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Abstract

Microscopytechniqueshaveemergedasapowerfultooltostudythemorphologyoffuel

cellporousmedia. Mathematicalparametrizationofthemicroscopyimagesisimportantto

characterizetheporousmediamicrostructureandcomparethedifferencesbetweenvarious

samples. Aframeworkwhichcanprocessmicroscopyimagestogenerateamicrostructure

andperformstatisticalandfunctionalcharacterizationisnecessarytostreamlinetheprocess

ofgoingfromimagestoperformance.

Thisthesispresentsanopen-sourcenumericalframeworkformicrostructuralanalysisof

fuelcellporousmedia.Theframeworkcanbeusedto:i)processrawdatafrommicroscopy

images;ii)statisticallycharacterizethemicrostructureusingtwo-pointcorrelationfunction,

chordlengthfunctionandporesizedistribution;iii)generatestochasticreconstructionsof

porousmedia;iv)generatevoxelbasedmeshes;andv)studygastransport,chargetransport

andelectrochemicalreactionsunderdryandwetconditions.

Thenumericaltoolsdevelopedinthisthesisareusedtoanalyzetheeffectofcatalyst

layermicrostructureonthetransportpropertiesandelectrochemicalperformancebystudy-

ingthe:i)effectofcatalystlayerporosityandlocalsaturationontheeffectivediffusivity;ii)

effectofthecatalystlayerporesizedistributionontheelectrochemicalperformanceunder

dryandwetconditions;andiii)effectofionomercontentanddistributionontheeffective

transportpropertiesandelectrochemicalperformance.Stochasticreconstructionsareused

togeneratecatalystlayers(CLs)withdifferentmicrostructuresforthesestudies.
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NumericalsimulationsareusedtostudygastransportinCLswithdifferentporosities

andlocalsaturations.PartiallysaturatedCLreconstructionswereobtainedusinganovel

nucleationbasedwaterintrusionalgorithm. TheeffectivediffusivitiescomputedforCLs

withdifferentporositiesandlocalsaturationsareusedtodevelopacorrelationbasedon

thepercolationtheorywhichwasonlydependentontheeffectiveporosityandaveragepore

radiusoftheCL.

ElectrochemicalsimulationsonCLswithdifferentporesizedistributionsshownegligible

variationsunderdryconditionsbecausemasstransportislimitedbytheinterfacialresis-

tanceoftheionomerfilm.Underwetconditions,theelectrochemicalperformanceinitially

remainsconstantandthendecreasesrapidlybeyondacertainsaturationduetoporeblock-

agebyliquidwater.TheresultsfromthecurrentstudyindicatethataCLwithsmallerand

morehydrophobicporeswouldbebetteratdelayingtheonsetoffloodingintheCLand

therefore,haveahigherperformanceatagivencapillarypressure.

CLreconstructionswithdifferentionomercontentsanddistributionsaregeneratedusing

theionomerreconstructionalgorithmpresentedinthiswork.Resultsshowthattheionomer

distributionhadasignificantimpactontheeffectiveprotonicconductivityandelectrochem-

icalperformanceatlowI/Cratios.TheeffectivediffusivityintheCLalsodecreaseswhen

theionomerdistributionischangedfromuniformtonon-uniform.

Keywords:Microstructure,stochasticreconstructions,catalystlayer,electrochemicalreac-

tions,liquidwater,diffusion,ionomerfilms
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Chapter1

Introduction

1.1 Motivation

Thetransportationsectoraccountsfor21%oftheprimaryenergyconsumptionand23%of

thegreenhousegas(GHG)emissionsinCanada[14].GHGemissionsareamajorcontributor

topollutionandglobalclimatechange. AccordingtotheParisAgreement[15],totackle

thegrowingthreatofclimatechangeCanadapledgedtoreduceitsGHGemissionsby17%

and30%ofthe2005valueby2020and2030,respectively. Achievingthistargetislikely

torequirethereductionofCO2emissionsfromthetransportationsectorwhichcurrently

accountsfor23%oftheoverallGHGemissionsinCanada[14].Tocurbtheuseoffossilfuels

inthetransportationsector,battery(orelectric)andhydrogenfuelcellvehiclesarewidely

seenasafeasiblealternativetothetraditionalgasolineenginevehicles.Hydrogenpolymer

electrolytefuelcellvehicleshaveadistinctadvantageoverthebatterycounterpartsinterms

ofrefuelingtimeanddrivingrange.Thishasseentheapplicationofhydrogenfuelcellsinto

passengercars[16,17],passengertrains[18],trucksandsemi-trucks[17,19].Inadditionto

theautomotivesector,theuseoffuelcellsinbackuppower,forklifts,andportableapplica-

tionsisalsobeinginvestigated[20].

Cost,efficiencyanddurabilityhinderthemasscommercializationofpolymerelectrolyte

fuelcells.Eikerlingetal.[21]estimatethatonly10-20%ofthecatalystisutilizedincurrent

polymerelectrolytefuelcells.Further,tomeetthe2020U.S.DepartmentofEnergytargets

of$30/kW,PEMFCsneedtobedesignedtoachievehigherpowerdensitiesorreducethe

useofexpensivecatalyst(platinum)[22]. Also,improvingthedesignandcontrollingthe

operatingconditionsforPEMFCsiscrucialtominimizedegradationofthecellandhence

improvethelifetime[23].Anunderstandingoftheeffectofchangeinthedesignparameters,

suchascomposition,typeofsolventandfabricationprocess,onthetransportpropertiesand

electrochemicalperformancecouldaidinthedesignofpolymerelectrolytefuelcellelectrodes
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Figure1.1–Schematicofasinglecellofprotonexchangemembranefuelcellshowinghalf
channelandhalflandvolume. GDListhegasdiffusionlayer,MPListhemicro-
porouslayer,CListhecatalystlayer,PEMistheprotonexchangemembraneand
’A’and’C’signifyanodeandcathodeelectrodes,respectively.

whichovercomethecurrentchallenges.

Figure1.1showstheschematicofaprotonexchangemembranefuelcell(PEMFC).In

aPEMFC,hydrogenentersthroughthechannelsontheanodesideandreactstoproduce

protonsandelectrons. Protonsareconductedthroughthepolymerelectrolytemembrane

(PEM)tothecathodesidewheretheyreactwiththeoxygenfromthecathodechanneland

electronsfromthecathodelandtoproducewaterandheat.Thetransportofgas,protons

andelectronsinthePEMFCisachievedbytheuseofseveralporouslayerswhichvaryin

functionality.

TheschematicinFigure1.1showsahalfchannel-halflandvolumeofasinglecell.The

landandchannelofthecellonboththeanodeandcathodesideareincontactwitha150-300

µmthickporouslayercalledthegasdiffusionlayer(GDL).GDLismadeofeithercarbon

paperorcarbonclothandisoftentreatedwithPTFEtointroducehydrophobicity[24].The

GDLhelpsdistributethereactantsfromthechannelsandprovidesanelectronicconnection

fromthebipolarplatetothecatalystlayer.Itisalsoresponsiblefortheremovalofheatand

water(bothvaporandliquid)producedinthecathodecatalystlayer.GDLsoftenhavean

additionallayercalledthemicro-porouslayer(MPL)embeddedontothem. MPLstypically

havemuchsmallerporesizesintherangeof10nm-1µm[25]comparedtoGDLswhich

haveporesizesintherangeof1-100µm[26]. MPLshavebeenfoundtoimprovetheperfor-
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manceofthefuelcellunderwetconditions[27–32]whichhasbeenattributedtoimproved

back-diffusionofwaterfromcathodetoanode,higherevaporationratesduetoincreasein

temperatureintheelectrodesandimprovingwaterremovalfromthecatalystlayertothe

channel.

Theheartofthefuelcellisthecatalystlayer(CL),aporouscompositemadeof:i)car-

bon(electronconductingphase);ii)ionomer(protonconductingphase);andiii)acatalyst

(usuallyplatinum),whichisthecenterfortheelectrochemicalreaction. Theanodeand

cathodeCLsareresponsibleforthehydrogenoxidationreaction(HOR)andoxygenreduc-

tionreaction(ORR)respectively,asshowninFigure1.1.TheanodeandcathodeCLsare

separatedbyaPEMwhichconductsprotonsfromtheanodetocathodeandalsoallowsthe

diffusionofwatertoeithersidewhileactingasanelectronicinsulator.NafionR iscommonly

usedasthepolymerelectrolyteinboththemembraneandCLsinaPEMFC.

Tounderstandthemulti-facetedfunctionalityoftheporousmediainPEMFC,several

studies,bothexperimentalandnumerical,haveinvestigatedtherelationshipbetweenthe

composition(andtype)oftheporousmediaandtheirtransportpropertiesandperformance,

e.g.,[33–44]tonameafew.Severalofthesestudiesindicatethatevenforsimilarcomposi-

tions,thetransportpropertiesandperformanceoftheporousmediavarywiththetypeof

materialused[39,45]andmethodofpreparation[35,36,38,44].Further,Sahaetal.[44]

alsoshowed,usingscanningtransmissionx-raymicroscopy(STXM),thatthedistribution

ofthecarbon,ionomerandplatinumchangeswiththefabricationmethod,forexamplean

inkjetprintedanddecaltransferredCL.Theseobservationsindicatethatthemicrostructure

oftheporousmediadependsonitscompositionandmethodofpreparationandaffectsthe

correspondingtransportpropertiesandperformance.

Fuelcellporousmediamicrostructurehaspreviouslybeeninvestigated[4,25,26,46,47,

47–65],butveryfewstudies[4,6,9,10,43,62,65–67]investigatetheeffectofcomposition

ofporousmediaonthetransportpropertiesandelectrochemicalperformance.Thechanges

inmicrostructureduetothecompositionarealsoseldominvestigatedespeciallyforCLs.A

comprehensivestudyexploringtherelationshipsbetweenthestructure,transportproperties

andperformanceoffuelcellelectrodesisnotavailableinthecurrentliteratureandsucha

studycouldserveasadesigntooltooptimizefuelcellelectrodes.

Theobjectiveofthecurrentthesisistodevelopcomputationaltoolstostudytherelation-

shipsbetweenthefuelcellporousmediamicrostructureanditseffectivetransportproperties

andelectrochemicalperformance.Figure1.2showsaschematichighlightingthehypothe-
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Figure1.2–Schematicoftheinterlinksbetweenthefabrication,structure,transportproper-
tiesandperformanceoftheporousmedia.

sizedinterlinksbetweenthefabrication,microstructureandperformanceandsomeofthe

descriptorsforeachofthecategories. Tocorrelatethefabricationtothemicrostructure,

microscopyimagesofporousmediacanbeanalyzedtoextractstatisticaldescriptorssuch

asporosity,tortuosity,poresizedistribution(PSD),andtwo-pointcorrelationfunction,and

correlatethechangesinthecompositionoftheporousmediatothesestatisticaldescriptors.

Tocorrelatethemicrostructuretotheproperties/performance,mathematicalmodelsand

numericalsimulationtoolsarerequiredwhichcanbeusedtostudythephysicalprocesses

inthe3Dreconstructionsandcorrelatethechangesineffectivetransportpropertiessuch

aseffectivediffusivity,chargeandthermalconductivity,liquidandgaspermeability,and

electrochemicalperformancetothechangesinstatisticaldescriptorsforthemicrostructures

generatedusingimage-based[47,51,53]orstochasticreconstructions[6,68,69].Thelatter

providesasignificantreductioninthetimerequiredforsensitivityandparametricanalysis

butlackstheinformationaboutthefabricationandmicrostructureinterlinks.Theknowl-

edgeofthecorrelationsbetweenfabrication,microstructure,effectivetransportproperties

andperformancecouldaidinthedesignofoptimalfuelcellelectrodes.

Tostudytheinterlinksbetweenthefabrication,structure,transportpropertiesand

performance,anumericalframeworkcapableofanalyzingmicrostructuresandperforming

physico-chemicalbasedsimulationson3Dimagedataisrequired.Suchaframeworkmust

addressthefollowingcriticalaspects,

1.Imageanalysis-Mathematicalparameterizationofthemicroscopyimagestoextract

meaningfulinformationintheformofstatisticaldescriptorssuchasporosity,tortuosity,
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two-pointcorrelationfunction,chordlengthfunctionandporesizedistribution.

2.Stochasticreconstructions-Stochasticreconstructionsarerequiredtoperform

parametricstudiesthathighlightthemostrelevantstatisticaldescriptorsinaporous

mediumforagivenphysico-chemicalprocess.Stochasticreconstructionscanbegen-

eratedusingsimulatedannealingmethod[68]orfabricationbasedmethodsinvolving

primarybuildingblockssuchassphericalagglomerategrowthmodels[6,69].Forthe

simulatedannealingmethod,reconstructedstructuresareoptimizedtomatchreference

orsomevariationofstatisticalfunctionsextractedfrommicroscopyimages.Fabrica-

tionbasedmethodssuchassphericalagglomerategrowthmodels,userandomseed

pointsaroundwhichtheparticlesgrowinastochasticmanner.

3.Meshing -Inordertoperformanumericalcalculationontheobtainedstructure,a

computationaldomain(mesh)needstobegeneratedfromtheimagedata(3Darrays).

4.Numericalmodeling-ThephysicalandchemicalprocessesoccurringinthePEMFC

electrodesneedtobedescribedbyasetofgoverningequations.Theseequationsmust

bediscretizedandsolvednumericallyduetothecomplexstructureofthecomputa-

tionaldomain.

1.2 LiteratureReview

Severalexperimentalandnumericalstudieshaveinvestigatedfuelcellporousmediami-

crostructures.Thesectionsbelowdiscussthestate-of-the-artinmicrostructuregeneration

andnumericalmodelingofthephysicalandelectrochemicalprocessesoccurringinfuelcell

porousmedia.Theiradvantagesandshortcomingsarehighlightedinthissection.

