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Overthepastdecade,significant
R&Dprogresshasbeenmadetoward
meetingthechallengingcostand
performancetargetsrequiredforthe
useofpolymerelectrolytefuelcells
(PEFCs)inautomotiveapplications.
Thecatalystandmembraneare
incorporatedintoamembrane
electrodeassembly(MEA),andMEA
optimizationhasbeenacritical
elementofthisprogress.Platinum
loadingshavebeenreducedfrom
severalmgPt/cm2

MEA
1tovaluesof

0.5-0.6mgPt/cm2
MEAincurrent

applicationsandloadingsaslow
as0.25mgPt/cm2

MEAhavebeen
demonstratedontheresearchlevel.2
Furthermore,implementationofthin
membranes(20-30µm)3,4aswellas
improvementsindiffusionmedium
materials,haveessentiallydoubled
theachievableMEApowerdensityto
ca.0.9W/cm2

MEA(at0.65V),5thereby
notonlyreducingthesizeofaPEFC
system,butalsoreducingitsoverall
materialscost(controlledtoalarge
extentbymembraneandPt-catalyst
cost).Inthisarticle,anupdateon
ourpaperofsimilarscopefromone
yearago,6weevaluatecurrentcost,
performance,anddurabilityissues
associatedwithPEFCmembranesand
catalysts,andwesuggestareaswhere
arenewedfocusofR&Deffortwill
acceleratethecommercializationof
PEFCsinautomotiveapplications.We
invitetheincreasedparticipationof
materialdeveloperstojointhe


growingefforttorealizethefuel-cell
versionofHoover’spromise.

MembraneCost
Thecurrentpolymerelectrolyte

fuelcellmembranesofchoiceare
basedonpoly[perfluorosulfonic
acid](PFSA),andareproducedby
DuPont,AsahiGlass,AsahiKasai,

Solvay,and3M.AlthoughPFSAis
alsotypicallyusedasabindarin
eletrodelayers,thiscostimpact
issmallrelativetothemembrane
whichrequiresapproximately10
timesmorePFSA.PFSAmembrane
hasbeencommercializedforthe
chlor-alkaliindustry,butthemarket
volumeissmall(<65metrictons
(MT)/year)7andthecurrentprice
ishigh(≈$5,000/kg,≈$250/m2as
finished25µmfuelcellmembrane),
characteristicofaspecialtymaterial.
Thiscompareswiththecommodity
poly[tetrafluoroethylene]whichis
producedatavolumeof80,000MT/
yearandsellsintheneighborhood
of$10/kg.Toassessthehigh-volume
automotivepricepotentialofPFSA
membrane,weconductedastudyin
whichwedesignedanewplantfor
costestimationpurposestoproduce
vinylethermonomer,PFSApolymer,
andmembrane.Thepriceprojections
areshowninFig.1andindicatethat
at1millionvehicles/yr(lessthan2%
ofworldmarket),whichwouldrequire
approximately15millionm2/yrof
membrane(100kW/vehicleat15m2/
vehicle),themembranecostwould
droptowelllessthan$10/m2($200/
kg).Thistranslatestoapproximately
$1.5/kW,becominganaffordable
priceagainstafuelcellenginetarget
intheneighborhoodof$25/kW,and
demonstratesthatthePFSAprice
shouldnotbeprohibitiveforwide-
scaleautomotiveapplication.Price
projectionsfromDuPontfor25µm
membranebasedon2004membrane
technology,8whileafactorofabout
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I n 1928, U.S. presidential candidate Herbert Hoover
promisedgrowingprosperity representedby“a chicken
ineverypotandtwocarsineverygarage”.Wenowfind

ourselvesatapointinhistorywonderingifandwhenthe
power for those carswill come from fuel cells insteadof
internalcombustionengines. Theanswer to thoseques-
tionsdependslargelyontwokeymaterialsonwhichthe
successofthetechnologyhinges–namely,themembrane
andtheelectrocatalyst.

Two Fuel Cell Cars In 
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FIG.1.PriceprojectionofPFSAmembrane(25µmthick,0.05kg/m2,1,100EW)athigh
volume.Intermediate-volumeprojectionsprovidedbyDuPont.8High-volumenumbers
fromGMcoststudy.Errorbarsindicateroughuncertaintyonprojections.
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fourhigherthanourstudyresultsat
10millionm2/yr,arequalitatively
consistentwiththisassessment.
Onereasonforthediscrepancy
betweenthetwoprojectionsisthat
theGMstudywasdoneassuming
constructionofanewhighvolume
plantandthusdidnotaccountforthe
financialburdenofhavingtorampup
tothatvolumeovertime.

AlthoughthepriceofPFSA
maybecomeaffordableinthe
neighborhoodofonemillionvehicles/
year,therearereasonstoworkon
thedevelopmentofalternative(e.g.,
hydrocarbon)membranes.The
primarymotivationsare(1)the
possibilityofdecreasedmembrane
costatlowerautomotivevolumes,(2)
theeliminationoffluoridetodecrease
metalplatecorrosionproblems,thus
enablingtheuseofmoreaffordable
platematerials,and(3)theneedfor
materialswithimprovedconductivity
atlow(e.g.,25-50%)relativehumidity
(RH),thesubjectofthenextsection.

MembranePerformance

Oursuggesteddevelopment
prioritiesintheareaofmembrane
performanceareinorderof
importance:(1)improvedlow-
RHconductivityatoperating
temperaturesof60-80°C,(2)low
wateruptakeinautomotiveoperation
(whichincludesthepresenceofliquid
water),and(3)hightemperature
(120°C)operationat25%RHor
less.Weaddresstheseissuesinorder
below.

Low-RHconductivity.–Current
PEFCsystemsrunatamaximum
of80°Cbecauseoperationabove
thattemperaturerequirestoomuch
systemsupportofthemembrane(e.g.,
pressure,humidification)tomaintain
closeto100%RHrequiredforgood
protonconduction.Also,current
membraneshaveglasstransition
temperaturesintherangeof80-
120°Candarethussubjecttocreep
andhole-formationattemperatures
inthatrange.Figure2ashowsthe
conductivityvs.RHforaNafion®
1,100EW(EW≡gpolymer/molH+)
membraneat80°C,andthisresponse
isnotsensitivetotemperatureup
to120°C.9Atthefullyhumidified
condition,theconductivityof
approximately0.1S/cmtranslatesto
atolerable25mVlossfora25µm
membraneatacurrentdensityof1
A/cm2.Figure2aalsoshowsthatthe
conductivitydropsoffquicklywith
RH,therebyrequiringthefuelcell
systemtoprovideforhumidification
ofthereactantstreams.Therewould
begreatvalueinreducingsystem

complexity(andthuscost)from
amembranethatmaintainsgood
conductivitytolowRHsuchas
showninthetargetregioninFig.
2a(0.1S/cmat25-50%RH),evenif
operatedat60-80°Cwithoccasional
excursionsto100°C.Developments
bymanufacturershaveshown
promisingprogressinthisdirection
forPFSAmembranes.Anexampleis
showninFig.2a,alow(<800)EW
PFSAthathasconductivityof0.06-
0.07S/cmat50%RHand80°C.Also
showninFig.2baredatafroma
sulfonatedpolyarylenethio-
ethersulfone(SPTES-50,1.8meq/g)
describedbyDangandco-workers10
andsynthesizedinourlab.This
conductivityvs.RHperformanceisa
characteristicofmanyhydrocarbon
membranes—itsurpassesNafion®
112athighRH(>80%)butdropsoff
moresharplythanNafion®112asthe
RHisdecreased.

