicate.that.small.flaws.and.low.stresses.are.suf-
ficient.to.produce.crack.growth.and.ultimately.component.failure.

Craig23.has.discussed.hydrogen.effects. in.aluminum.alloys.and.notes. that. the.
phenomenon.is.not.too.different.from.that.in.steels..It.is.possible.to.find.intergranular.
or.transgranular.cracking.or.blistering..Blisters.tend.to.form.as.a.collection.of.near-
surface.voids.that.coalesce.to.produce.a.large.blister.

Dry.hydrogen.does.not.produce.hydrogen.effects. in.aluminum.because.of. the.
slow.permeability.of.hydrogen.through.the.surface.aluminum.oxide..Anything.that.
disrupts.this.protective.oxide.will.allow.hydrogen.uptake..Water.vapor.provides.this.
breakdown.process,.although.the.mechanism.by.which.this.occurs.has.not.been.pre-
sented..In.wrought.Al-Mg.alloys.with.precipitates.of.grain.boundary.beta.phase,.this.
breakdown.occurs.at.the.beta.phase.intersecting.the.surface.or.crack.tip..Once.the.
hydrogen.enters.the.material,.it.diffuses.to.locations.such.as.grain.boundaries.and.
particles.as.in.other.materials..The.crack.growth.rate.is.therefore.a.function.of.the.
hydrogen.uptake.and.diffusion.rate..Jones.and.Danielson24.have.shown.that.the.dif-
fusivity.of.hydrogen.in.aluminum.could.be.as.high.as.10–7.cm2/sec,.although.there.is.
a.wide.disparity.in.the.reported.diffusivity.values.
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��.� summary

There.is.clear.evidence.that.the.components.of.an.engine.burning.hydrogen.could.
experience.durability.issues.because.of.their.exposure.to.hydrogen.or.its.primary.com-
bustion.product,.water.vapor..High-efficiency.conversion.of.hydrogen.to.mechanical.
energy.will.require.the.use.of.direct.injection.of.hydrogen..This.requires.the.injec-
tors.to.be.exposed.to.hydrogen.gas,.where.the.tool.steel.or.carbon.steel.components.
could. experience. hydrogen-induced. cracking. or. embrittlement.. This. is. especially.
a.concern.for. the.injector.needle.and.seat,.which.will.also.experience.impact.and.
cyclic.loading..Piezoelectric.actuators.are.one.method.for.providing.the.fuel.injector.
needle.its.lift,.and.there.is.some.evidence.that.hydrogen.could.affect.the.performance.
of.these.components..Hydrogen.could.affect.the.dielectric.properties.of.the.piezo-
electric.material,.the.epoxy.in.which.it.is.encased,.or.the.electrical.contacts..Testing.
is.in.progress.on.these.components.that.should.provide.the.data.needed.on.their.per-
formance.and.methods.for.improving.their.durability.should.that.be.necessary.

Valves.and.valve.seats.will.be.exposed.to.hydrogen.at.elevated.temperatures.and.
could.experience.decarburization;.however,. it. is.difficult. to.predict. their.behavior.
based. on. current. information.. The. operating. temperatures. of. exhaust. valves. and.
valve.seats.for.gasoline.ICEs.are.at.or.below.that.at.which.decarburization.occurs.in.
carbon.steels,.but.they.are.generally.made.from.alloy.steels.that.have.higher.decarbu-
rization.temperatures..Also,.the.operating.temperature.of.a.hydrogen.ICE.may.differ.
from.a.gasoline.ICE..Gasoline.ICEs.utilize.aluminum.pistons,.and.it.is.known.that.
aluminum.and.aluminum.alloys.experience.hydrogen.embrittlement.when.exposed.
to.water.vapor.at.70°C.and.above..This.operating.temperature.is.certainly.within.the.
range.of.engine.operation,.so.that.it.is.important.that.this.issue.be.evaluated.
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