1.2.1 Microstructuregeneration

1.2.1.1 Directimaging

Microscopytechniques,suchasx-raycomputedtomography(X-CT)[26,47,52–61,70],

scanningtransmissionx-raymicroscopy(STXM)[44,71,72]andfocusedionbeam-scanning

electronmicroscopy(FIBSEM)[10,25,46–51],havebeenusedtovisualizethemicrostruc-

tureoffuelcellporousmedia.Thechoiceofthetechniquedependsontheapplicationand

fuelcelllayertobevisualized.X-raycomputedtomographyoffersanon-destructivemethod

forimagingtheporousmedia,where2Dx-rayprojectionsoftheporousmediaarecaptured

atseveralanglesandthenbackprojectedtogeneratethe3Dmicrostructure.X-CThasbeen
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usedtoreconstructcatalystlayers[52,53],micro-porouslayers[47,61,70,73]andgasdiffu-

sionlayers[54,55,57,59,70,74].µ-CTornano-CTtechniquecanachievevoxelresolutions

of1-5µmor10-50nmrespectively. nano-CThasalsobeenusedtoimagetheionomer

distributioninplatinumgroupfreeCLusingcaesiumstaining[75].µ-CThasrecentlybeen

usedtoobtain3DreconstructionsofpartiallysaturatedGDLs[55,56,60,76–79]thereby

enablingthestudyofthechangesintheliquidwaterdistributionswithcompression[60,80],

capillarypressure[55,56,76,79]andtemperaturegradients[77,78,80].

STXMusesanx-rayatdifferentenergiestorasterasampleandrecordtheintensity

ofthex-raytransmittedthroughthematerial.Differentmaterialswouldhavedifferentab-

sorptionedge,i.e.,theenergyatwhichthephotonscauseelectronstojumpfromaninner

shelltoanoutershell(excitedstate),whichwoulddependonthechemicalstructureofthe

material.Further,theabsorptionofphotonswoulddependonthethicknessanddensityof

thesample.STXMusesthedifferenceintheabsorptionjustbelowandabovetheabsorp-

tionedgetoidentifythematerialpresent. Thentheopticaldensityiscomputedbyusing

areferencelocationandusingtheopticaldensity,thematerialquantitycanbecomputed.

AdetaileddescriptionoftheSTXMprocedureandtutorialcanbefoundin[81].STXM

hasprimarilybeenusedtovisualizethedistributionsofcarbon,platinumandionomerin

theCL[44,71,72,82].Thesametechniquehasalsobeenrecentlyusedtocharacterizethe

compositionofmicro-porouslayers[83].ThepixelresolutionfromSTXMisnearly50nmin

image;however,thesampleusedhastobeultra-microtomedtoathicknessofnearly100nm.

FIBSEMisadestructivetechniquewhichusesanionbeam(usuallyGa+),toslicethe

sampleandanelectronbeamtoimagetheexposedsample.Resolutionsashighas2nm/pixel

intheSEMimagecanbeachievedusingthistechnique[51],whichmakeitafavorableop-

tionforvisualizingthenanoporesincatalystlayers[48,49,51,84–87]andmicroporous

layers[25,46,47,50,88].Howevertheresolutionintheslicingdirectionisonly10-20nm

therebyleadingtosignificantlossofinformationinthisdirectionandartificialanisotropyin

thestructure[51].

Microscopytechniquesproducelargeimagedata-setswhichoftenrequireextensiveimage

analysistoremoveexternalnoiseandprovidemeaningfulinformationabouttheunderlying

structure.Eventhoughdifferentimagingmethodsoftenrequireadditionalimageprocessing

operations,suchasbackprojectionsforX-CT[89],depthinformationforFIBSEM[90,91]

andconversionofintensitymapstoopticaldensitymapsfortheSTXM[71],themajorityof

basicimageprocessingoperationssuchasimagealignmentorregistration,imageenhance-

mentandthresholdingorsegmentationarecommontoallimagingtechniquedatasetssuch
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thataframeworkforimageanalysiscanbedevelopedthatcanbeusedforavarietyof

techniques.

Imagealignmentorregistrationofthestackofimagesistypicallyachievedbyfabricating

afiducialmarkerduringsamplepreparation.Usingthefiducialmarker,theimagescanbe

alignedwithahighdegreeofaccuracyusingFouriertransform[25,46,47],transformations,

likerigidbody,translation,rotationandaffine[49],orminimizationofimagetranslationus-

ingleastsquaresmethod[48,51].Imagethresholdinghasbeenconventionallyperformedby

eithervisualinspection[61,92]orbasedonglobalhistograms[26,46,48,52,73,74,93].The

segmentedimagesarethenfurthercorrected,usingmanualsegmentationormathematical

operations,toachievedesiredporositiesand/orimproveporeconnectivity.Thesemethods

relyonmanualcorrectionsandcannottakeintoaccountlocalvariationsintheimageinten-

sities,especiallyindifferentimageslices. Morerecently,advancedsegmentationalgorithms

suchasSauvola[51,90,94]andtwo-stagebackpropagationalgorithm[90,91]havealsobeen

usedforFIBSEMimagesegmentation.

Porousmediaimagingprovidesanexcellentoptiontostudythechangesinmicrostruc-

turewithmanufacturingmethods. However,directimagingisnotanefficientmethodto

performextensiveparametricstudieswithdifferentmicrostructures.Sincethemicrostruc-

tureis,tothisday,difficulttocontrolduringfabrication,imagingremainsanexpensiveand

timeconsumingendeavor. Numericallyreconstructedgeometriesarethereforerequiredto

studytheeffectofporousmediastructureonthetransportpropertiesandperformance.

1.2.1.2 Stochasticreconstructions

Stochasticreconstructionsprovideacomputationallyefficientalternativetodirectimaging

techniquestogeneratethemicrostructureforfuelcellporousmedia. Microstructuresfor

fuelcellporousmediahavebeengeneratedbasedonheuristics[6,69,95,96]andgeometric

abstractions(suchasspheresforparticlesandlinesforfibers)[4,5,7,43,62–65,97–103].

Heuristicbasedmethodsgeneraterandomseedpointsand“grow”thesolidphasefromthese

seedpoints.Thesemethodsaimtomimictheparticleagglomerationduringthefabrication

processinasimplisticmannerandignoreanycolloidalandparticleinteractions. Microstruc-

tureshavealsobeengeneratedusingsimplifiedgeometricabstractions(suchasspheresfor

particlesandlinesforfibers)[4,5,7,43,62–65,97–103].Thesemethodsoftenuseadditional

datasuchasreferencestatisticalfunctions[99,104–106]frommicroscopyimages,orexper-

imentalmeasurements,suchasmercuryintrusionporosimetry(MIP)[65,97,107]orBET

adsorptionisotherms[108]formicrostructuregeneration.Thishowever,isnotsufficientto
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guaranteestatisticalequivalencebetweenthestochasticandrealmicrostructureoftheporous

media.Forexample,whileidenticalauto(ortwo-point)correlationfunctionbetweenagen-

eratedmicrostructureandreferencemicrostructureguaranteesanidenticalvolumefraction

andinterfacialareabetweentwostructures,itdoesnotenforceanyequivalencyinporesize

andlongrangeconnectivity.

Multiplestatisticalcharacterizationmetricscouldbeusedinordertoenforceequivalency

foravarietyofmetrics. Recently,stochasticreconstructionsutilizingmultiplestatistical

correlationfunctionshavebeenusedforPEMFCCLreconstructions[68,109,110].These

reconstructionsareperformedusingapixelswappingmethodwithasimulatedannealing

algorithmtooptimizethefinalstructure. Thesereconstructionsprovideanidealwayto

generatestatisticallyequivalentreconstructionsofareferencemicrostructure.However,the

computationaltimeforthesereconstructionsis2-3ordersofmagnitudehigherthanthe

heuristicorgeometrybasedreconstructions.

Inthiswork,theapproachofrandomdistributionofoverlappingparticlesisusedtogen-

eratemultiplemicrostructuresofCLstoperformparametricstudies.Previousworks[4,5,

7,62–65,103]whichhaveusedthisalgorithmforCLreconstructionshaveusedasinglepar-

ticlesizeandonlyLangeetal.[4,62,63]hadaparametertocontroltheamountofoverlap

oftheparticles. Theselimitationswillbeaddressedinthestochasticreconstructionalgo-

rithmdevelopedinthiswork.Theparametersofthestochasticreconstructionalgorithmare

calibratedbycomparingthestatisticalfunctionsofthestochasticreconstructionstothose

obtainedfromarealCLmicrostructurethereby,ensuringstatisticallyrepresentativerecon-

structions.Simulatedannealingbasedstochasticreconstructions[68,109,110]couldalso

beusedtogeneratemicrostructureswhicharestatisticallyequivalenttorealCLs.However,

performingparametricstudieswiththismethodwouldrequiremodifyingstatisticalfunc-

tionswhichisnotveryintuitivewhilebeingcomputationallymoreexpensive.Stochastic

reconstructionsusingoverlappingparticles,wheretheparticlesizesanddegreeofoverlap

canbechanged,provideamuchmoreintuitivemethodforperformingparametricstudies

comparedtotheheuristicorsimulatedannealingbasedmethods.

1.2.2 Statisticalcharacterization

Mathematicalparameterizationoftheporousmediaisessentialtoquantifytheirrandom

structure.N-pointcorrelationshavebeenusedasstatisticaldescriptorstocharacterize

differentmorphologicalfeaturesinrandomheterogeneousporousmediaformanyapplica-
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tions[109,111].However,forfuelcellporousmedia,alargenumberofstatisticaldescriptors

hasrarelybeenusedforstatisticalcharacterization. Themostcommonlyusedfunction

tocharacterizetheporousmediaistheporesizedistribution[26,48–51,54,65,101,112,

113].Theporesizedistributionisusuallyobtainedbyfittingthelargestsphereatagiven

voxel[26,48,50,51]sothateveryvoidvoxeliseitherthecenterofasphereorbelongsto

anotherspherewithalargerdiameter.Poresizedistributioninfluencesthegasandliquid

transportthroughtheporousmediaandisusedtoaccountfortheKnudseneffectsinthe

CLandMPL.However,itdoesnotprovideanyinformationaboutthesolid-voidinterface

orthelongrangeconnectivity.

Statisticalfunctionssuchastortuosity[25,26,43,47,51,53,55,114],two-pointorauto

correlationfunction[95,98,109,115],linealpathfunction[109,116]andchordlengthfunc-

tion[25,47,53,55,117]havealsobeenusedtocharacterizethefuelcellporousmedia.

Eachofthesefunctionsprovidessomeinformationabouttheporousmediamorphology.For

example,thetortuosityprovidesinformationaboutresidencetimefordiffusingspeciesand

isoftenusedinmacroscopicmodelstoestimatetheeffectivetransportpropertiesfromthe

bulktransportpropertiesforagivenphase. Thetwo-pointcorrelationfunctionisdefined

astheprobabilityoffindingtwo-pointsatgivendistance(r)inthesamephase.Thevalue

ofthetwo-pointcorrelationorautocorrelationfunctionatr=0correspondstothevolume

fractionofthephaseandtheslopeatr=0providesinformationabouttheinterfacialareaof

theporousmedia.Linealpathfunction,definedastheprobabilityoffindingalineoflength

rwithinaphase[118],hasseldombeenusedforfuelcellporousmedia[109,116].Thelineal

pathfunctioncontainsinformationaboutthelongrangeconnectivityoftheporousmedia.

Thechordlengthfunctionisdefinedastheprobabilityoffindingachord,i.e.,alinecon-

nectingtwointerfaces,ofgivenlengthwithinaphase[51,68].Thechordlengthfunctionhas

beenusedtocharacterizeporesizes,similartotheporesizedistributionfunction.Themean

chordlengthandmeansquaredchordlengthcomputedasthefirstandsecondmomentofthe

chordlengthfunction,respectively,havebeenusedtocomputetheeffectiveKnudsendiffu-

sioncoefficientfortheporousmediausingtheexpressionproposedbyDerjaguin[53,63,119].

Thedifferentstatisticalfunctionsdescribedaboveprovidedifferentmorphologicalin-

formationabouttheporousmedia. Therefore,theuseofmultiplecorrelationfunctionsis

crucialtocharacterizetheporousmedia.Theyalsoserveasatooltoanalyzethestatistical

equivalenceofstochasticreconstructions,suchasthoseobtainedusinggeometricbuilding

blocks[4,62–64],comparedtoamicrostructureobtainedfromadeterministicimagingtech-

nique. Theuseofmultiplecorrelationfunctionstoobservedifferencesbetweendifferent

microstructures,especiallyforfuelcellCLs,hasnotbeenperformedinliterature.Further,
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theeffectofchangeindifferentstatisticalfunctionsonthetransportpropertiesandelectro-

chemicalperformanceoffuelcellelectrodeshasnotbeendiscussedinanyofthepriorstudies

inliterature.

1.2.3 Functionalcharacterization

TheporouslayersinPEMFCsareresponsibleforseveralphysicalprocesses,suchasgas,

liquid,heatandchargetransport,interphasemasstransferandelectrochemicalreactions.

Theseprocessesarecriticaltofuelcellperformanceanddurability. Forexample,experi-

mentalstudies[13,38,120–123]indicatethattheionomerloadinginCLsaffectsboththe

protonconductivityandgasdiffusivityintheCL.Highionomerloadingsresultinincreased

protonicconductivitybutlowerporosityandporesizesandthus,lowergasdiffusivityand

vice-versaforlowionomerloadings.Bothprotonicconductivityandgasdiffusivityaffectthe

electrochemicalperformanceofthefuelcelltherefore,anoptimalionomerloading[38,120–

122]isneededtomaximizetheelectrochemicalperformance.Liquidwateraccumulationhas

beenshowntoseverelylimittheperformanceoffuelcellundercoldandwetconditions[124–

127]especiallyinultra-thinelectrodes[128].Further,thelowthermalconductivityofMPLs

hasbeenhypothesizedtoalleviateliquidwaterfloodingintheelectrodesduetohigher

evaporationrates[28,31]andimprovetheperformanceoffuelcellelectrodesunderwet

conditions[27,29].In-depthunderstandingofthephysicalandelectrochemicalprocesses

occurringinthefuelcellistherefore,criticalforimprovingtheperformanceoffuelcells.