Wateruptake.–Inadditionto
themembraneprotonconductivity
vs.RHrelationshipasameasureof
systemcompatibility,itisimportant
toconsiderthewateruptakevs.RH
characteristic.Inanautomotive
application,weanticipatethat
amembranewillbeexposedto
environmentsrangingfromcontact
withliquidwatertocontactwith
drygasatapproximately80-
100°C.Figure2bshowsthewater
uptakeasafunctionofRHfor
thethreemembranesforwhich
conductivitydataareshown.The
resultsinFig.2bwereobtained
usinganenvironmentallycontrolled
Rubothermbalanceandthen
translatingtheweighttoswelling
usingthemembranedrydensity
andassumingnofreevolumein
thedrymembrane.Weobserve
thatinsubsaturatedconditions,the

FIG.2.(a)Conductivityvs.RHat80°CforNafion®112,SPTESat
1.8meq/g,10andlowEW(<800)PFSA.Alsoindicatedaredesired
conductivitycharacteristicstoenablesystemsimplificationandvehicle
heatrejection.(b)Membraneswellingat80°C.Legendlistsswellingwhen
membraneswereboiledinliquidwater.
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SPTESmembraneswellsaboutthe
sameamountasthelow-EWPFSA
membraneatagivenRH.Boththese
membranesswellapproximately40%
moreatagivenRHthanNafion®
112.

ThelegendofFig.2balsoindicates
wateruptakedataobtainedbyboiling
thethreemembranesinliquidwater
for1h.Whenincontactwithboiling
water,thePFSAmembranesswell
toclosetoafactorof2overthe
membranedryvolume,whereasthe
SPTESmembraneexpandssomuch
thatitfallsapart.Highmembrane
volumeswellisdifficulttomanage
fromastackcompressionviewpoint,
asittendstoover-compressand
damagethediffusionmedia.5Large
wateruptakeisalsoundesirable
becauseofthefatigueimpactof
shrink-swellcyclesduetoautomotive
RHcycling,asfurtherdiscussed
belowinthesectiononmembrane
mechanicaldurability.

Basedontheabovearguments,
wepreferamembranethatoffersas
muchconductivityaspossiblewith
minimalwateruptake.Figure3isa
plotofmembraneconductivityvs.
membraneswelling,derivedfrom
thedatainFig.2.Itshowsthat
thetwoPFSAmembranesexhibit
thesamerelationship,whereasthe
SPTESmembraneswellssignificantly
moreatagivenconductivity.This
suggeststhattheSPTESuseswaterless
efficientlythanthePFSAmaterials,
implyingthattheconductivityvs.
wateruptakeand/orthepercolation
behaviorofthePFSAsarefavorable
comparedtotheSPTESmembrane.

WhereasFig.2aindicatessystem
compatibility,Fig.3indicates

membranematerialutilityand
viability.Basedonourexperienceto
date,weestimateanupperlimitthat
amembranematerialcanswellisa
factorof2(vs.dry)whenplacedin
boilingwaterfor1h.Beyondthat,the
difficultyofmanagingtheswelling
oninternalstackforcesand/oronthe
membraneitself(asdescribedbelow)
isprohibitive.

High-temperaturemembranes.–
Unfortunately,theheatrejection
rateofcurrentautomotiveradiators
isinsufficienttorejectcontinuous
full-powerwaste-heatloadswiththe
80°Cfuelcellstacktemperature.
Operationat80°Cresultsin
significantadjustmentinthermal
systemcomplexity/cost,vehicle
design,and/ornegativeimpacton
thehigh-powervehiclecapability
(e.g.,lengthoftimeatfullload).
Vehiclesystemanalysisindicatesthat
120°Chigh-poweroperationwould
enabletheuseofradiatorssimilarto
thoseavailabletoday,11andthishas
driventheneedfordevelopmentof
ahigh-temperaturemembranethat
canoperateattemperaturesupto
120°C.Earlierwearguedthatsucha
membranemusthaveaconductivity
of0.1S/cmat25%RHinordernotto
increasesystem-supportdemandsover
thoseofstate-of-theartmembranes.5
Thishasledtodevelopmentprojects
focusedonhigh-temperature(120°C),
low-RH(25%)membranes.

Inourlastpaperonmembrane
requirements,6weexpressedconcern
abouttheimpactofextended
operationat120°ConPtcathode
catalystdissolution.Basedonnew
datatobepresentedhere,wearguein
theElectrocatalystdurabilitysection
belowthatthisconcernisvalidonly
forwell-humidifiedsystems.Wenow
believea120°Csystemat25%RH

isdesiredforsystemsimplification
andfeasiblefromacatalystdurability
viewpoint.

Intheabsenceofhigher
temperaturemembranes,operation
islimitedto80°Candresultsin
heatrejectionsystemsforfuelcell
vehiclesthataremorecomplexthan
incurrentautomotiveapplications.
Thisinturndrivesforamore
aggressivesimplificationofthefuel
cellsystem,achievable,forexample,
bythedevelopmentoflow-RH
membraneswhichwouldenable
stackoperationat80°Cwithout
externalhumidification.Thus,the
developmentoflow-RH(0.1S/cm
at25-50%RH)membraneswitha
mainoperatingtemperatureof60-
80°Cisanimportantintermediate
targetonthewaytotheultimategoal
oflow-RH(0.1S/cmat≤25%RH)
membranesoperatingat120°C.

Phosphoricacid-doped
polybenzimidazole(PBI),first
identifiedbyCaseWestern
ReserveUniversity(anextension
ofthistechnologyisnowunder
developmentbyPEMEASGmbH),is
ahightemperaturemembranethat
allowsoperationuptoapproximately
200°Cwithlowhumidification
requirement.12However,issuesthat
arebarrierstoitsuseforautomotive
applicationsareinstabilityin
thepresenceofliquidwaterand
inefficientcathodestructures
resultinginlowarealpowerdensity.

Whereasmuchworkisongoing
todevelopalternativemembranes
toPFSA,thevastmajorityof
approachesrelyonthesulfonicacid
basedconductionmechanisms.
Fundamentalworksuchas
morphologicalinvestigations13and
molecularmodelingareneededto
determinethephysicallimitsofthese
materialsintermsofconductivity
vs.RHcharacteristicshowninFig.2.
Also,thedatainFig.2and3suggest
thatPFSAsmayhaveanintrinsic
morphologicaladvantageatlowRH
overthehydrocarbonmaterials,and
thisrequiresinvestigationatthe
fundamentallevel.

MembraneDurability
Tobesuccessfulinautomotive

application,membranesmustsurvive
10yearsinavehicleand5,500h
ofoperationincludingtransient
operationwithstart-stopandfreeze-
thawcycles.Eventhoughthin
polymerelectrolytemembranes(20-
30µm)enablehighpowerdensity
operation,therequirementsontheir
chemicalandmechanicalstability
aresignificantlymoredemanding

FIG.3.Membraneprotonconductivityvs.swellingformembranesshownin
Fig.2.

Mathiasetal.
(continuedfrompreviouspage)
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comparedtothoseimposedon100-
200µmmembranesusedinthepast.

WhilePFSAmembranesare
chemicallystable,theyareknownto
degradeinthefuelcellenvironment4
viaperoxy-radicalattack,strongly
enhancedinthepresenceoftrace
ironcontamination.14SuccessofPEFC
technologyrequiresunderstanding
andmitigationofthePFSA
chemicaldegradationmechanism.
Themechanismiscomplicated,
dependingonionomerstructure,
ironlevel,catalystcomponents,
electrodedesign,relativehumidity,
temperature,andotherfactors.
Fortunately,severalresearchgroups
arefocusedonunderstandingthis
mechanism,andgoodprogressis
beingmade.15-17Acceleratedtests
usefulformembranedevelopment
typicallyincludeoperationatopen
circuitvoltage,lowRH(25-50%),and
elevatedtemperature(80-95°C).16

Asdiscussedabove,membranes
swellwhensoakedinwaterand
subsequentlyshrinkduringdrying.
Aconstrainedmembraneexperiences
in-planecompressionduringswelling
underwetconditionsandin-plane
tensionduetoshrinkageunder
dryconditions.18Cyclingbetween
thesecompressiveandtensilestates
createsfatiguethatmayeventually
leadtofractureofthemembrane.
Additionally,membranesexhibit
viscoelasticcreeptorelievethese

stresses,andthismayeventuallylead
topinholesduetolocalthinning.
Asademonstrationofthispurely
mechanicalfailuremode,Fig.4shows
aleakdevelopinginanRH-cycling
testforaMEAmadefromacast25
µmNafion®membrane(NR111).
The50cm2MEAwascycledbetween
150%RHfor2minand0%RHfor
2minat80°Cunderair/airtostudy
mechanicalfailureofmembranes
inabsenceofchemicaldegradation.
Membranefailurewasmonitored
bymembranegascrossoverleaks
measuredviaairpermeationatan
applieddifferentialpressureof20kPa
(inunitsofstandardcm3perminute
(sccm),withanend-of-lifecriterion
of10sccm).Althoughanautomotive
fuelcellsystemisnotexpectedto
experiencesuchharshRHcycling,
thistesthasbeenusefulinscreening
membranematerialsformechanical
properties.SomePFSAmembranes
havelastedmorethan20,000cycles
withoutfailure.Figure4alsoincludes
atypicalexamplewithahydrocarbon
membrane.Aromatichydrocarbon
membranestestedtodatelastno
morethan300cyclesastheyappear
toundergoembrittlementafter
relativelyfewwet-drycycles.

Moreworkisneededtounderstand
theconnectionbetweentheseex
situmechanicalpropertiesandin
situfailure.Clearly,dimensional
stabilityandlimitedwateruptake
inliquidwater(lessthanafactorof

2swellingmaximum)aredesirable.
Tosupportsuchefforts,animproved
fundamentalunderstandingofthe
morphologyofthesematerialsboth
throughexperiments[e.g.,small
angleX-rayscattering(SAXS),small
angleneutronscattering(SANS)]and
molecularmodelingisneeded.

Electrocatalyst
CostandPerformance

DuetothefastH2oxidation
kineticsoncarbonsupportedPt
catalysts(Pt/C),anodePtloadings
canbeloweredto0.05mgPt/cm2
withoutperformanceloss.2However,
theslowO2reductionkineticsstill
requirecathodePt-loadingsof≈0.4
mgPt/cm2tomeetenergyefficiency
(i.e.,cellvoltagesof≈0.65V)and
MEApowerdensity(i.e.,PMEAof
≈0.9W/cm2)targets.Underthese
conditions,Pt-specificpowerdensities
of≈0.5gPt/kWcanbeobtainedwith
optimizedMEAs(firstrowinTable
I),19correspondingtocatalystcosts
of≈$18/kW(assuming≈$35/gPt
foraPt/Ccatalyst).Thisdoesnot
meetthestringentautomotivecost
requirements,withcatalystcost
targetsof<<$10/kW,equivalentto
<0.2gPt/kW.

WhileclearlythePtcathode
loadingmustbereducedtothe
0.1mgPt/cm2leveltomeetthe
<0.2gPt/kWtarget,itwouldlead
toa40mVlossincellvoltage,2,19
whichforefficiencyreasonsis
notacceptable,therebyrequiring
improvedcathodecatalysts.Platinum-
cobaltalloys(PtCo/C)andother
Ptalloysweredemonstratedto
yieldanactivityimprovementbya
factorof2comparedtoPt/C,19and
implementationofthesecatalysts
enablesaloweringofthecathode
Pt-loadingto0.1mgPt/cm2atan
overallperformancelossof20mV.In
thiscase(secondrowofTableI),the
Pt-specificpowerdensityreducesto
0.19gPt/kW,yieldingacatalystcost
of≈$7/kW.Whilethisisacceptable
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FIG.4.MEAcrossoverleakvs.numberofRHcyclesforcatalyst
coatedmembranesbasedondifferent25µmthickmembranes:
twoPFSAmembranesandonehydrocarbonmembrane.RHcycle
conditions:150%RH,2min↔0%RH,2mincycles(air/air)at
80°Cusing50cm2catalystcoatedmembranesandcarbonpaper
diffusionmedia.Membranegascrossoverleakrates(insccm)were
determinedwithairatapressuredifferentialof20kPaacrossthe
membrane.

Catalyst
activity

Cathodeloading
(mgpt/cm2)

PMEAat0.65V
(W/cm2)

PPtat0.65V
(gPt/kW)

Pt/C  0.4  0.91  0.48

2xPt/C  0.1  0.78  0.19

4xPt/C  0.1  0.91  0.17

TABLEI.
MEApowerdensities,PMEA,andPt-specificpowerdensities,
PPt,instate-of-the-artMEAs(anode:0.05mgPt/cm2).H2/air
operationatnominalconditionsof80°Cand150kPaabs.19

(continuedonnextpage)
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fromacatalystcostviewpoint,Pt-
alloycatalystswithafourfoldactivity
enhancementaredesirabletoimprove
theoverallMEApowerdensityto
≈0.9W/cm2(thirdrowofTableI),to
minimizethecostpressureonthe
otherstackcomponents.Eventhough
theabovearguments(formoredetails
seeRef.19)supportacleartechnology
pathwaytomeetautomotivePEFC
catalystcostrequirements,the
durabilityofthesecatalystsunder
automotiveusageprofilesmuststillbe
demonstrated.