Table1.1showsthedifferenttransportprocessesthatoccurinthedifferentfuelcell

layers.Experimentalmeasurementsfordifferenteffectivetransportproperties,suchasgas

diffusivity[9,10,33,34,66,129–136],protonicconductivity[13,123],electronicconductiv-

ity[10,61,137,138],thermalconductivity[139–145],andelectrochemicalmeasurements,

suchaspolarizationcurvesandelectrochemicalimpedancespectroscopy(EIS)havebeen

performedforPEMFCporouslayers.Fewexperimentalstudies[2,3,146]havecomputed

theeffectivediffusivityinpartiallysaturatedGDLs. ForCLs,saturationdependentgas

diffusivitieshavenotbeenmeasured. Saturationdependenttransportpropertiesarees-

peciallydifficulttomeasureasitisdifficulttomaintaintheliquidwaterdistributionfor

thedurationoftheexperiment. Althoughexperimentalstudiescanprovideaccuratees-

timationofthetransportpropertiesandperformancetheydonotprovideanyinforma-

tionaboutthemicrostructureandneedtobecombinedwithadditionalcharacterization

techniques,suchasmercuryintrusionporosimetry(MIP)[65,97,107]orBETadsorption

isotherms[108,147,148]andimagingtechniques,todeterminethemicrostructureofthe
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porousmedia.Thisisoftenatimeandresourceintensiveprocess.

Numericalsimulationtoolsprovideanidealwaytocomputetransportpropertiesand

electrochemicalperformanceforagivenmicrostructure. Experimentalmeasurementsare

crucialtovalidatethepredictionsofnumericalmodelsandessentialtobuildconfidencein

themodelswhichcanthenbeutilizedtoperformparametricstudiesanalyzingtheeffectof

differentmicrostructuralparametersonthetransportpropertiesandperformance.

Forchargeandthermaltransport,Ohm’slaw[4,61,64,69,113,149,150]andFourier’s

law[65,69,113,150]havecommonlybeenusedtocomputetheeffectivechargeandthermal

conductivities,respectively,forthedifferentlayers.Thisisthereforenotdiscussedanyfur-

therintheliteraturereview.Inthiswork,Ohm’slawisusedtomodelthechargetransport

inthefuelcellelectrodes.Forliquid/gastransportandelectrochemicalreactions,different

approachesandmodelshavebeenusedinliterature. Thesearediscussedinthefollowing

sections.

Table1.1–Listoftheprocessesinthedifferentfuelcelllayers.

Process CL MPL GDL
Gastransport(O2,H2O)
Liquidtransport(H2O)
Thermaltransport
Electrontransport
Evaporation/Condensation
Protontransport ✕ ✕
Electrochemicalreaction ✕ ✕

1.2.3.1 Gastransport

Gastransportinfuelcellporousmediahasbeenstudiedusingeitherdirectnumericalsimu-

lationortheLatticeBoltzmannmethod.Thechoiceofthemethodusuallydependsonthe

poresizesoftheporousmediawhichaffectstheKnudsennumber(Kn),definedas[151],

Kn=
λ

dp
(1.1)

whereλisthemeanfreepathofthegasmoleculesanddpistheporediameter.ForGDLs,

theporesizes(1-150µm)aremuchlargerthanthemeanfreepathoftheoxygenmolecules

(nearly69.3nmat26◦Candatmosphericpressure[151])resultinginKn=0.001,which
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indicatesthattheflowisinthecontinuumregionandthereby,warrantingtheuseofeither

methodwithhighaccuracy[26,55,56,61,79,101,150,152–156].

ForCLsand MPLs,whichhavesmallerporesizes(2-300nm)[25,48,50,51],Knis

intherangeof10−1-101foroxygengasat26◦Candatmosphericpressure[151].Thisre-

gionisthetransitionregionandtheuseofcontinuummodelstodescribethisflowisan

approximation.SeveralstudieshavesuggestedtheuseofhigherorderLBMtoaccountfor

theKnudseneffects[54,96,98];howeveradetailedvalidationwithexperimentaldatahas

notbeenprovidedinanyofthesereferences. ComputationaltimesforLBMsimulations

areseldomreported([54–56,98,152]donotreportcomputationaltime).Chenetal.[96]

reportedcomputationtimeof6hourson320coresfor8millionlatticepointswithoutusing

Knudseneffects.ThelargecomputationaltimeassociatedwiththeLBMmakesitunfeasible

forperformingoptimizationstudies.

Langeetal.[63]comparedtheresultsfromtheLBMsimulationsperformedbyKimand

Pitsch[98](whousedtheKnudsennumber(Kn)asatunableparameter)tothecontinuum

approachwithacorrectiontoaccountforKnudseneffects.Langeetal.[63]showedthat

theresultsfromthecontinuumapproachweresimilartotheresultsfromLBMsimulations

forKn∼1.ZhengandKim[7]computedtheeffectivediffusivitiesusingbothapproaches,

i.e.,Fick’ssecondlawwithKnudseneffectsaccountedusingBosanquetapproximationand

LBM.Theirresultsshowedthattheresultsfromthecontinuumapproachweresimilarto

thoseobtainedfromLBMforarangeofporositiesifacorrectlocalporeradiusmeasure

wasusedtocomputetheKnudsendiffusivity.Thus,Fick’ssecondlawwiththeBosanquet

approximationfortheKnudseneffects[4,51,53,157,158]isstillcommonlyusedtostudy

thegastransportintheCL[4–7,10,51,53,63,64,95,159]andMPL[46,47,50,61,69,159]

anditwillbeusedinthisthesis.

1.2.3.2 Liquidwatertransport

Liquidwatertransportbecomesacrucialissuewhenthefuelcelloperatesathighcurrent

densitiesandhighrelativehumidity. Forfuelcelllayers,atypicalvalueforthecapillary

number(Ca),definedastheratiooftheviscousforcestothesurfacetension,rangesfrom

10−8-10−6[160,161]. Also,foranair-watersystem,whichisthecaseforthecathodeside

ofaPEMFC,thevalueoftheviscosityratio(M),definedastheratioofdynamicvis-

cosityofthenon-wettingphase(water)tothewettingphase(air),isoftheorderof101.

Basedontheresultsinreferences[162,163],thevaluesofCaandMindicatethatliquid

waterporefillinginthePEMFCporouslayersiscapillarydrivenandleadstoaregime
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calledcapillaryfingering. Macroscopicmodels,basedonDarcy’slaw[164,165]orliquid

andgasmassandmomentumtransportwithaclosureequation[31,166–169],cannotac-

curatelytakeintoaccountthelocalporemorphologywhichwoulddictatethefillingofthe

poreswithliquidwaterintheCL, MPLandGDL.Therefore,differentapproaches,such

asporenetworkmodels(PNM)[57,58,97,100,107,160,170–176],LatticeBoltzmann

method(LBM)[161,172,177–182]andfullmorphology(FM)/morphologicalimageopening

(MIO)[50,100,102,113,172,176,178,183,184],havebeenusedtosimulateliquidwater

invasion/fillinginthePEMFCporousmediamicrostructures.

Porenetworkmodelsprovideacomputationallyinexpensivemethodtostudythepore

fillingandliquidwatertransportinPEMFCporousmediaandstudytheeffectoflocal

saturationonthetransportpropertiesandperformance.PNMsidealizetheporousmedia

asanetworkofporesandthroatswithcertainradii.Thedistributionofporesandthroats

canbegeneratedeitherfrommicroscopyimages[58,181,185]orusingrandomdistribu-

tions[97,107,160,173,174,186,187]whicharecalibratedwithexperimentalmeasurements

suchasporosity,mercuryintrusionporosimetryorsaturation-pressureprofiles.Porefillingis

thencontrolledbytheYoung-Laplaceequation.TransportpropertiesfromPNMsareusually

computedbythesolvingtheeffectiveresistornetworkformedduetotheresistancesofthe

poresandthroats.ThesimplicityandcomputationalefficiencyofPNMshasledtoitbeing

integratedintoafullMEAmodeltopredictthelocalsaturationandeffectivediffusivityof

theGDL[188,189].

Fullmorphologyormorphologicalimageopeningmodelsofferadistinctadvantageover

thePNMsinthattheycandirectlyusetomographyimageswithoutanygeometryabstrac-

tion[50,97,102,154,172,176,183,184,187]andtherefore,canbeusedto,inadditionto

watertransport,tosimulateotherphysicalandelectrochemicalprocesses. FMuseimage

analysisoperationssuchaserosionwithsphericalelementsfollowedbyimagedilationto

describetheliquidintrusionintoaporousmedia. TheYoung-Laplaceequationisusedto

estimatetheradiusofthelargestsphericalporetobeintrudedwithwateratagivencapillary

pressure.AproblemwiththeFMmodelhowever,isthattheintrudingwaterfrontislimited

toasphericalcapwhereasinrealitythisshapemightbeellipsoidalormorecomplex[97].

Schulzetal.[183]proposedanimprovementtotheFMmodelbycreatingfictitiousspheres

withdiametersincreasedbythecosineofthecontactangletoaccountforthewettabilityof

thewalls.AlthoughthisisanimprovementoverthetraditionallyusedFMmodel,itwould

bedifficulttomodeltherealporousmediasurfaceswheremultiplecontactanglesmight

existalongthewallsofthesameporeandtheshapeoftheliquidwater-airinterfaceisstill

limitedtoasphericalcap.Therefore,theimprovementproposedbySchulzetal.[183]only
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improvesthecapillarypressure-saturationcurve.

Fullmorphologyandporenetworkmodelsassumeaquasi-staticwaterfrontanddonot

takeintoaccountadetailedmomentumconservationforthegasandliquidphasesandsur-

facetensionforcesattheliquidinterface.SeveralstudieshaveusedLBM[7,70,156,161,

172,177,179–181]todescribetheliquidwatertransportinPEMFCporousmediawhich

iscapableofcapturingtheintricatedynamicsofliquidwaterandwaterdroplets. Other

thanLBM,Navier-Stokesequationscouldalsobeusedtodescribedtheliquidwatertrans-

portusingacoupledEulerian-Lagrangianformulation[190–192]orVolumeofFluid(VOF)

method[193–195]. Thelatterhasalsobeenusedtosimulateliquidwatertransportina

PEMFCCL[5].

Acomparativestudyofthethreeapproachestosimulatedrainageonaborosilicateglass

microstructurewasperformedbyVogeletal.[178].TheynotedthatPNMprovidedagood

estimateofthecapillarypressure-saturationrelationshipbuttheaccuracyofthewaterdis-

tributionwasnotdiscussedintheirworkbecausetheydidnotcomparethenumericalresults

totomographyimages.Theyalsoreportedthatthecomputationaltimeandcost(interms

ofmemory)forPNM,FMandLBMwasoftheorderof1,1.5and104-105respectively.A

similarcomparativestudyofLBMandFMwasalsoperformedbyKimetal.[196].They

performedaqualitativecomparisonofFMand2DLBMwaterdistributionstoX-rayand

neutronimagesforanair-watersystemincompactedsilica.TheirresultsshowedthatFM

wasabletopredictsimilarwaterdistributionsasthosefromtheimagingtechniqueswhile

beingcomputationallymoreefficientthanthe2DLBMmodel.Boththesestudieshowever,

didnotstudyfuelcellporousmedia. Agaesseetal.[176]usedPNMandFMtosimu-

lateliquidwaterintrusionina3DGDLmicrostructureobtainedusingµ-CTtechnique.

Theycomparedthesimulatedresultstoµ-CTreconstructionsofpartiallysaturatedGDL

atdifferentcapillarypressuresandfoundthatboththeseapproacheswereabletopredict

thecapillarypressure-saturationcurvesandliquidwaterdistributionssimilartothetomo-

graphicreconstructions.Thefindingsfromthesestudies[176,178,196]suggeststhataFM

approachoffersagoodcompromisebetweenthePNMandLBMwithsufficientaccuracy

andpracticalcomputationaltimes.Itmustalsobepointedoutherethatnoneofthese

studies[176,178,196]simulatedgastransportinthepartiallysaturatedmicrostructuresto

studytheimportanceofpredictingaccurateliquidwaterdistributions.

Inthiswork,theFMapproachisusedtostudytheliquidwaterdistributioninthefuel

cellporousmediaduetothesufficientaccuracyandrelativelylowcomputationaltimes.

Sincethefocusofthisworkistounderstandtheeffectofliquidwaterdistributiononthe
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correspondingtransportpropertiesandperformanceoffuelcellelectrodes,amodifiedimple-

mentationofthetraditionalFMapproachisusedandtheimprovementproposedbySchulz

etal.[183]isnotused.

Inadditiontoliquidandgastransport,waterphasechangeisalsocriticaltofuelcell

operation. Understandingtheroleofthedifferentporousmediaintheevaporationand

condensationofwatercouldhelpexplaintheimprovementofthefuelcellperformanceby

theadditionofaMPLunderfullyhumidifiedconditions[27–29].Further,Owejanetal.[28]

alsoreportedthattheperformanceimprovementwasindependentoftheMPLbreakthrough

pressure.TheseobservationshaveleadtoseveralhypothesesregardingtheroleoftheMPL

whichinclude(butarenotlimitedto)facilitatinghigherwaterremovalratefromthecathode

duetobackdiffusiontoanodeandhighertemperaturegradients.RecentstudiesbyThomas

etal.[30]andZhouetal.[31]attributedtheimprovedperformancewithan MPLtoan

increasedCLtemperaturefacilitatingevaporationoftheliquidwater.PNMstudiesof Wu

etal.[173,174]suggestthatMPLreducesthelocalsaturationintheGDLbyprovidinga

hydrophobicbarriertowaterentry.