ElectrocatalystDurability
Similartomembranes,catalysts

mustalsosurviveharshtransient
(load-cycling)operationofavehicle.
WhilePtcatalystsarestableatthe
lowelectrodepotentialsoccurring
attheanodeelectrode[0to0.05V
vs.thereversiblehydrogenelectrode
potential(RHE)],Ptdissolutionposes
significantconcernsatthehigh
electrodepotentialsoccurringin
thecathodeelectrode(≈0.7-0.95V
vs.RHE).Recentfocusoncatalyst
durabilityhashelpedadvance
theunderstandingofthedetailed
mechanismofPtsurfacearealoss
inPEFCs.Similartotheworkdone
inPAFCdevelopment,20,21Ferreira
etal.22usedtransmissionelectron
microscopy(TEM)analysesof
significantlydegradedMEAcross
sectionstounderstandPtsurfacearea
lossmechanismandconcludedthat
coarseningofPtparticlesoccurred
viatwodifferentprocesses:(1)a
nanometer-scaleOstwald-ripening
processwheresmallerPtparticles
dissolveintheionomerphaseand
redepositonlargerPtparticlesthat
areseparatedbyafewnanometers
forawell-dispersedcatalyst;and(2)
amicrometer-scalediffusionprocess,
wheredissolvedPtspeciesdiffusein
theionomerphaseandsubsequently
precipitateintheionomerphaseof
theelectrodeorthemembrane(close
tothecathode/membraneinterface)
viareductionofPtionswithcross-
overhydrogenfromtheanode.

Inthissection,wediscussthe
impactofsteadystateandvoltage-
cyclicoperationonPtandPt-
alloystability.Wealsoextendthe
discussiontoevaluateifPtdissolution
willlimithightemperature(120°C),
lowRH(25%)operationifandwhena
suitablemembranebecomesavailable.

Ptdissolutionatsteady-state
potential.–Bindraetal.23reported
substantialPtsolubility(usingPtfoil)

inhotconcentratedphosphoricacid
(176-196°C)inthepotentialrange
between0.8and0.95V(vs.RHE),
consistentwithPtbeingoxidizedto
solublePt2+ions,withthesolubility
increasingbyadecadeforincrease
involtageby2.303RT/2F,whereR
istheuniversalgasconstant,Tis
temperature,and
FistheFaraday
constant.Increasing
Ptdissolutionwith
potentialisalso
reportedforhighly
dispersedPton
carbon-support(Pt/C)attemperatures
relevanttoPEFCs(80°C)in0.5M
sulfuricacidinthepotential
rangebetween0.9and1.1V(vs.
RHE),22eventhoughthepotential-
dependencewasnotconsistentwith
Nernstianbehavior.

Two15-cellshortstacks(800cm2
activearea)wereoperatedfor2,000h
atsteadystatewithH2-air(constant
reactantflowscorrespondingtoa
stoichiometryofs=2/2at0.2A/
cm2)at80°C(fullyhumidified)and
150kPaabstoexaminetheeffect
ofpotentialonPtdissolutionin
anoperatingfuelcell.GoreSeries-
5510®catalyst-coatedmembranes
(CCM)with0.4mgPt/cm2Pt/C
loadingsweresandwichedbetween
carbon-fiber-paper-baseddiffusion
media(TorayInc.,Japan)with
proprietaryhydrophobictreatments
andmicroporouslayers.Figure5a
showsthevoltagesoftwodifferent
shortstacksoperatedatopen-circuit
voltage(OCV)(squaresymbols,~0.97
→~0.93Vvs.RHE)andataconstant
currentof0.2A/cm2(triangle
symbols,at~0.78→~0.73Vvs.RHE).
Alinearapproximationofthevoltage
decayratesforthosetwostacksyields
20and25µV/hforstackoperation
atOCVand0.2A/cm2,respectively.
Theserathersimilarvoltagedecay
ratesaresurprisingasthepotential
dependenceofPtsolubilitywould
suggestlowerdecayratesforlower
cathodepotentialsasobservedfor
PAFCstacks.20,21

Insitucyclicvoltammetry
measurementsat25°C(usingfully
humidifiedH2/N2and20mV/s)were
carriedoutintermittentlythrough
thelifeofthestackstodetermine
theelectrochemicalPtsurfacearea
inthecathode(evaluatedintermsof
m2/gPt),19anddataareshowninFig.
5b.Thesedataresolvetheapparent
inconsistencyanddemonstrate
thatthePtarealossofthestack
operatedatOCVismuchmore
pronouncedvs.thePtarealossfor
operationat0.2A/cm2.Thisresult
isinqualitativeagreementwithPt

dissolutionpotential-dependence
foundinPAFCstacks,20,21sulfuric
acid,22andphosphoricacid.23The
voltagedegradationrateof20µV/hat
OCVisconsistentwiththe22µV/h
whichonewouldcalculatefromthe
Ptsurfacearealoss,SPt,over2,000h
(Fig.5b)

where�tisthedurationofthe
experimentandbistheTafelslope
oftheoxygenreductionreaction
withavalueof0.070Vat80°C(i.e.,a
valueof2.303RT/F).19Thederivation
ofEq.1(fromEq.8inRef.3)is
basedontheassumptionthatthe
Pt-areanormalizedspecificactivity
(i.e.,isinunitsof[A/cm2

Pt])ofthe
cathodecatalystisindependentof
theplatinumareadecayovertime(in
otherwords,theexchangecurrent
density,i0,changesinsignificantly).
Thelatterwasconfirmedinarecent
studybyYuetal.,24inwhichless
than25%variationofiswasfoundfor
largelyvaryingSPt-valuesproducedby
Pt-dissolution/sinteringofbothPt/C
andPtCo/Ccatalysts(duetovoltage-
cycling).Thevoltagedegradation
rateof25µV/hobservedforthestack
operatedat0.2A/cm2issignficantly
largerthanthe10µV/hestimated
usingFig.1anddatainFig.5b.The
differenceisattributabletomass
transportlosses.

PtandPt-alloydissolutionand
massactivitylossatsteadystate
potential.–Asdescribedearlier,
catalystswithenhancedmassactivity
arerequiredtomeetlongterm
catalystcostrequirements.Onemajor
challengeintheimplementationof
Pt-transitionmetalalloycatalyst,such
asPtCo/C,istheneedtomaintain
theirhighmassactivityadvantagevs.
Pt/Cfor5,500hinavehicle.Alarge
active-areashortstackconsistingof
MEAsmadewithPt/CandPtCo/C
cathodeswasoperatedfor1,000hto
testlongtermPt-alloystabilityunder
steadystateconditionswithH2-air
(stoichiometricreactantflowsofs=
2/2)at80°C(fullyhumidified)and
150kPaabs.TheanodesforallMEAs
(PtandPtCocathodes)weremade
from≈50wt%Pt/C.HalftheMEAs
ofthestackweremadeof≈50wt%
Pt/Ccathodesandtheotherhalfwere
madeof≈50wt%PtCo/Ccathodes
(notethatPtCo/Cisusedtoreferto
acarbon-supportedplatinum-cobalt
alloyandisnotmeanttoindicate
anyspecificcomposition).Allthe
catalystsforthestackweresupplied

Mathiasetal.
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byTanakaKikinzokuKogyo(TKK).
ThePtCo/Ccatalystusedinthetest
waspreleachedbythesupplierusing
aproprietaryprocedure(durability
benefitsofusingpreleachedPt-alloy
catalystsaredescribedindetail
elsewhere19).