Inordertounderstandthedynamicsofinterphasemasstransfer,betterestimatesof

theevaporationandcondensationratesarerequired. Chapuisetal.[197]usedPNMto

studytheevaporationratesasafunctionoftheGDLwettability.Theirresultsshowthat

theevaporationrateisnearly25%higherforahydrophilic(HI)GDLthanahydrophobic

(HO)GDL.Further,theyalsoshowedthattheevaporationpatterninaHIGDLissimilar

toacapillaryfingeringpatternwhereasforaHOGDLthepatternwasflatandsimilarto

animbibitionpattern. Zenyuketal.[78]measuredandsimulatedevaporationratesina

GDLmicrostructurewithliquidwateratdifferentsaturations.Theirresultsindicatethat

theevaporationratedependsontheliquid-gasinterfacialareawhichinturndependson

thesaturation. Zenyuketal.[78]however,didnotsimulatetheevaporationonaGDL

microstructurebutinstead,extractedthewatersurfaceandsimulatedgasdiffusionontop

ofthewatersurfaceassumingeffectiveGDLtransportpropertiesforthegasdiffusion.This

approachcannotbeappliedtodiscreteliquidwaterclusterswhichmightbeformedinthe

fuelcellporousmediaduetolocalevaporationandcondensation.Furthereffectivediffusivity

valuesforpartiallysaturatedGDLsvarywithaveragesaturationandporosityoftheGDL

andcandecreasebyupto60%inthethrough-planedirectionforasaturationof12%[55].Lal

etal.[80]measuredandsimulatedevaporationratesonpartiallysaturatedGDLtomography

reconstructions. TheirmodelsimulatedvaportransportusingFick’ssecondlawassuming

thatthewatervapormolefractionattheliquid-airinterfaceisthesaturationwatervapor

molefraction.Theirresultsshowedthattheevaporationratedependedonthetemperature,
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flowrateandtypeofgasintheGDL.Porenetworkmodelbasedsimulationsofthecathode

electrode[198,199]havebeenusedtoshowtheformationofdiscreteliquidclustersin

theGDLduringtheoperationoftheelectrodeduetocondensationunderthelandand

theconsequentdegradationofperformance. Microstructuresimulationsaccountingforthe

morphologyandlocalwaterdistributionscanbeusedtopredictliquid-vaporinterfacialarea

andlocalsaturationswhichcouldthenbeusedtopredictevaporation/condensationrates

inmacroscalemodelssuchastheoneproposedbyZhouetal.[31,167,168].Inthiswork,

theliquidwaterdistributionspredictedusingtheFMapproachareusedtocomputethe

liquid-vaporinterfacialarea

1.2.3.3 Electrochemicalreactions

ElectrochemicalreactionsoccurintheCLofthePEMFC.Severalstudiesinthelitera-

ture[4,6,63,67,104–106,149,200]haveuseddirectnumericalsimulationstostudythe

electrochemicalreactionsintheCLmicrostructure.Recently,Chenetal.[96]usedLBMto

simulatetheelectrochemicalreactionsonastochasticCLreconstruction. Mostofthepre-

viousstudiesusestochasticCLreconstructions[4,6,63,67,96,104–106,149,200].Zhang

etal.[85,86]usedFIBSEMreconstructionofaCLtostudytheelectrochemicalperfor-

manceofaCLandproposeanimprovementtotheconventionalagglomeratemodelusing

theirmicro-scalesimulations. Akeylimitationwithmostofthepriorstudiesistheuse

ofaButler-VolmerorTafelkineticmodeltopredicttheORRrate. Butler-Volmerand

Tafelkineticsaresuitableforsingleelectronreactionsandcannotaccountforchangeinthe

ratelimitingstepwithoverpotentialforamulti-stepreactionsuchastheORR.Therefore,

multi-stepkineticmodelssuchasthefourstepdoubletrapmodelproposedby Wanget

al.[201]withfittingparametersfromreferences[202,203]orthesix-stepmodelproposed

byMarkiewiczetal.[204],wouldbemoresuitabletoaccountforthedoublingoftheTafel

slopefortheORRathighcurrentdensities[205].

TheimpactofionomerfilmsontheCLperformancehasgainedsignificantattentionin

recentyears.Experimentalstudies[11,22,206,207]haveprovidedevidenceofalocaloxygen

transportresistanceclosetothePtsurface.TheworkofShinozakietal.[208]demonstrated

thatNafioncoveredplatinumCLhadalowerORRactivitythanbareplatinumusinga

rotatingdiskelectrodesetup. Thishasledtothehypothesisofionomerpoisoningthe

platinumsurface.TheworkofJinnouchietal.[209]furtherdemonstratedthattheinterfa-

cialresistancelimitingtheORRisduetodensificationoftheionomeratthePtinterface.

Karan[210]providesagoodoverviewoftheexperimentalstudiesbeingperformedbyseveral

groupstogainfurtherinsightoftheplatinum-ionomerinteractions. Macro-scalenumerical

models[86,211–216]haveusedanoxygendissolutionsteptoaccountfortheinterfacialre-
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sistanceduetotheionomerfilmsandshownthattheselimittheperformance.

Formicrostructuralelectrochemicalmodels,twoaspectsneedtobeconsidered,i.e.,there-

constructionoftheionomerfilmsintheCLmicrostructureandthenumericalmodeldescrib-

ingtheinterfacialoxygenresistanceintheionomerfilms.IonomerfilmsinCLreconstructions

haveprimarilybeenreconstructedbyaddingauniformionomerfilm[4,63,67,86,104–

106,149].Non-uniformionomerfilmreconstructionshavealsobeenperformedinthelitera-

ture[63,96,217,218].However,Chenetal.[96]didnotanalyzetheeffectofionomercontent

anddistribution.Ishikawaetal.[218]performedstatisticalcharacterizationofCLswithdif-

ferentionomerandplatinumloadingsbutdidnotanalyzetheelectrochemicalperformance.

Langeetal.[63]analyzeddifferentionomerdistributionsandcontentsbutdidnotanalyze

theelectrochemicalperformancewiththechangesinionomerdistributions.Experimental

studies[219,220]havehypothesizedthationomerdistributioncanaffecttheperformance

oftheCL.Therefore,understandingtheeffectofionomerdistributiononCLperformance

couldbevaluablefordesigningimprovedCLs.

Asdiscussedearlier,theinterfacialresistanceduetotheionomerfilmshasbeenshown

tolimittheperformanceoftheCL.Mostofthepreviousstudies[4,63,67,96,104–106,149]

haveignoredtheinterfacialresistanceduetotheionomerfilm.OnlyZhangetal.[86]and

thiswork[51]haveusednumericalmodelstoaccountfortheinterfacialresistanceofthe

ionomerinmicro-scalesimulations.TheimplementationbyZhangetal.[86]assumesthat

thereactiontakesplaceeverywhereinthesolidregion.3Delectrontomographyofcommonly

usedcarbonsupportedcatalysts[221,222]showsthatmajority(70-80%)oftheplatinum

particlesresideonthesurfaceofthecarbonwhichcanbeincontactwiththeionomerfilms.

Therefore,itismoreprobablethatthereactionoccursatthesolidinterfacewheretheplat-

inumandionomerarelikelytobepresentandtheelectrochemicalreactionintheCLshould

bemodeledasaninterfacialreactionratherthanavolumetricreaction.

MostofthestudiesdescribedaboveconsideredelectrochemicalsimulationsinadryCL.

OnlyafewstudieshavesimulatedgastransportinpartiallysaturatedCLs[5,7,170]and

evenfewer[171,223]havestudiedelectrochemicalreactionsinpartiallysaturatedCLs.Both

Aghighietal.[223]andHannachetal.[171]usedPNMstosimulateelectrochemicalreac-

tionsinCLs.Aghighietal.[223]simulatedthefullMEAandheuristicallyintroducedliquid

waterattheGDL-CLinterfaceatbothelectrodes.TheyalsoallowedforporesintheCL

whichwereincontactwithliquidfilledporesinGDLtobefloodedthereby,assumingapar-

tiallyhydrophilicCL.Theirresultsshowedadecayinperformanceathighcurrentdensities.

Hannachetal.[171]studiedtheelectrochemicalperformanceonlyintheCLandshowed
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thetransientevolutionofcurrentdensityandlocalsaturationintheCL.Theirresultsalso

showedadecayinthecurrentdensitywithtimeduetowaterincreaseinthelocalsaturation

intheCLfromthewaterproductionbytheORR.PNMshavealsobeenusedtosimulate

theelectrochemicalreactionsinthecathodewithphasechange[198,199],however,theem-

phasisofthesestudieswasthestructureoftheGDLwhiletheCLstructurewastreatedas

asinglenodethicknessnetwork.Therefore,thereisalackofunderstandingoftheeffectof

localsaturationontheelectrochemicalperformance.Further,theeffectofCLmorphology

andwettabilityonthelocalsaturationandcorrespondinggastransportandelectrochemical

performancehasnotbeenstudied.

TostudytheelectrochemicalperformanceinCLsunderdryandwetconditions,the

electrochemicalmodelneedsto,a)accuratelypredicttheORRkineticsusingamulti-step

kinetics;b)accountfortheinterfacialresistancetooxygentransportduetotheionomer

films;andc)includeeffectoflocalsaturationtoovercometheshortcomingsofprevious

electrochemicalmodelsinliterature.

1.2.3.4 Meshing

Inordertostudythephysicalandelectrochemicalphenomenadescribedabove,adiscretized

computationaldomainisrequiredtosolvethepartialdifferentialequations(PDEs)describ-

ingthesephenomena. Therefore,meshingalgorithmsarenecessarytogenerateacompu-

tationaldomainfromtheimagestoperformthenumericalsimulations. Themeshcanbe

generatedfromtheimagesinoneofthefollowingways:

1.Directconversionoftheimagevoxelsintocellsorlatticepointsinthemesh[6,10,51,

95,101,102,149,150,161,172,178,200,224]sothatthemeshresolutionisthesame

asthevoxelsize.

2.Useofmeshingalgorithmstoextractsurfacesandthengeneratemeshesfromthe

images[26,53,64].

3.Abstractionofgeometrytosimplifiednetworks[58,97,100,107,170–174,178].

ThefirstapproachhasbeenusedbothinLatticeBoltzmannmethods(LBM)[161,172,178],

whereeachvoxelistreatedasalatticesite,andindirectnumericalsimulations(DNS)[6,

51,67,104–106,149,154,200,225].ThesecondapproachismostcommonlyusedforCFD

simulations.Thelastapproachofgeometryabstractionisusuallyemployedinporenetwork

models(PNMs)whichapproximatethegeometryasanetwork. Geometryabstractionre-

sultsinthelossofmorphologicalfeatures.Thedirectconversionofvoxelsintomeshcanlead
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tooverpredictionoftheinterfacialareadependinguponthemeshresolution[117];however,

meshingalgorithmsaimingatsmoothingthedigitizedgeometryfromtheimages(microscopy

orreconstructed)mightnotnecessarilybeaccuratebecausethesmallestrecoverablefeature

orinterfacedependsonthevoxelsize. Also,fuelcellporousmediaaremadeupofhet-

erogeneousmaterialssuchashighsurfaceareacarbonwithplatinumparticlesintheCL

andcarbonfibersintheGDL,whichmakesitunlikelythatthesurfaceofthesolidregion

issmooth. Therefore,theuseofvoxelbasedmeshesmightbedeemedasacceptablefor

modelingthetransportprocessesandperformanceinthemicrostructures,givenourcurrent

levelofunderstanding.Itmustbenotedthattheuseofvoxelbasedmeshescanleadtoa

rapidincrease(n3)inthemeshcellcountasthedomainsize(nvertices)increases.

Conventionalmeshgeneratorscontaininformationaboutthedifferentphasesinthedo-

mainasmaterialids.Apartfromthematerialids,additionalinformationaboutthedifferent

phasesmightalsoberequired.Forexample,thelocalporeradiiindifferentporestocompute

theKnudsendiffusivityorthelocalionomerfilmthicknesstocomputethicknessdependent

protonicconductivity. Theinformationaboutlocalporeradiihasbeenusedinnumerical

simulationsthroughthecreationofexternalmapsandcouplingbetweensoftware[53]. A

moreefficientoptionwouldbetopasssuchinformationinthemeshsimilartomaterialids

thereby,removingthedependencyonexternalsoftware.Ameshgeneratorcapableofhan-

dlingmultiplepiecesofinformationaboutthegeometryistherefore,requiredtoaccurately

predictthelocalvariabilityinthetransportpropertiesofthemicrostructure.

1.2.4 Integratedframeworkfor microstructuralanalysis

Fewstudies[4,62,63,105]haveperformedparametricstudiesusingstochasticreconstruc-

tionstoinvestigatetheeffectofmorphologyonthetransportpropertiesandelectrochemical

performance.Thesestudieshowever,lackmicrostructuralcharacterizationanddidnotassess

thestatisticalrepresentativenessofthestochasticreconstructionsusingmicroscopyimages.

Therefore,acomprehensivestudywhichcharacterizesthechangeinmicrostructureandre-

latesittothetransportpropertiesandelectrochemicalperformanceisstillmissing.

Severalauthorshavereportedalgorithmsforimageanalysisandstochasticreconstruc-

tionsandnumericalmodelstostudythetransportpropertiesandelectrochemicalperfor-

mance. However,thereisnoopen-sourcesoftwarewhichhasallthecomponentsrequired

tostudythedifferentaspectsoffuelcellporousmediamicrostructuresashighlightedin

Figure1.2.GeoDictR [226]isacommercialsoftwarecapableofgeneratingmicrostructures
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fromimagesandsimulatingeffectivetransportpropertiesforfuelcellelectrodesandother

porousmaterials.Itisthemostadvancedtoolavailablebutitdoesnotprovideanytools

foranalysisoftheelectrochemicalperformanceofthefuelcell. Therefore,toaccomplish

theobjectiveofthisthesis,anopen-sourcenumericalframeworkcapableofprocessing,ana-

lyzingandcharacterizingmicroscopyimages,extractingavoxelbasedmeshfromthemand

simulatinggas,liquidandchargetransporttoestimaterelevanteffectivequantitiesaswell

assimulatingelectrochemicalreactionstodeterminetheperformanceofthemicrostructures

isrequired.Suchatoolwillbehelpfulindevelopingthecorrelationbetweenmicrostructure,

effectivetransportpropertiesandperformanceandallowotherresearcherstobuilduponthe

findingsofthiswork.