Cyclicvoltammetryatroom
temperaturewasusedtomonitorthe
changeinPtsurfaceareaoverthe
lifeofthestack(seeFig.6).Higher
PtsurfaceareaofPt/Celectrodes
atthebeginning-of-lifecanbe
attributedtoitssmallerparticlesize
(2-3nm)ascomparedtoPtCo/C
catalysts(4-6nm).Asexpected,due
tothepotentialdependenceofPt
dissolution,Ptsurfacearealosson
theanode(diamondsymbols,Pt/C)
issignificantlylowerthanthaton
thecathode(trianglesymbols,Pt/C),
anobservationwhichwasnotedin
severalpreviousstudies.25,26Although
Pt/CinitiallyhashigherPtsurface
area,bothPt/CandPtCo/Cachieve
similarPtsurfaceareaattheend-of-
testing(1,000h).Whethertheslower
decayofPtelectrochemicalsurface
areaobservedforthePtCo/Calloyis
duetoitslargerparticlesize(i.e.,low
surfaceenergy)and/oritsintrinsically
superiorstabilityoverPt/Cisstill
unclear.

Toassessactivitychangesover
time,catalystspecificactivity,is
[µA/cm2

Pt],andmassactivity,im
[A/mgPt],measurements19weremade
at0.9Voverthelifeofthestack
inpurehydrogenandoxygenwith
reactantflowsetatstoichiometryof
2and9,respectively.Theoperating
conditionsforthecatalystactivity
measurementwereidenticaltothe
stackdurabilityconditions(80°C,
150kPaabs,100%RH).Itcanbeseen
inFig.7athatthespecificactivity
ofPt/Cstaysconstantoverlife,
whereasthatofPtCo/Cdecreasesby
afactor1.8in1,000h.Inabsence
ofclearfundamentalunderstanding
ofthemechanism,specificactivity
degradationofPtCo/Ccatalystis
generallyspeculatedtobedueto
slowlossofthetransitionmetal(Co
inthiscase)overalongperiodof
time.Cowasfoundinthemembrane
atend-of-testusingelectronprobe
microanalysis(EPMA).Figure7b
showsthatthemassactivityofthe
twocatalystsdecreasedatasimilar
rate.Sincethespecificactivityof
Pt/Cremainsconstantovertime,the
decreaseinmassactivityisduepurely
tolossinPtsurfaceareaattributable
todissolution.Theadvantageoflower
PtsurfacearealossforPtCo/Cis
partiallycounteractedbyadecrease
inspecificactivity,givingthenet

FIG.5.(a)Cellvoltageand(b)Ptsurfaceareaasafunction
ofstackruntime.StackswereoperatedwithH2/air(s=2/2)at
80°C,150kPaabs,and100%RH.Surfaceareasweredetermined
bycyclicvoltammetryusingH2/N2at25°Cand20mV/s.

FIG.6.Ptsurfacearealossof(♦)≈50wt%Pt/Canode,()≈50
wt%Pt/Ccathode,and(•)≈50wt%PtCo/Ccathode.Stacks
wereoperatedwithH2/air(s=2/2)at80°C,150kPaabs,and
100%RH.Surfaceareasweredeterminedbycyclicvoltammetry
usingH2/N2at25°Cand20mV/s.

(continuedonnextpage)
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resultofsimilarmassactivitylossas
Pt/C.Duetothecombinedeffectof
Ptsurfaceareaandspecificactivity
changesovertimeforbothcatalysts,
thebenefitinmassactivityofPtCo/C
vs.Pt/Creducesfromafactorof1.9
atthebeginning-of-lifeto1.6atend-
of-test.Suchintrinsicdegradation
ofPt-alloycatalystmayresultin
unacceptableperformancelossduring
thelifeofavehicle.Theneedforlong
termstabilityofPt-alloywarrants
increasedefforttowardfundamental
understandingofspecificactivity
lossinPt-alloycatalystsleading
todevelopmentofstablecatalysts
viamodificationsinmaterialsand
synthesisprocesses.

Ptdissolutionunderpotential
cycling.–Itisknownthatvoltage
cyclingofpolycrystallineand
carbon-supportedPtinaqueous
acidsatroomtemperatureleads

toacceleratedPtdissolutionrates
comparedtoextendedholdsat
constantpotentials.27,28Althoughthe
exactnatureofthisphenomenonis
unknown,itishypothesizedthatthe
interruption/reductionofrelatively
corrosionresistant,steadystate
oxide/hydroxidecoverageofPtduring
voltagetransientstolowpotentials
leadstoacceleratedPtdissolution
insubsequentvoltagecyclingto
highpotentials.Theanalogous
phenomenonhasbeenobserved
inPEFCsandwasreportedforthe
firsttimeinthepublicliteratureby
Patterson,29showingacceleratedPt
arealossofaH2/airPEFCcathode
electrodesubjectedtosquare-wave
voltagecyclesbetween0.87and
1.20V(65˚Cand60s/cycle).Darling
andMeyers30haverecentlydeveloped
andreportedaninitialnumerical
modeldescribingthevoltagecycling
inducedPtarealossbyassuminga

potentialdependentdissolutionof
metallicPt(Pt↔Pt+2+2e-,i.e.,a
2.303RT/2Fpotentialdependence),
chemicaldissolutionofPtoxide
(PtO+2H+↔Pt+2+H2O),and
surfacetensiondrivengrowthofPt
nanoparticles.Thismodelbasedon
anOstwaldripeningmechanismhas
beensubsequentlyrefined,31yielding
areasonablepredictionofPatterson’s
voltagecyclingdata.29

Analysisofvariousstandardized
USvehicledrivecyclessuchas
FederalUrbanDriveCycle(FUDS),
US06,andothersrevealsthata
vehicleexperiencesroughly300,000
load(voltage)cyclesbetweenpeak
power(0.7iR-freeV)andidle(0.9
iR-freeV)throughitslifeof5,500
h.Asimpletestwasdevelopedto
measuretheimpactofpeakpowerto
idleloadcyclingonPtsurfacearea
lossandtoprovideabenchmarkfor
catalystvoltage-cyclingdurability
whichwouldbeprojectedtosatisfy
automotiverequirements.Thetest
consistsofcyclinga50cm2MEA
underH2/air(constantflowof
stoichiometry2/2at2A/cm2)at
desiredtemperatureandRHbetween
0.7and0.9iR-freevoltage(30s
holdateachpotential)combined
withoccasionalevaluationofthe
remainingPtsurfacearea,SPt,using
cyclicvoltammetry.Thelongterm
vehicleperformancedegradation
targetof≤3µV/hover5,500h
requiresanabsolutevoltagelossof
≤17mVovertheprojected300,000
largevoltagecycles(0.7↔0.9iR-free
voltage);usingEq.1andassuming
onlyminorchangesinspecific
activitycausedbyPtdissolution/
sintering(seediscussionabove),this
translatestoarequirementofless
than40%lossinPtsurfaceareain
300,000voltagecycles.

Ptvs.Pt-alloydissolutionunder
potentialcycling.–Yuetal.24recently
reportedenhancedstabilityofPtCo
between0.87and1.2Vvoltage
cycling.Wehavealsoevaluatedthe
stabilityofPtCocatalystunderour
proposedbenchmarkvoltagecycling
conditions(0.7↔0.9iR-freevoltage).
Figure8showsnormalizedPtsurface
areaof≈50wt%Pt/Cand≈30wt%
PtCo/Cover30,000voltagecycles
at80°C,100%RH,a500htest.To
gaugethefeasibilityofthecatalystto
meetthevehicleliferequirementof
300,000cycles,wecanextrapolate
thePtsurfaceareabyoneorderof
magnitudeincyclenumber.The
accelerationofPtdissolutionunder
voltagecyclingmaybeobservedby
comparingvoltagecyclingPtsurface
arealossofPt/Ctothatundersteady
stateOCV.Atsteadystate(Fig.5b,

FIG.7.Changesin(a)specificactivityand(b)massactivityof
≈50wt%Pt/Cand≈50wt%PtCo/Ccatalysts(definedat0.9V,
80°C,and100kPaabsH2andO2)inshortstacksoperatedunder
80°C,150kPaabs,and100%RH.
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OCVdata),a10%Ptsurfacearealoss
isobservedover250hascompared
to70%arealossinV-cyclingtest
(Fig.8,Pt/Cdata)in30,000cycles,
alsoamountingto250hat0.9V.
Underfullyhumidifiedconditions,
Ptlosesmostofitssurfaceareaafter
300,000voltagecyclesandleadsto
highandunacceptableperformance
degradation.Incontrast,lossof
surfaceareaofPtCoislowand
extrapolationto300,000cycles
suggeststhatthecatalystwillmeet
vehicleend-of-lifeperformance
targets,aslongasthereisno
significantlossinspecificactivity
over5,500hoftransientoperation.
Becausetheproposedvoltagecycling
testdoesnottakeintoaccountthe
effectoflongtermoperationon
catalystspecificactivity,itisalso
importanttoevaluatetheimpactof
cyclingoncatalystactivity.

ImpactofRHandtemperatureon
PtdissolutionunderPtcycling.–It
iswidelyreportedthatPtisfound
inthemembraneafterlongterm
operation20,21,32andvoltagecycling
ofthecathode.22,24,29TEManalyses
ofdegradedMEAcrosssections22
unambiguouslyconfirmthatPt
diffusesintheionomerphaseof
theelectrodetowardthemembrane
andisreducedbyH2permeating
throughthemembraneatorclose
tothecathode/membraneinterface.
Basedonthismodel,thediffusion
coefficientofPtionsintheionomer
phaseisexpectedtostronglyimpact
therateofPtarealoss.WhilenoPt
diffusioncoefficientdatainPFSAsare
availableintheliterature,onemight
expectabehavioranalogoustothe
protondiffusioncoefficientinPFSAs,
whichisreducedbyanorderof
magnitudeastheRHisreducedfrom
100to25%.33Whilethismayseem
tobeafar-fetchedassumption,the
followingdataillustratethesuggested
impactofRHontherateofPtarea
loss.

TheRHdependenceofPtsurface
arealosswasevaluatedfora
≈50wt%Pt/Ccatalystunderthe
voltagecyclingprotocolat80°Cas
describedintheprevioussection.As
seeninFig.9,Ptsurfacearealossis
largelymitigatedbyoperatingthe
cellat25%RH(diamondsymbols)
ascomparedto100%RH(circular
symbols).Thisfindingisconsistent
withthehypothesisthat,besidesthe
kineticsofPtdissolutionitself,Pt
cationdiffusionintheionomerphase
playsamajorroleindeterminingthe
overallrateofthePtsurfacearealoss
process.

Inapreviousarticle,5we
discussedtheadvantagesreflected

inreductionofsystemcomplexity
byimplementingahightemperature
(120°C),lowRH(25%RH)
membrane.However,basedonPt
solubilitydataat25and196°C
andsubsequentinterpolation,the
sameauthorscautionedthathigh
temperatureoperationcouldcause
halfthePttodissolveinalittle
over100hofoperation.6Avoltage
cyclingexperimentwasperformed
totestcatalyststabilityatdesired
hightemperature,lowRHoperation
(120°C,25%RH)usingPFSA
ionomerinthemembraneandthe
electrode.Figure9showsPtsurface
arealossdataforPt/Cat120°C,
25%RH(trianglesymbols).At25%
RH,althoughPtsurfacearealossat
120°Cisslightlyhigherthanthat
at80°C,thelossesaremuchlower
ascomparedtothoseat80°C100%

RH.Ptsurfacearealossathigh
temperatureandlowRHisexpected
tobestilllowerforPt-alloycatalysts.
Ouravailabledataunderautomotive
relevanttransientconditionsthus
suggestthatPtdissolutionshouldnot
beahindrancetoimplementationof
hightemperature(120°C)membranes
iftheycanoperateatlowRH
(alsorequiredtoachieverequired
systemsimplicity).Catalystsupport
durability(nextsection)underhigh
temperature,lowRHconditionsmust
stillbeevaluated.

Insummary,lossesduetoPt
dissolutioncanbemitigatedby
implementingPt-transitionmetal
alloysandlow-RHsystems.Both
requirementsaredirectionally
correctinthatPtalloysarerequired
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Mathiasetal.
(continuedfrompage31)

toincreasemassactivityandlow-
RHsystemsofferreducedsystem
complexityandincreasedflexibility
insystemdesignandoperation.Both
aspectsofthisfuturedirectionalso
helpbringdownstack/systemcosts
significantly.Therefore,toaddress
catalystdurabilityrequirements,
increasedresearcheffortshouldbe
directedtowardincreasingPtalloy
longtermstabilityandimproving
theirmassactivitygainoverPt/
Ccatalysts.Inaddition,catalyst
durabilitywouldalsobeimproved
viathedevelopmentoflow-RH
membranes(loworhightemperature,
80-120°C)sincelowRHoperation
reducestherateofPtarealoss.

Catalyst-SupportDurability
Besidesthedissolution/sintering

oftheactivemetaldiscussedabove,
thecorrosionofthecatalystsupports
maybeacriticalissueinPEFCs
undercertainoperatingconditions.
Inphosphoricacidfuelcells(PAFCs)
whichoperateat≈200°C,corrosion
ratesofthecommonlyusedhigh
surfaceareacarbonsupports(e.g.,
Vulcan-XC72andKetjenblack)were
unacceptablyhigh,necessitatingthe
implementationofmorecorrosion-
resistantgraphitizedcarbon
supports.34,35Duetothesignificantly
loweroperatingtemperatureofPEFCs
(≈80°C),ithaslargelybeenassumed
thatcarbon-supportcorrosionwould
benegligibleand,consequently,
currentMEAsarebasedonVulcan-
XC72andKetjenblackcarbon
supports.Thisassumptioniscorrect
forcathodepotentialsinthenormal
PEFCoperatingrange(iR-corrected
cathodepotentialsbetween0.85and
0.6V),butthefollowinganalysis
demonstratesthatautomotive
applicationsinvolvecathodepotential
rangeswhichfarexceedthestability
regionofthesestandardcarbon
supportsevenat80°C.