1.3 Objectives

Theobjectiveofthisthesisistostudythecorrelationsbetweenmicrostructure,transport

propertiesandperformance.Basedonasurveyofthecurrentliteratureintheseareas,the

followinggapsareidentified:

1.Lackofageneralframeworktoevaluatestatisticalfunctions,transportpropertiesand

performancedirectlyfrommicroscopyimages;

2.Lackofstatisticaltoolstoassessthevalidityofstochasticreconstructionsandcharac-

terizethechangesacrossdifferentmicrostructures;

3.Anelectrochemicalmodeltakingintoaccountmulti-stepkineticsforORRandinter-

facialmasstransportresistanceduetotheionomerfilm;

4.Adetailedunderstandingoftheeffectoflocalsaturationonthetransportproperties

andelectrochemicalperformance;

5.Astudyoftheeffectofionomerfilmdistributionsandlocalionomerthicknessonthe

effectiveprotonicconductivityandelectrochemicalperformance;

Inordertoaddresstheaforementionedgaps,theobjectivesofthisthesisare:

1.Developmentofaunifiedandopen-sourcenumericalframeworkto:

(a)analyzemicroscopyimagesandstatisticallycharacterizeporousmedia;

(b)generatevoxelbasedmeshesandperformnumericalsimulationstocomputeef-

fectivetransportproperties,suchasdiffusivityandelectronicandprotoniccon-

ductivity.
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(c)simulateliquidwaterintrusioninporousmediamicrostructure;

(d)studytheperformanceindryandpartiallysaturatedmicrostructuresofdifferent

CLelectrodesusinganelectrochemicalmodelwithmulti-stepkineticsforORR,

interfacialmasstransportresistanceduetoionomerfilmandinterfacialreaction

term.

2.DevelopmentofstochasticreconstructiontoolstoperformPEMFCporousmediare-

constructionsandanalyzeitsfeasibilityviastatisticalanalysis.

3.DevelopmentofastochasticalgorithmtoreconstructionomerfilmsinCLmicrostruc-

turestoanalyzetheimpactionomerfilmdistributionandthicknessontheeffective

transportpropertiesandelectrochemicalperformance.

Thenumericalframeworkwouldfacilitatethedevelopmentofcorrelationstodescribethe

interlinksbetweenfabrication,microstructure,transportpropertiesandperformanceshown

inFigure1.2. Thefollowingstudiesareperformedinthisworktohighlighttherelations

betweenmicrostructure,transportpropertiesandperformanceofaCL:

1.EffectofporosityandlocalsaturationontheeffectivediffusivityofaCL;

2.Effectofporesizedistributionontheeffectivetransportpropertiesandelectrochemical

performanceofaCLunderdryandwetconditions;

3.Effectofionomerfilmdistributionontheeffectivetransportpropertiesandelectro-

chemicalperformanceofaCL;

1.4 Structureofthethesis

Thisthesisisorganizedintosevenchapters.Thischapterhasprovidedthemotivationand

objectivesofthework. Adetailedliteraturereviewwasperformedtodiscussthestate-

of-the-artformicrostructuralmodelingandgapsinknowledgewereidentified. Chapter2

describesthetheoryandmodelsusedforthiswork. Adescriptionofthestochasticre-

constructionalgorithms,statisticalcharacterizationtools,waterintrusionalgorithmandthe

numericalmodelsforgasandchargetransportandelectrochemicalreactionsaswellthesolu-

tionmethodologyisprovided.Chapter3providesvalidationforthedifferenttoolsdeveloped

inthiswork.First,thewaterintrusionalgorithmisvalidatedbysimulatingwaterintrusion

inadryGDLreconstructionobtainedusingµ-CTandtheresultswerecomparedtorecon-

structionsofpartiallysaturatedGDL.Next,thestatisticalandfunctionalcharacterization

toolsareappliedtoaCLreconstructionobtainedusingFIBSEMandtheresultssuchas
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poresizedistribution,gasdiffusivityandpolarizationcurvesarecomparedtoexperimental

results.Chapter4usesthestochasticreconstructionalgorithmtogenerateCLreconstruc-

tionswithdifferentporositiestostudygasdiffusivityintheCLasafunctionofporosityand

saturation.Theresultsofthisanalysisareusedtodevelopacorrelationtopredicteffective

diffusivityforCLsunderdryandpartiallysaturatedconditions. Chapter5presentsthe

resultsforaparametricstudyonthedifferentCLPSDsusingstochasticreconstructionsto

studytheeffectofPSDonthetransportpropertiesandelectrochemicalperformanceunder

dryandwetconditions.Chapter6studiestheeffectofionomerthicknessandcontentonthe

effectiveprotonicconductivityandelectrochemicalperformanceintheCL.Finally,chapter

7summarizesthefindingsofthisworkandprovidesanoutlookforfuturedirectionsand

applicationstootherfields.
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Chapter2

Theory†

AsdiscussedinChapter1,oneofthegoalsofthisworkisthedevelopmentofaunified

numericalframeworkcapableofperforming:

1. microstructuregenerationusingeithermicroscopyimagesorstochasticreconstructions;

2.statisticalanalysisofthegeneratedmicrostructurestomathematicallycharacterizethe

structureandassessthevalidityofstochasticreconstructions;

3.physicsbasedsimulationstostudythephysicaltransportprocessesandelectrochemical

reactionsinthemicrostructures.

Thischapterdescribesthetheoryandalgorithmsusedforimageanalysis,stochasticrecon-

structionandstatisticalfunctions.Thenumericalmodelsandsolutionmethodologiesused

tosimulategasandchargetransport,waterintrusionandelectrochemicalreactionsarealso

discussedindetail.

2.1 Microstructurereconstruction

2.1.1 Microscopyimagebasedreconstruction

Thereareseveralmicroscopytechniqueswhichcanbeusedtovisualizeandreconstructthe

microstructureofdifferentfuelcellporousmediasuchasx-raycomputedtomography(X-

CT)[26,47,52–61,70],scanningtransmissionx-raymicroscopy(STXM)[44,71,72]and

focusedionbeam-scanningelectronmicroscopy(FIBSEM)[10,25,46–51].Sincetheprimary

†Partsofthischapterhavebeenpublishedin:
1. M.Sabharwal,L.M.Pant,A.Putz,D.Susac,J.Jankovic,andM.Secanell,FuelCells16(6),2016
2. M.Sabharwal,J.T.Gostick,andM.Secanell,JournalofTheElectrochemicalSociety165(7),2018
3. M.Sabharwal,L.M.Pant,N.Patel,and M.Secanell,JournalofTheElectrochemicalSociety166(7),
2019
4. M.Sabharwal,andM.Secanell,ECSTransactions86(13),2018
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Figure2.1–SchematicoftheimageprocessingandreconstructionprocessforFIBSEMdata.

focusofthisworkwastheanalysisoffuelcellcatalystlayers(CLs),onlyFIBSEM[10,50,51]

andnano-CT[52,53]aresuitable.Inthisthesis,FIBSEMwasselectedasthemethodof

choice. Theaimofthisworkistodevelopimageprocessingtoolstoanalyzemicroscopy

imagestherefore,theFIBSEMimagingwasperformedbyourcollaboratorsatAFCC1who

canbeconsideredexpertsinelectronmicroscopy[51].

Figure2.1showstheimageprocessingandreconstructionprocedurefortypicalFIBSEM

data.Asdescribedbefore,FIBSEMisadestructivetechniquewhereanionbeamisusedto

slicetheCLandtheexposedCListhenimagedusingthescanningelectronmicroscope.The

rawdatafromFIBSEMareastackofgrey-scaleimagesasshowninFigure2.1.Adetailed

procedureforFIBSEMcanbefoundinreference[51].InordertoextracttheCLmorphology

fromthegrey-scaleimages,severalimageprocessingoperationsneedtobeperformed.The

rawdatafromFIBSEMmustbecorrectedforshiftsarisingfromthelateralmovementofthe

imagingplaneduetoFIBslicing.Postregistration,a3Dsectionfromthestackofimages

isselectedastheregionofinteresttobesegmented.Imageenhancementandsegmentation

isthenperformedtobinarizetheimagesintoporeandsolid. Thesegmentedimagesare

thenstackedtogethertoforma3DreconstructionoftheCL.Thedifferentimageprocess-

ingtoolsrequiredtogenerate3Dmicrostructuresfromrawgrey-scalemicroscopyimages

aredescribedinthefollowingsections.Inthiswork,imageprocessingtoolsaredeveloped

toanalyzemicroscopyimagesobtainedfromFIBSEM.Althoughmuchofthediscussionis

withrespecttoFIBSEMimages,thetoolsdevelopedcanbeappliedtoothermicroscopydata

aswell.DetailsontheprocedureforobtainingFIBSEMimagesforaCLcanbefoundin[51].

1AutomotiveFuelCellCooperationCorporation(https://en.wikipedia.org/wiki/Automotive_Fuel_
Cell_Cooperation)
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Figure2.2–ImageofFIBSEMsliceofanInkjetprintedCL.

2.1.1.1 Imageregistration

InFIBSEM,toaccountforthelateralmovementduringimagingofconsecutiveslices,fidu-

cialmarkersareengravedontheprotectiveplatinumlayerandusedforre-alignmentduring

imageprocessing.Figure2.2showstheimageofaFIBSEMslicewithfiducialmarkers.To

alignalltheconsecutiveslices,anin-housepythonbasedcodeisused.Afeaturedetection

algorithmisusedforidentifyingthefiducialmarkersineachslice.Thefeaturesareidenti-

fiedusingascaleinvariantfeaturetransformalgorithm[227]implementedintheOpenCV

library[228]. ThealgorithmisusedtodetectthelinemarkersshowninFigure2.2. The

locationofthesemarkersinthenextimagearecomparedtothoseinthecurrentimage.The

nextimageisthentranslatedinthex-yplanetominimizetheleastsquaredistancebetween

thefeatureshifts.Theimageregistrationcodewasdevelopedinpythonandisavailablein

pyFCST,whichisthepythonimageprocessingandanalysissuiteinOpenFCST[229].After

alignmentofthemicroscopyimages,theycanbestackedtoforma3Ddomainofgrey-scale

images.

2.1.1.2 Imagefilteringandbinarization

Imagesegmentation,i.e.,differentiationoftheimageintoseparatephases,isrequiredto

extractthemicrostructureoftheporousmedia. Microscopyimagesoftenhavealotofnoise

thereby,makingimagesegmentationachallengingprocess.Therefore,imageenhancements

operationstoimprovethecontrastandbrightnessoftheimageareperformed. Contrast

limitedadaptivehistogramequalization[230]followedbyGaussianblurring[231]isusedto
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(a) (b) (c)

Figure2.3–IllustrationofaFIBSEMimageatdifferentstagesofimagepre-processing.
a)Rawimageaftercropping,b)Imageafterapplyingcontrastlimitedadaptive
histogramequalization,andc)Imageafterapplyingcontrastlimitedadaptivehis-
togramequalizationandGaussianblurring

improvetheimagequalityoftherawFIBSEMimage. Figure2.3showsarawFIBSEM

imageatdifferentstagesofpre-processing.Fromtheimages,itcanbeseenthattheimage

enhancementfiltersimprovethecontrastandsharpnessoftheimagesignificantly,especially

atthesolid/porephaseboundaries.

ThecontrastenhancedandfilteredimagesaresegmentedusingaSauvolaalgorithmwith

alocalmovingwindow[51,94].Alocalmovingwindowisusedtoaccountforthevariationin

theimageintensityduetofluctuationsintheelectronbeamintensityduringimagerastering.

Thethresholdvalueforeachpixel,T(x,y,z),whichdeterminesifapixelbelongstothesolid

orporephase,isevaluatedbasedonthestatisticsofalocalneighborhoodaroundthepixel,

andisgivenas:

T(x,y,z)=m(x,y,z)1+k
σi(x,y,z)

R
−1 , (2.1)

wherem(x,y,z)isthemeanpixelintensityoftheneighborhood,σi(x,y,z)isthestandard

deviationofpixelintensityoftheneighborhood,theparameterkcanrangefrom0−1,and

Rhasavalueof128assuggestedbySauvolaandPietik̈ainen[94]. ThevalueofRisset

asthemid-pointpixelintensityfora8-bitimage,andthestandarddeviationisnormalized

bythisvalue.Theparametersforthesealgorithmsaregenerallyadjustedviatrial-and-error

basedonvisualinspection. Theneighborhoodsizeandkvaluecanaffectthesegmenta-

tionthreshold,andin-turnthestructure.FortheFIBSEMimages,a3Dneighborhoodis

selectedinsteadofthe2DneighborhoodusedcommonlybecausetheFIBSEMimagescon-

tainsbackgroundinformationofthesolidstructurevisiblethroughthepores. Further,a

parallelversionoftheSauvolaalgorithmwasalsodevelopedtoreducethecomputational

timefortheanalysisofthelargeimagedatasets. Thesegmented2Dimagescanthenbe

stackedtogethertoobtaina3Dmicrostructure.

26



Theimageenhancementandbinarizationroutinesweredevelopedinpythonusingfunc-

tionalitiesfrompre-builtpythonlibrariessuchasSciPy[232], mahotas[233]andscikit-

image[234]. Additionalimagesegmentationalgorithms,suchasOtsu’smethod[235]and

RobustAutomaticThresholdSelection(RATS)[236],werealsoimplemented. Theimage

enhancementandsegmentationalgorithmsareavailableinpyFCST[229].