PEFCsinautomotiveapplications
undergoanestimated30,000startup/
shutdowncyclesoverthelifeofa
vehicle,whichcanleadtoshortterm
potentialexcursionsofthecathode
electrodeto1.2-1.5VduetoH2/air
frontsintheanodecompartment.36
Atthesehighpotentials,corrosion
ratesofstandardcarbonsupports
arehigh,leadingtolargevoltage
degradationrates.Whileoperating
andcontrolsstrategieswereshownto
effectivelymitigatevoltageexcursion
beyond1.2V,36passiveshutdownof
aPEFCstack(i.e.,removalofH2upon
shutdown,leadingtoairinboththe

anodeandthecathode)establishes
anodeandcathodepotentialsofup
to≈1.2V(i.e.,thethermodynamicair
potential).Assumingthatthestack
remainsatthisconditionat80°C
forapproximately10spershutdown
(timerequiredtosignificantlycool
thestack),catalyst-supportstabilityat
1.2Visrequiredforanaccumulated
timeof≈100hoverthelifeofthe
vehicle,withamaximumallowable
performancelossof<30mVat1.5A/
cm2(<1µV/cycletarget).Asimilarly
criticaloperatingconditionisthe
longidletimeofautomotivestacks,
i.e.,thetimewhenonlyidleauxiliary
loadpowerisdrawnfromthestack,
resultingincathodepotentialsof
≈0.9Vandabove(dependingonthe
particularusageprofile,thismay
amounttoseveralthousandhours
overvehiclelife).

Thefollowingexperimentaldata
andanalysisservestoassessthe
stabilityofdifferentcarbonsupports,
ateither≈100hat1.2Vorthousands
ofhoursat0.9V,withthegoalof
determiningwhetherimproved
catalystsupportsarerequiredfor
automotiveapplications.

Thecarboncorrosionratesoftwo
differentcatalysts,aPtcatalyston
astandardhighsurfaceareacarbon
supportandaPtalloy(TKK,3wt%
PtCo)onacorrosionresistantcarbon
support,areshowninFig.10aunder
anacceleratedtestingconditionof
95°C.MassnormalizedCO2currents
wereobtained(assuming4e-reaction)
byon-linegasanalysisoftheN2
effluentfromcathodeelectrodes
potentiostatedat1.2Vina50cm2
MEAoperatedwithfullyhumidified
H2/N2(anode/cathode).Aspreviously
observedforuncatalyzedcarbon
blacks,37thelogarithmoftheCO2
currentdecayslinearlywiththe
logarithmoftime(thephysicalorigin
ofthisbehaviorisstillunknown).
Clearly,themassnormalizedCO2
currentofthecatalystwithcorrosion
resistantcarbonisalmostoneorder
ofmagnitudelowerthanthatofa
standardcarbonsupport,relatedin
parttoitslowerBrunauer-Emmett-
Teller(BET)surfacearea(≈250m2/gC
vs.≈600m2/gC)aswellastoitslower
intrinsiccorrosionrate(i.e.,itslower
BETsurfaceareanormalizedcurrent,
seeFig.10b).Thelatterphenomenon
isconsistentwithformercomparisons

FIG.10.CO2corrosioncurrentsvs.timeofcathode
electrodes(50cm2MEAs)potentiostatedinN2to1.2V
(vs.a100%H2anode)at95°C(100%RH,120kPaabs)
determinedbyCO2on-lineanalysis.CO2currentsare
normalizedtoeither(a)carbonmass,or(b)carbonBET
surfacearea(≈600m2/gCforthePtcatalystand≈250
m2/gCforthePt-alloycatalyst).
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humiditycondition.Basedonour
presentobservations,carbonweight
lossesbetween5and10%leadto
unacceptablylargeperformance
degradationundermostoperating
conditions,therebyimplyingthat
standardcarbonsupports(Vulcan-
XC72andKetjenblack)donotsatisfy
automotiverequirements(seeFig.
12)withrespecttoeitherstartup/
shutdowncyclesorprolongedidle
conditions.

Insummary,developmentand
implementationofhighlydispersed
Pt-alloycatalystsoncorrosion-
resistantsupports(e.g.,graphitized
carbonblacks)arerequiredtomeet
automotivedurabilityrequirements.
Thisnotonlynecessitatessignificant
R&Deffortsbycatalystdevelopers,
butalsorequiresfocusedeffortsby

betweengraphitizedandnon-
graphitizedcarbonsinbothalkaline38
andphosphoricacid34electrolytes,
whichindicatedtwotofourtimes
lowerintrinsiccorrosionratesfor
graphitizedcarbons.

Detailedstudiesofthetemperature,
potential,andtime-dependenceof
theCO2corrosioncurrentofthe
≈50wt%Pt/Cstandardcatalyst
(datanotshown)revealedthatthe
corrosionkineticsfollow

withaTafelslopeof150mV/decade,
anactivationenergy(Ea)of67kJ/mol,
andatime-decayexponent(m)of
0.30(independentoftemperature
andpotential).Usingthesekinetics,
weestimatedthecarbonweightloss
attheaboveoutlinedconditionsof
0.9V/80°C(vehicleidleconditions)
and1.2V/80°C(startup/shutdown
condition)vs.time.Asisshownin
Fig.11,the≈50wt%Pt/Cstandard
catalystisprojectedtolose≈15%
ofitsweightinonly20hat1.2V
andwillnotsurvivetherequired
100hat1.2V;similarly,atthe
idleconditionof≈0.9V,itwill
experience≈5%weightlossover
severalthousandhours.Whilethese
valuesrepresentroughestimates,itis
likelythatthiscatalystwillnotsatisfy
automotivecarbonsupportdurability
requirements(seebelow).Asimilar
projectionwasmadeforthe≈30wt%
Ptalloy/Ccorr.-resist.catalyst,assuming
theabovevaluesforTafelslopeand
activationenergy,andisshownas
theredcurveinFig.11.Whileits
advantageoverthe≈50wt%Pt/
Cstandardcatalystisobvious,whether
theprojectedcarbonweightloss
underthegivenconditionsissmall
enoughtonotinducemasstransport
relatedvoltagedegradationisstillto
bedetermined.

Toresolvethelatterquestion,
experimentswereconductedwhere
cathodecatalystsweresubjected
topotentialholdexperiments
at1.2Vand80°C(100%RH)
fordifferenttimeperiods,with
subsequentevaluationoftheirH2/air
performanceunderfuelcellrelevant
conditions(outlinedinFig.12).After
20hat1.2V,theH2/airperformance
ofthe≈50wt%Pt/Cstandardcathode
decreases30mVat1.5A/cm2,andthe
increasingvoltagelosswithincreasing
currentdensityclearlyindicates
theonsetofmass-transportlosses
inducedbycarboncorrosion.At30
hexposureto1.2V,mass-transport

mRTETSE
CO tei a ��� )/(/10

2  [2]

FIG.11.Carbonweightlossvs.timefortwodifferentcatalystsat
both0.9V(idlecondition)and1.2V(approximateair/airpotential)
and80°C(100%RH,120kPaabs).Predictionsarebasedonthedata
inFig.10,assumingaTafelslopeof150mV/decade,anactivation
energyof67kJ/mol,andthesameiCO2vs.timedependenceas
showninFig.10foreachcatalyst.

lossesareunacceptablyhigh,clearly
indicatingthatastandardcarbon
supportwillnotmeetautomotive
requirements.Onthecontrary,the
≈30wt%Ptalloy/Ccorr.-resist.cathode
showsnodecreaseinperformance
evenafter100hexposureto1.2V;
unfortunately,itsbeginning-of-life
performanceismuchlowerthan
whatonewouldexpectbasedonits
massactivitymeasuredinH2/O2,
relatedtothefactthatoptimization
ofelectrodeswithcorrosion-resistant
supportisstillinitsinfancy.It
shouldbenotedthattheobserved
lossesforthe≈50wt%Pt/Cstandard
cathodeareevenlargeratmore
humidifiedconditions,butsince
diffusion-mediumcorrosionis
difficulttodecouplefromelectrode
corrosionathigherhumiditylevels,
ourproposedmaterialsscreening
testisconductedatthelower
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MEAsupplierstointegratethesenew
materialsintohighperformingH2/
airMEAs.Ourcurrentlysuggested
benchmarkfordetermining
whethercatalystsupportmaterials
meetautomotiverequirementsisa
potentialholdat1.2Vfollowedby
evaluationofH2/airperformance.
Atthesametime,however,weare
investigatingwhether1.2Visan
appropriateestimatefortheair/air
potentialorwhethertheactual
air/airpotentialislowerthanthe
1.2Vthermodynamiclimit(viz.,
alowermixedpotentialproduced
bysimultaneouscarbonsupport
corrosionandoxygenreduction).It
maybethecasethatvoltagecycling
hasasimilareffectoncarbonsupport
corrosionasithasonPtdissolution,
i.e.,cyclingmayacceleratecarbon
corrosion.Intheformercase,our
presentrequirementsforcatalyst
supportstabilityaretoohigh,while
inthelattercasetheymaynotbe
stringentenough.Theseareopen
questionswhichwehopetohave
resolvedinthenearfuture.

Summary
Thecurrentlyknownmaterialset

forPEFCs,i.e.,PFSAmembranesand
Pt-basedcatalysts,areinprinciple

abletomeetthecostrequirements
forhighvolumeautomotive
applications.Toenableautomotive
fuelcellcommercialization,further
materialsoptimizationandimproved
understandingofthecurrently
observeddegradationmechanisms
areneeded.Specifically,futureR&D
effortsdirectedatmembraneand
catalystmaterialsdevelopmentshould
focuson

• Developmentoflow-RH(0.1S/cm
at25-50%RH)membraneswitha
mainoperatingtemperatureof60-
80°Candshorttimetemperature
excursionsuptoca.100°C.
Developmentofhightemperature
(120°C)membranesthatoffer0.1
S/cmat25%RHorlessisalonger
termgoal.Membranesshouldnot
swellbyoverafactorof2vs.dry
volumewhenplacedinboiling
water.Thismustbeachieved
withoutcompromisingchemical
degradationstabilityandRH-
cyclingstability.

• DevelopmentofPt-alloycathode
catalystswithimprovedactivity
comparedtoPt/Candthecurrent
generationofPtCo/C,withalong
termgoaloffourfoldmassactivity
overPt/C.Simultaneously,these
newcatalystsmustmaintainboth
theirmassactivityforextended

voltagecyclingandtheirspecific
activityoverlongtermoperation.

• Developmentofmorestablecatalyst
supportsthathaveimproved
corrosionresistanceathigh
potentials(i.e.,understart-stop
andidleconditions).Reasonably
highBETsurfacearea(ontheorder
of>100m2/g)isdesiredtoenable
gooddispersionoftheactivephase
(e.g.,Ptsurfaceareasof>50m2/gPt).

Inaddition,workfocusedinthe
followingareasisneededtoprovide
theoreticalsupporttothematerials
developmentefforts:

• Understandingofthephysical
limitsofmaterialsbasedon
thesulfonicacidconduction
mechanismtoenablethe
developmentoflow-RHmembranes
operatingat60-120°C.

• Fundamentalunderstandingof
themorphologyofmembranes
anditsimpactontheirmechanical
properties,particularlyinterms
offatigue,longtermcreep,and
structuralchangesundercyclic
conditions(i.e.,cyclicvariationsof
temperatureandRH).

• Understandingofthefundamental
chemicaldegradationmechanisms
ofionomersusedbothinthe
electrodeandinthemembrane,
includingthedependenceon
electrodematerialsanddesign.

• Thelikelihoodofdeveloping
cathodecatalystswithimproved
massactivityanddurability
(bothPt-basedandnon-Pt
catalysts),wouldbelargely
increasedifaccompaniedby
strongfundamentalmolecular
modelingapproaches.These
modelsmustincorporateaspects
ofbothactivityenhancementand
dissolutionstabilityandshould
becomplementedbyfundamental
electrocatalysisworkonmodel
surfaces.

• Theimplementationofnew
catalystsinhighperformance
H2/airMEAsisstilllargelybased
ontrial-and-errorandmorean
artthanascience.Therefore,
fundamentalresearchonelectrode
characterization(e.g.,ionomer
distribution,correlationbetween
supportstructureandelectrode
performance,etc.)andmodeling
ofmasstransportphenomena
inelectrodesisdesiredtoenable
timelyimplementationofnew
catalyst/catalyst-supportmaterials.

Finally,wesuggesttheuseofthe
materialcharacterizationtests
describedhereasscreeningtools

FIG.12.ImpactofacceleratedcarbonsupportcorrosionontheE/i
performancecurvesof50cm2MEAswithbotha≈50%Pt/Cstandard
anda≈30wt%Ptalloy/Ccorr.-resist.cathodecatalyst.MEAcathodes
weresubjectedtoacceleratedcarbonsupportcorrosionat1.2V
and80°Cfortheindicatedtimes,usingfullyhumidifiedH2/N2gas
streams(anode/cathode).H2/air(stoichiometricflowsofs=3/3)
performancecurveswererecordedat80°C,50%RH,and150kPaabs
(MEAswith≈25µmmembranes,catalystloadingsof0.2-0.4mgPt/
cm2,andSGL-25BCdiffusionmedia).
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forautomotivefuelcellmaterials
development:(i)membrane
conductivityvs.RHandwater
uptake,(ii)membraneRH-cycling
test,(iii)catalystvoltagecyclingtest,
and,(iv)supportcorrosiontestat
1.2V.Whilethesetestprocedures
maynotbeperfectandmaychange

somewhatovertime,wefeelthatthey
provideareasonableevaluationand
benchmarkingfornewmaterials.
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