2.1.2 Stochasticreconstructions

Stochasticreconstructionsweregeneratedusingarandomoverlappingspherebasedalgo-

rithmsimilartothatdescribedinreference[4].Thestepsfortheoverlappingspherebased

microstructurereconstructionsareasfollows:

1.Anemptydomain(Ω)correspondingtoaporosityof100%isgeneratedasa3Darray

withuserdefineddimensionsofl×l×l. Buildingblocksforthesolidphase,i.e.,

spheresofauser-definedradiusrd,aregeneratedaslocalmapsusinga3Darray(Ωmap)

withdimensions2rd×2rd×2rd.Theradiusofthesphericalparticlescanbegivenas

aconstantvalueoradistribution.Ifadistributionisprescribed,rdisselectedusing

thespecifiedprobabilitydistributionandΩmap isgeneratedateachiterationforthe

selectedrdvalue.

2.ArandomlocationischoseninΩasacenterforΩmap.

3.Ωmap isinsertedintothedomainbyplacingitscenteratthechosencenterinthe

previousstep.

4.Asthespheresarecontinuallyplacedtheymightstartoverlapping. Theamountof

overlapiscontrolledinthisalgorithmusinganoverlapparameter(ψ)whichisused

tocalculatetheregionofpixelsaroundthesolidsphereinΩwhichcannotbeusedas

centers.For0≤ψ≤1,allpixelswithin(1−ψ)rddistancefromthesurfaceofthe

sphereareremoved,therebyallowinganoverlapofψ.Therefore,ψ=1wouldallow

freepenetrationofspheresandψ=0wouldallownopenetrationofspheres.Based

onψvalue,thefeasiblecenterlocationsareupdatedbyremovingallpointswithinthe

specifiedneighborhoodofexistingspheresbasedontherdvalue(ifadistributionis

giventhenthenextselectedvalue).

5.Steps2-4arecontinuallyrepeatedtoplacespheres.

6.Oncethedesiredporosity(εV)isreachedthealgorithmends.
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Figure2.4–Illustrationofthedifferentstepsusedforgenerationofamicrostructurebased
onoverlappingspheresofaconstantradius. Thedifferentimagesrepresent:(1)
Generatetheemptydomain(Ω)andΩmap;(2)Selectacenterlocationfromavail-
ablesites;(3)PlaceΩmap ontheselectedsite;(4)-(6)Continuetheprocessuntil
thetargetporosityisachieved.

Figure2.4showsaschematicofthedifferentstepsdescribedaboveassumingaconstant

sphereradius. Asdescribedabove,theinputstothealgorithmarethedomainsize(l),

sphereradius(rd)oraparticlesizedistribution,degreeofoverlap(ψ)andporosity(εV)

ofthemicrostructure.Inadditiontospheresanyrandombuildingblockscanbeusedby

defininganappropriate3Darraymap(Ωmap).

Thealgorithmdescribedabovehasbeengeneralizedandimprovedcomparedtothat

reportedinreferences[4,64]bytheadditionoffunctionalities,suchascontrolledoverlapping,

multiplebuildingblocksizesusingparticlesizedistributionsandabilitytouserandom

buildingblocks. Thestochasticreconstructionalgorithmwasdevelopedinpythonandis

availableinpyFCST[229].
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2.2 Statisticalfunctions

Statisticalfunctionsprovideanidealwaytomathematicallycharacterizetherandomhetero-

geneousporousmediausedinfuelcells.Anumberofstatisticalfunctionshavebeenproposed

inliterature[68,111,237–239]tocharacterizeporousmedia.Statisticalfunctionsprovide

informationaboutdifferentaspectsoftheporousmediamorphology.Two-pointcorrelation

function[68,111,238,240]providesanestimateofthephasevolumefractionandinterfacial

area.Linealpathfunction[68,118]andtwo-pointclusterfunction[68,241]provideinfor-

mationaboutthelongrangeconnectivityoftheporousmediausefulforstatisticalfunction

basedreconstructions[68,240]. Theclusterfunctionisusedinthisstudytoextractthe

primarypercolatingphasenetworkwhichisusedfornumericalsimulations.Chordlength

function[53,63,110,239],whichisasubsetofthelinealpathfunction,providesanestimate

oftheporesizesandisusedinthisstudyinsteadofthelinealpathfunction. Poresize

distribution[50,51,158]providesanestimateofthecharacteristicporesizeswhichgovern

theKnudsendiffusivityandcapillarybasedliquidintrusioninthefuelcellporousmedia.

Thefollowingsectionsdescribethetwo-pointcorrelationfunction,chordlengthfunctionand

poresizedistributionwhichareusedtocharacterizetheporousmediamorphologyinthis

work.

2.2.1 Two-pointcorrelationfunction

Thetwo-pointcorrelationfunction,S
(j)
2 (r),isdefinedastheprobabilityoffindingtworan-

dompointsadistancerapartbothbelongingtophasej[111].Thetwo-pointcorrelation

functionsofdifferentphasesarelinearlydependent[237]. Therefore,forabinarymedia,

knowledgeoftwo-pointcorrelationfunctionforasinglephaseissufficient. Thetwo-point

correlationfunctionisrelatedtothespecificinterphasearea(interfacialareaperunitvolume)

asfollows[238]:

sj=−β
d

dr
S
(j)
2 (r)

r=0

, (2.2)

wheresjisthespecificinterphasearea,andβis4for2-D,and6for3-Dimages,respectively

[237].Inthecaseofacatalystlayer,theslopeofthetwo-pointcorrelationfunctioncan

beusedasanestimateofthepore-solidinterfacearea.Foradigitizedmediumsuchasa

digitalimage,thetwo-pointcorrelationfunctionisestimatedbytranslatingalineoflengthr

throughtheimageandrecordingthenumberoftimesbothendsfallinthesamephase.This

isthennormalizedbytotalnumberoftranslationstoobtaintheprobabilityoffindingboth

endsinsamephase. Adetailedcomputationalmethodologyispresentedintheliterature

[110,238].Thetwo-pointcorrelationfunctionwasimplementedbyPant[68]inthePorous
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MediaStochasticReconstructionToolbox(PMSRT),whichisaC++library,anditwas

usedforthisthesis.

2.2.2 Chordlengthfunction

Thechordlengthfunction,C(j)(r),isdefinedsuchthatC(j)(r)dristheprobabilityoffinding

achordoflengthbetweenrandr+drinphasej[239].Thechordlengthfunctioncontains

informationabouttheseparationbetweenphaseboundaries.Tomeasurethechordlength

function,thewholeimageisscannedinallorthogonaldirectionsforoccurrencesofchords,

andthelengthsandoccurrencesarerecorded. Thechordsareevaluatedbyscanningthe

imagealongagivendirection,i.e.,x,yorz,untilaninterfacialpixelisencounteredinthe

phaseofinterest.Thispixelismarkedandscanningcontinuestillanotherinterfacialpixelis

encounteredandthechordisrecorded.Theoccurrencesofallchordlengthsarenormalized

bytotalnumberofchords[110,239].ThechordlengthfunctionimplementedbyPant[68]

inPMSRTwasusedforthisthesis.

Thechordlengthfunctioncanbeusedtocomputethemeanchordlength(λ)as,

λ=
∞

0

rCv(r)dr. (2.3)

Thechordlengthfunctionfortheporephasegivesanestimateoftheporesizesinthe

microstructure.Themeanchordlengthfortheporephasehasalsobeenusedtocompute

theKnudsendiffusivityinCLsusingtheDerjaguinapproximation[53,63].

2.2.3 Percolatingvolumefraction

Thepercolatingvolumefractionistheratioofpercolatingvolumetototalvoidvolume.The

percolatingvolumeisdefinedasthevoidvolumewhichconnectsanytwooppositefaces.

Thepercolatingvolumefractionisameasureofvoidphaseconnectivity. Thepercolating

volumeisidentifiedusingaclusterlabelingmethod.Thedualpassalgorithmproposedby

Heetal.[242]isusedforclusterlabelinginconjunctionwithHoshenandKopelman[243]

algorithm.

2.2.4 Poresizedistribution

Thelocalporeradiusfortheporousmediaisestimatedusingaspherefittingalgorithm

basedonthedistancetransformmethoddescribedintheliterature[50,158].Analgorithmic

descriptionforthespherefittingalgorithmispresentedinFigure2.5.Tocomputethepore
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sizedistributionforagivenmicrostructurefirsttheEuclideandistancetransform(EDT)at

everyporevoxeliscomputed. TheEuclideandistancetransform(EDT)findsthenearest

pointinthebackground(differentphase)andreturntheEuclideandistancetoit. The

mathematicalrepresentationin3Disgivenby[244],

EDT(x,y,z)=min(i,j,k:0≤i<m∧0≤j<n∧0≤k<o∧b[i,j,k]:d)

d= (x−i)2+(y−j)2+(z−k)2
(2.4)

wherem,nandoarethelimitsinthex,yandzdirections,andb[i,j,k]indicatesthatthe

pointbelongstothebackground.TheEuclideandistancetransformrepresentsthemaximum

radiusofthespherewhichcanbeinscribedwithinthesamephasewiththepointasthe

center.AftercomputingtheEuclideandistancetransform,thealgorithmiteratesoverthe

radius(r)valuesandfindsalllocationswheretheEDTvalueislessthanorequaltor.Once

thefeasiblelocations(D)areidentified,asecondpassofthedistancetransformisusedto

findalllocationswithinrdistanceofthefeasiblelocationsinDandassignthemavalue

ofr.Therefore,Dcontainsthecentersofthesphereswithradiusrandthesecondpassis

usedtobuildtherestofthespherewithallporevoxelsbelongingtoasphereofradiusr

havingavalueofr. Thus,everyporevoxelisthecenterofaspherewithradiusequalto

itsdistancetransformvalueorpartofalargersphere.Theporesizedistributionalgorithm

wasimplementedinpythoninthepyFCSTlibrary.

2.3 Numerical model

Thissectiondescribesthenumericalmodelsusedtosimulatethephysicalandelectrochemical

processesinfuelcellporousmedia.Thefollowingassumptionsaremade:

1.Isothermalandisobaricconditions;

2.GastransportintheCLisdiffusiondominated[245];

3.Protonconcentrationintheionomerthinfilmsisconstant;

2.3.1 Gastransport

GastransportinthefuelcellporousmediaisassumedtobegovernedbyFick’ssecondlaw,

∇·(Dictot∇xi)=0, (2.5)

whereDiisthegasdiffusioncoefficient,ctotisthetotalgasconcentration(assumedconstant),

andxiisthemolarfractionofthegasspecies.
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Figure2.5–Algorithmforcalculatingthespherebasedporesizedistribution.The3-Dmatrix
Pcontainsradiusinformationateachgeometricpointwiththevaluedenotingthe
radiusofthespherethepointbelongsto.
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ForGDLs,theporesizesarehigherthan1µm,usually10-30µm,whichismuchhigher

thanthemeanfreepathofgasspecies(oxygenonthecathode)therefore,DiforGDLsis

equaltothemoleculardiffusioncoefficient(Dm)ofthegasspecies.ForCLsandMPLs,which

containnano-poresoftheorderof10-50nmsimilartothemeanfreepathofthegasspecies

(60-70nmforoxygen),Knudseneffectsbecomeimportant. ToaccountfortheKnudsen

diffusion,theBosanquetequation[157]isusedtocomputethegasdiffusioncoefficientas,

1

Di
=
1

Dm
+
1

DKni
, (2.6)

whereDm isthemoleculardiffusioncoefficientandDKni istheKnudsendiffusioncoefficient

forthegasspecies.Thelatteriscalculatedusing[4,240,246]

DKni =
2

3
rp
8RT

πMi
, (2.7)

whererpistheporeradiusobtainedusingtheporesizedistributionalgorithminSec-

tion2.2.4,Ristheuniversalgasconstant,TisthetemperatureofthegasandMiisthe

molecularweightofthegasspecies.TheKnudsendiffusioncoefficientisthereforeestimated

locallyateachlocationinthemicrostructureusingthelocalporeradius.

Tocomputetheeffectivediffusivityofagivenmicrostructure,thefollowingboundary

conditionsareused:

xi=x
in
i onΓ1,

xi=x
out
i onΓ2,and

(Dictot∇xi)·n=0everywhereelse,

(2.8)

whereΓ1istheinletplaneandΓ2istheoutletplaneoppositetotheinletplane. The

governingequationwassimulatedusingtheopen-sourcepackageOpenFCST[229]. The

diffusivegasflowrateattheoutlet(Nouti )wascalculatedfromthesimulationas,

Nouti =
Γ2

(−Dictot∇xi)·ndS (2.9)

andthenusedtocomputetheeffectivediffusioncoefficient(Deffi )oftheporousmediausing

Deffi =Nouti
L

A(cini−c
out
i )
, (2.10)

whereListheshortestdistanceseparatinginletandoutletplanes,Aisthecross-section

areaandcini andc
out
i aretheconcentrationsofgasspeciesiattheinletandoutletboundary

faces,respectively.
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2.3.2 Chargetransport

ChargetransportisassumedtobegovernedbyOhm’slaw,

∇·(σi∇φ)=0, (2.11)

whereσiiseitherthebulkelectronicorprotonicconductivityofthegivenphaseandφis

eithertheelectronicorprotonicpotentialforelectronorprotontransportrespectively.

Similartogastransport,theboundaryconditionsusedtoevaluatetheeffectiveconduc-

tivityofagivenphaseare:

φ=φinonΓ1,

φ=φoutonΓ2,and

(σi∇φ)·n=0everywhereelse,

(2.12)

whereΓ1istheinletplaneandΓ2istheoutletplaneoppositetotheinletplane. The

governingequationwassimulatedusingtheopen-sourcepackageOpenFCST[229]. The

totalcurrentattheoutlet(I)wascalculatedfromthesimulationandusedtocomputethe

effectiveconductivity(σeffi )oftheporousmediausing,

σeffi =I
L

A(φin−φout)
, (2.13)

whereListheshortestdistanceseparatinginletandoutletplanes,Aisthecross-section

areaand,φinandφoutarethepotentialsattheinletandoutletboundaryfaces,respectively.

2.3.3 Liquidwaterintrusion

Tostudytheeffectofliquidwateraccumulationonthegastransportandelectrochemical

performanceoffuelcellporousmediamicrostructures,aquasi-staticwaterintrusionalgo-

rithmbasedonthefullmorphologymodel[183]wasdeveloped.Thealgorithm,termedthe

clusterbasedfullmorphology(CFM)methodbecauseitreliesonimageclusteringinstead

ofthedilation-erosionapproachusedinconventionalFM[97,176,183,184],usedforthis

workisdescribedinAlgorithm1.Liquidwaterintrusioncanbesimulatedinaporousmedia

fromanexternalboundaryorfromwithinthelayer,therefore,twomodesofwaterintrusion

aredefinedasfollows:

•Boundary-Inthismode,thewaterisinjectedfromanexternalboundaryasshownin

Figure2.6a.Thismodeofwaterinjectionisrepresentativeoftheliquidwaterintrusion

inaGDL/MPL[57,58,107,185],wheretheliquidwaterproducedintheCLenters

theGDL/MPLfromtheCLinterface.Further,thismodeofwaterinjectionisalso

widelyusedtoperformex-situcharacterizationofGDLs[1,56,59,97].

34



Algorithm1Clusterbasedfullmorphologyalgorithmforwaterintrusion[154].a

ReadoriginalinputmicrostructureΩ0;
Definethenucleation/intrusionpoints,contactangle(θ)andnumberofsteps(n);
ComputepcforeveryporepixelinΩ

0usingequation(2.14)
Initializepinastheminimumliquidpressuretostartwaterintrusionbasedonthenucle-
ation/intrusionpoints
InitializeΩl=nucleation/intrusionpoints
(Ωlhasavalueof1atthelocationswherewaterispresent.)

Compute p=max(pc)−pin

n

whiles<1do
procedureIdentifyliquidwaterclusters
ObtainthesetvoxelsΦwherepc<p

in

ClusterconnectedvoxelsinΦandstoreinΨwitheachclusterdenoted
byauniqueintegerj
Identifyclusterindices(j)inΨconnectedtoΩlandstoreinarrayu

endprocedure
procedureIntrudewaterintoclusters
fori=[valuesinu]do
Findlocationsx,y,zwhereΨ[x,y,z]==i
SetΩl[x,y,z]=1

endfor
Computesaturation(s)usingequation(2.16)
RecordΩlformeshgeneration
Incrementpin=pin+ p

endprocedure
endwhile

aAllcapitalGreeksymbolsdenote3Darrayswithdimensionsofinputmicrostructure.
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(a) (b)

Figure2.6–Illustrationofthea)boundary,andb)nucleationbasedwaterinjectionusedin
thisstudy.Redindicatesthenucleationsitesandbluearrowsindicateliquidwater
movement

•Nucleation-UnliketheGDLwherethewaterwasintrudedfromasingleboundary,

theliquidwaterintheCLisintrudedusingthenucleationmodeshowninFigure2.6b.

Thisissimilartotheapproachusedintheporenetworkmodelsinreferences[170,171]

whererandomagglomerateswereactivatedintheCLtoproducewaterwhichthen

intrudestheporesintheCL.IntheCL,theORRtakesplaceonthePtsurface

wherewatermoleculeswouldbeproducedwhichmightformsmallclusters. Once

theseclustersexceedthecriticaldiametergivenbytheKelvinequationforthelocal

supersaturationtheywouldcontinuetogrowintobulkliquid.Itisexpectedthatsuch

aphenomenonmightbeoccurringintheCLwherehighlocalsupersaturationmight

existespeciallyinthesmallnano-pores. Therefore,thismodeofwaterinjectionis

deemedtoberepresentativeofthewaterintrusionintheCL.

ThecomputationalimplementationfortheCFMalgorithmispresentedinAlgorithm1.

Theinputstothealgorithmare:

1.theporousmediamicrostructureasa3Darrayorstackofimages(Ω0),

2.thecontactangle(θ),

3.theboundary/nucleationpointsfortheliquidwater,and

4.thenumberofdiscretesteps(n)forincrementingthecapillarypressure.

Theporescanalsobeassignedamixedwettabilitybyspecifyingahydrophilic(θHI)and

hydrophobic(θHO)contactangleinsteadofassigningasingleθ.Inthiscase,thethreshold

radius(rth),i.e.,theradiusbelowwhichporesarehydrophilicandabovewhichtheyare
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hydrophobic,mustalsobeprovidedasaninputtothealgorithm.

Withthegiveninputs,thefirststepinthealgorithmisthecalculationofthepore

sizedistribution(PSD)andthecapillarypressure(pc)requiredtointrudeeachpore.The

capillarypressurewascomputedusingtheYoung-Laplaceequation,

pc=
2γcosθ

rp
(2.14)

wherecapillarypressureisdefinedas,

pc=pl−pg (2.15)

whereplandpgareliquidandgaspressuresrespectively. Therefore,forimplementation

purposeshydrophilicporeshaveanegativecapillarypressureandhydrophobicporeshavea

positivecapillarypressure.Itisassumedthatpgiszero.

Thepropagationandtrackingoftheliquidwaterfrontisthemostcrucialstepinthe

algorithm.Toimprovetheefficiencyofthealgorithmaclusterbasedapproachwasformu-

latedasdescribedinAlgorithm1.First,alllocationswithacapillarypressurelowerthan

thespecifiedliquidpressureatagivenstepwereidentifiedandclusteredintogroupswith

uniqueintegervalues(j)andstoredina3Darray(Ψ). Thisstepidentifiedallpossible

locationswheretheliquidwatercouldbepresentatthegivenliquidpressurepin.

ThenextstepwastoidentifytheclustersinΨwhichwereconnectedtotheexistingwater

filledporesdenotedbyΩl.ThiswasperformedusingalogicalANDoperationbetweenΨ

andΩlwhichreturnedtheuniqueintegers(u)forclusterlocationswherethewatercould

propagate.Tointrudeliquidwaterintotheidentifiedclusters,thex,yandzco-ordinates

ofallpointsinΨcorrespondingtotheintegervaluesinuwerefoundandthecorresponding

locationsweresetto1inΩl.

Thesaturation(s)ateachstepisobtainedusing,

s=
V(Ωl)

Vp
(2.16)

whereV(Ωl)denotesthevolumeofvoxelswithliquidwaterandVpdenotestheporevolume

ofthemicrostructure. Ωlisrecordedformeshgenerationtostudythegastransportand

electrochemicalperformance.
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Thepropagationoftheliquidwaterintothemicrostructureiscontinueduntilasatu-

rationof100%isachievedbyincreasingtheliquidpressurein psteps. Ateachliquid

pressurestep,themeshesforthepartiallysaturatedmicrostructurereconstructionscanbe

obtainedbyupdatingliquidwaterfilledporesinΩltothecorrespondingporevoxelsinΩ
0,

whichcanthenbeusedtoperformtransportand/orelectrochemicalsimulations.

Theliquidwaterintrusionalgorithmwasdevelopedinpythonandincludedinthe

pyFCSTlibrary.

2.3.4 Electrochemicalreactions

Theelectrochemicalreactioninthecatalystlayerissimulatedasasurfacereactionatthe

solid-ionomerinterface.Theionomerfilmwasfirstdigitallyreconstructedasauniformfilm.

Differentionomerfilmdistributionswerealsoinvestigatedbutthesewillbediscussedlater.

Figure2.7ashowsaschematicofasingleporewithanionomerthinfilmandthereaction

site.Figure2.7bshowsaCLreconstructedusingFIBSEMwithasinglevoxelthickionomer

filmatthesolid-poreinterfaceinthesolidphase.

FortheORRtotakeplace,thefollowingprocessesareincludedinthenumericalmodel:

•Diffusionofoxygeninthegasandliquidfilledporesandionomer;

•Protonconductionintheionomer;

•Interfacialresistanceattheionomer-solidinterfacetoaccountforionomerdensification

neartheplatinumsurface[209]anddissolutionofoxygenintheliquidwaterand

ionomerfromthegasphase;

•Reactionofoxygenattheionomer-solidinterfaceusingamulti-stepORRmechanism;

OxygentransportissimulatedusingFick’ssecondlawgivenbyEquation(2.5). The

diffusioncoefficient(DiorDO2inthiscaseforoxygen)isdefinedas,

DO2=D
ionomer
O2

inionomer,

DO2=D
water
O2

inporesfilledwithliquidwater,and

DO2=D
gas
O2
inporesfilledwithgas,

(2.17)

whereDwaterO2
andDionomerO2

areoxygendiffusioncoefficientsinliquidwaterandionomer,

respectively.Thediffusioncoefficientingasfilledpores(DgasO2)iscomputedusingtheBosan-

quetapproximationusingEquations(2.6)and(2.7).
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(a) (b)

Figure2.7–a)Schematicofasingleporewithionomerfilmforthenumericalsimulationof
electrochemicalreactionsinthecatalystlayer.b)FIBSEMCLreconstructionwith
digitallyreconstructedionomerfilm.Blueisthesolidphaseandyellowisionomer.
Oxygentransportissimulatedintheporesandionomerfilm. Protontransport
issimulatedintheionomerfilm. Oxygenreductionreactionissimulatedatthe
ionomer-platinum(solidincaseofFIBSEM)boundary.

Theoxygendiffusioncoefficientintheliquidwateriscomputedusingthecorrelation

proposedby WilkeandChang[247]:

DwaterO2
=7.4×10−8

T(ψH2OMH2O)
0.5

µV0.6gas
(2.18)

whereµistheviscosityofwaterincentipoises,Tistheabsolutetemperature,MH2Oisthe

molecularweightofwater,ψH2Oisanassociationparameterforsolventwaterwithavalue

of2.26[248]andVgasisthemolecularvolumeofthediffusinggas.

ProtontransportintheionomerfilmswassimulatedusingOhm’slaw,i.e.,Equation(2.11).

Electrontransportinthesolidphasewasnotsimulatedduetothemuchhigherconductivity

ofthecarbonsupport[249,250]comparedtothethinionomerfilms[12,251–256].Therefore,

theelectronicpotentialwasassumedconstantinthedomain.

Shinozakietal.[208]demonstratedthepoisoningoftheplatinumsurfacebyNafion.Jin-

nouchietal.[209]usedmoleculardynamicssimulationstostudygas-ionomerandionomer-

platinuminterfacesandnotedthatthelocalresistanceismorelikelyduetotheionomer-

platinuminterface.Theresistancewasattributedtoadenserionomerlayerformedaround
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theplatinumparticles. Toaccountfortheoxygentransportlimitationduetoionomer-

platinuminteractions,aninterfacialresistanceisintroducedintothenumericalmodelat

theionomer-platinuminterface.Theinterfacialresistanceisassumedtoaccountforafinite

rateofoxygendissolutionintheionomerandliquidwaterandthelocalionomer-platinum

resistance.Thecurrentdensityattheionomer-platinuminterfacecanthusbecomputedas,

NO2·n=−kO2 c
react
O2
−ceqO2,s|i ,

=
j(creactO2

,φs,φm)

4F
,

(2.19)

whereNO2isthemolarfluxofoxygenattheionomer-solidinterface,kO2isaneffectiveinter-

facialresistance,ceqO2,s|iistheequilibriumoxygenconcentrationobtainedusingHenry’slaw

correspondingtotheoxygenconcentrationintheionomerdomain,andcreactO2
istheoxygen

concentrationattheionomer-catalystinterfaceusedforcalculatingthecurrentdensityj.φs

istheelectronicpotentialofthesolidphase.ThefirstequationinEquation(2.19)accounts

forthesolubilityresistanceandinterfacialresistanceduetotheionomerfilmtotheoxygen

transport.Thefunctionalformofthisresistanceisunknowntherefore,thefunctionalform

usedinthisworkisbasedonthatusedinreferences[211,216].Sincethisresistancehasa

linearform,itwasshiftedtothereactionsitewithoutlossofanyaccuracyinthemodel.

Thisalsohelpedtoimprovecomputationalefficiencyasthesolutionvariableforoxygen

concentrationwasthesamethroughoutthedomainandinternalfluxeswithinthedomain

didnothavetobeaccountedfor.

Thecurrentdensityatthesurfaceofthecatalystparticle,j,iscalculatedusingthedou-

bletrapkineticsmodel[201]withthefreeenergiesobtainedbyMooreetal.[202].Sincethe

doubletrapmodelcombinedwithEquation(2.19)isnon-linear,thesurfacereactionmodel

issolvedateachquadraturepoint,ineachcellattheinterface,usingaNewton-Raphson

non-linearequationsolvertoobtainthecurrentdensityatthesolid-gasinterface.Thisvalue

isthenusedasaboundaryconditionatthesolid-gasinterfaceinthemicro-scalemodel.

Thekineticmodelisusedtocomputethecurrentdensityperunitareaofplatinum.It

isnecessarytochangethisvaluetoperunitsolid-gasinterfaceareabecausetheboundary

conditionisappliedtothesolid-gasinterfaceofthereconstruction.Ifthelocationofthe

platinumparticlesisknown,theactiveareacanbedistributedonlytothosespecificlocations.

Inthiscasehowever,theexactlocationisnotknownandtherefore,theactiveareaof

platinumisdistributedoverthetotalsolid-ionomerinterface. Toestimatetheactivearea

ofplatinumperunitsolid-ionomerinterfacearea,APt,s|i,thetotalactiveareaofplatinum

inthecatalystlayer,APt,definedasactiveareaofplatinumperunitmassofplatinum,is
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obtainedfromtheexperimentallyobtainedelectrochemicallyactivesurfacearea(ECSA),

using

APt=ECSA×(Vrec)×
mPt
δCL
, (2.20)

whereVrecisthevolumeofthereconstructedCL,mPtisplatinumloadingandδCListhe

thicknessoftheCL.

Thetotalsolid-gasinterfaceareaofthereconstructioniscalculatedusing

As|i=

Γs|i

dS, (2.21)

whereΓs|iisthesolid-ionomerinterfaceboundary.Usingthetotalactiveareaofplatinum

inthecatalystlayer,APt,andsolid-ionomerinterfacearea,As|i,theactiveareaofplatinum

perunitareaofthesolid-ionomerinterfacecanbefoundoutas,

APt,s|i=
APt
As|i
. (2.22)

Theactiveareaofplatinumperunitareaofthesolid-ionomerinterfaceisusedtoconvertthe

currentdensityfromperunitareaofplatinumtoperunitareaofthesolid-ionomerinterface.

Sincethereactionwasassumedtotakeplaceattheionomer-solidinterface,thereaction

termsforbothoxygenandprotonicpotentialappearasNeumannboundaryconditions.The

boundaryconditionstosimulateelectrochemicalreactionsare,

cO2=c
in
O2

atallexternalwalls,

(−DO2∇cO2)·n=
j

4F
APt,s|i atΓs|i,

φM =φ
in
M atallexternalwalls,

−σM∇φM ·n=jAPt,s|i atΓs|i.

(2.23)

whereσM istheprotonicconductivity,c
in
O2
istheoxygenconcentrationinthegasphaseat

theboundaryandφinM istheprotonicpotentialattheboundary.Theboundaryconditions

inEquation(2.23)canbeusedforrepresentativeelementaryvolume(REV)ofaCL.This

assumesthatthedomainissmallenoughthatthechangeinoxygenconcentrationandpro-

tonicpotentialacrossthedomainisnegligible,asinthecaseofagglomeratemodels[40].

TostudytheperformanceofCLs,anothersetofboundaryconditionstosimulatethe

entireCLthicknesswereused.Theboundaryconditionstosimulatetheentirethrough-plane
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thicknessoftheCLare,

cO2=c
in
O2

atΓCL|GDM,

(−DO2∇cO2)·n=
j

4F
APt,s|i atΓs|i,

(−DO2∇cO2)·n=0 atΓ−(Γs|i∪ΓCL|GDM),

φM =φ
in
M atΓCL|Membrane,

−σM∇φM ·n=jAPt,s|i atΓs|i,

−σM∇φM ·n=0 atΓ−(Γs|i∪ΓCL|Membrane).

(2.24)

TheseboundaryconditionsarerepresentativeofoxygendiffusionfromtheCL-GDM(gas

diffusionmedia)interface(ΓCL|GDM)totheCL-Membraneinterface(ΓCL|Membrane). The

membraneandallexternalboundariesareassumedtohaveano-fluxconditionwhilethe

reactionissimulatedonionomer-solidinterface. Oxygencrossoverintothemembraneis

assumedtobezeroasthefocusofthecurrentistostudytheanalyzetheperformanceofthe

CLandnottheentireMEA.Fortheprotonconduction,aprotonpotentialisspecifiedat

theCL-Membraneinterfaceandallexternalwallsareassumedtohaveano-fluxcondition.

TheseconditionsrepresentaCLwithsymmetryconditionsinthein-planedirectionandno

oxygencross-overintothemembrane.

2.3.5 Solution methodology

Tocomputeeffectivetransportproperties,suchasdiffusivityandconductivity,thegovern-

ingequationsinSections2.3.1and2.3.2weresolvedwiththeboundaryconditionsgiven

byEquations(2.8)and(2.12),respectively.Inthisthesis,thegoverningequationsaredis-

cretizedusingtheBubnov-Galerkinfiniteelementmethod. Toobtaintheweakformof

thegoverningequationsgivenbyEquations(2.5)and(2.11),thegoverningequationsare

multipliedbyscalartestfunction(v)andthenintegratedoverthethedomain(Ω),

Ω

v[∇·(A∇u)]dΩ=0 (2.25)

whereAisatransportcoefficient(e.g.,diffusivityforthegasdiffusionandconductivityfor

thechargetransport)anduisthesolutionfunction.Usingtensoralgebra,theintegralon

theLHSofEquation(2.25)canbewrittenas:

−
Ω

∇v·(A∇u)dΩ+
Ω

∇·(vA∇u)dΩ=0, (2.26)

andusingthedivergencetheoremthesecondtermontheLHScanbesimplifiedto,

−
Ω

∇v·(A∇u)dΩ+
Γ

(vA∇u)·ndΓ=0, (2.27)
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whereΓdenotestheboundariesforthedomainΩandnistheoutwardnormaltoboundary.

Lagrangelinearelementswereusedtoapproximatethetest(v)andsolution(u)functions

intheweakformofthegoverningequation.Since,thestiffnessmatrix(K)forthelinear

systemofequationsobtainedfromEquation(2.27)issymmetricandpositivedefinite,the

ConjugateGradient(CG)methodisusedtosolvethesystemofequations.TheuseofCG

alsoresultsinanorderofmagnitudelowercomputationaltimecomparedtodirectsolvers,

suchasUMFPACK,in3D.

Forsimulationsincludingelectrochemicalreactions,theboundaryconditionsgivenby

Equations(2.23)and(2.24),arenon-linearastheydependonthesolutionvariables.In

thiscase,aPicardsolverwithadaptiveunder-relaxationwasused[257]. APicardsolver

waschoseninsteadofaNewtonmethodsothatthenon-linearboundaryconditioninthe

secondterminEquation(2.27)whichwouldappearontheJacobianmatrixifusingaNew-

tonmethodcanbemovedtoRHSoftheweak-formformulation,asitisevaluatedbased

onthesolutionatthepreviousPicarditeration.TheadvantageofusingthePicardsolver

isthatthestiffnessmatrixremainssymmetrictherefore,CGmethodcanbeusedtosolve

Equation(2.28). Further,thestiffnessmatrixdoesnotneedtobere-evaluatedatevery

Picarditeration.Formicro-scalesimulationswithseveralmilliondegreesoffreedom,these

twoadvantagessignificantlyimprovethecomputationalefficiencyofthesimulations.

ForthePicardsolver,thesolutionateachnon-lineariteration,uN+1,iscomputedusing

uN+1=(K)−1f(uN), (2.28)

whereKisthestiffnessmatrix,andf(uN)isthenon-linearrighthandsidevectorcomputed

usingthesolutionatthepreviousiterationuN.

ThesolutiontobeusedforthenextstepuN+1isthenupdatedusing

uN+1=uN+γuN+1−uN (2.29)

whereγisanunder-relaxationfactorthatdependsonthedifferencebetweenthesolutions

atthecurrentandpreviousiterations.Itiscomputedusing

γ=
γmin+(1−γmin)exp[−α(δ− )] forδ>,

1 forδ<,
(2.30)

where istheerrortolerance,andδistheL∞ normofthechangeinthesolutiongivenas

δ=maxi|u
N+1
i −uNi| (2.31)
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AsuN+1→uN,thevalueofγ→1.TwoconvergencecriteriaareusedforthePicardsolver,

uN+1−uN 2

DOFs
< abs

uN+1−uN 2

DOFs uN+1 2

< rel

(2.32)

where uN+1 2and uN+1−uN 2representstheL2normofthecurrentsolutionand

thedifferencebetweenthesolutionatthecurrentandpreviousiteration,respectively,DOFs

indicatesthetotalnumberofdegreesoffreedom,absistheabsolutetolerancewhichwas

setto10−7and relistherelativetoleranceofthesolutionwhichwassetto10−5forthe

simulations. Thesimulationsweredeemedtohaveconvergedwhenboththecriteriain

Equation(2.32)weremet.Theresidualforboththegoverningequations(Equations(2.5)

and(2.11))wasalsocomputedandanalyzedduringthePicarditerationstoensurethatthe

solutionsatisfiedthegoverningequations.

Thegoverningequationsforgasandchargetransportandelectrochemicalreactionswere

implementedintheopen-sourcesimulationtoolboxOpenFCST[229]. ThePicardsolver

withunder-relaxationwasalsodevelopedasapartoftheOpenFCSTpackage[229]. The

codedevelopedwasparallelizedtofurtherreducethecomputationalcostwhensimulating

tensofmillionsofDOFsespecially,forthenon-linearelectrochemicalsimulations.

2.3.6 Meshing

Meshingisperformedbydirectconversionoftheimagevoxelstoa3DunstructuredVTK

mesh.TheVTKmeshisgeneratedusingapythonclassdevelopedinpyFCSTwhichuses

theTVTKlibrary[258].TheVTKmeshcanbeusedtopassamicro-scalemeshwithmul-

tiplematerialIDsatthesameresolutionastheinputimage,i.e.,thecellsizeofthemesh

isthesameasthevoxelsize.TheadvantageoftheVTKmeshimplementationinpyFCST

istheabilitytopassadditionalinformationintheformof“fielddata”.Fielddatacanbe

usedtopassadditionalinformationabouteverycellinthemeshincludingtheboundaries.

Thisfeaturehasbeenusedinthiswork,forexample,topasstheporesizeofeverypore

voxel(asKnudsenRadiusfield)computedusingthePSDalgorithminSection2.2.4andthe

localthicknessoftheionomerthinfilmstotheionomervoxels(asIonomerThicknessfield;

discussedlater). TheimplementationoftheVTKwriterclassinpyFCSTandthereader

classinOpenFCSTallowsthemeshtocontainasmanyfieldsofinformationasrequired,

thereforeallowingforlocalinformationtobeembeddedinthemesh. Thiseliminatesthe

needtouseexternalmapstopassinformationwhichisrequiredforconventionalmeshing
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tools[53].

Inordertoreducethesizeandcomplexityofthecomputationaldomain,clusteridentifi-

cationisusedtoextractthepercolatingnetworkofthedifferentphasesanduseonlytheseto

generatethemeshes.Allclustersintheimagearefirstidentifiedandlabeledusingthedual

passalgorithmproposedbyHeetal.[242]forclusterlabelinginconjunctionwithHoshen

andKopelman[243]algorithm.Thepercolatingclustersforthedifferentphasestobeused

inthesimulationarethenextractedandaVTKmeshisgeneratedusingeachvoxelinthe

imagesasacellinthefiniteelementmesh.Forexample,foragasdiffusionsimulationthe

percolatingporenetworkisextractedwhereasforanelectrochemicalsimulationtheperco-

latingnetworksforgasandliquidfilledporesandionomerareextractedtogeneratethe

meshes.Thepercolatingnetworkextractionalgorithmusedinthisworkwasdevelopedby

Pant[68].

Themeshingtooldevelopedinthisworkgeneratesmeshesdirectlyfromastackofimages

therebyenablingeasymanipulationoftheimagestochangethemeshsizes.Aswillbedis-

cussedinthelaterchapters,nearestneighborinterpolationwasusedtocoarsen(reducevoxel

resolution)the3Dimagestoreducethemeshsizeandcomputationalcost.Thisallowedme

tostudytheeffectofthemeshresolutionwhichwillbediscussedlater.
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Chapter3

Analysisofliquidwatertransportin
GDLs†

ThenumericaltoolsdescribedinChapter2areusedheretostudyliquidwaterintrusionin

GDLsandtostudythecorrespondingeffectongastransport.Theobjectiveofthisstudyis

tovalidatetheclusterbasedfullmorphologyalgorithmdescribedinSection2.3.3asatoolto

predictliquidwaterintrusioninfuelcellporousmedia.Forthisstudy,aµ-CTreconstruction

ofadryGDLsampleisusedtosimulatetheliquidwaterintrusion.Thepartiallysaturated

GDLmicrostructuresobtainedfromsimulationsarecomparedtoexperimentalµ-CTimages

ofapartiallysaturatedGDL.

Section3.1providesabriefdescriptionoftheGDLmicrostructureandtheinputsused

tosimulateliquidwaterintrusion.Toassesstheaccuracyofthesimulatedliquidwaterpro-

filessimulatedandµ-CTimagesarecomparedbasedonthreemetricsnamely:i)capillary

pressure-saturationcurve(discussedinSection3.2),ii)voxelbasedcomparison(discussed

inSection3.3)and,iii)gastransportinpartiallysaturatedGDLs(discussedinSection3.4).

Section3.5providesasummaryoftheresultsforthisstudy.

3.1 Simulationsetup

µ-CTimagereconstructionsofdryandwetTorayTGP-H-120GDLwith10%PTFEcontent

previouslypublishedin[55,56]wereusedinthisstudy. Waterintrusionwassimulatedon

abinarizeddryGDLstructurehavingadomainsizeof1995µm×1995µm×281.96µm

withapixelresolutionof1.33µmineachdirectionandaporosityof65.8%.Thepartially

†Partsofthischapterhavebeenpublishedin: M.Sabharwal,J.T.Gostick,andM.Secanell,Journal
ofTheElectrochemicalSociety165(7),2018
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Figure3.1–a)SchematicoftheboundarybasedmodeforwaterintrusionintotheGDL.
b)GDLsliceattheinlet(z=0)showingtheinitialliquidwaterintrusionpoints.
(BlackindicatestheGDLfibers,whiteindicatestheemptyporesandgreyindicates
liquidwater.)

saturatedGDLmicroscopyreconstructionswereobtainedforacapillarypressurerangeof1

to8kPawith1kPaincrements.Detailsabouttheexperimentalsetup,µ-CTtechniqueand

imagethresholdingcanbefoundinreferences[55,56].

TheclusterbasedfullmorphologyalgorithmdescribedinSection2.3.3isusedtosimulate

liquidwaterintrusioninthedryGDLreconstructionobtainedfromµ-CTimages. Water

intrusionwassimulatednumericallyusingaboundarybasedmethod. Figure3.1ashows

aschematicoftheboundarybasedmethodwherewaterfromacircularreservoirregion,

showninFigure3.1b,representativeofthepipeintheexperimentalsetup,isintrudedinto

thesample.Theliquidpressureinthereservoirwasincreasedtointrudethewaterintothe

GDLbothinthethrough-plane(zdirection)andin-plane(xandydirections),asshown

bythearrowsinFigure3.1a.ThepropagationoftheliquidwaterfrontintotheGDLwas

trackedusingAlgorithm1onpage31.ThecircularregionshowninFigure3.1bonthez=0

planewasprovidedasaninputtothealgorithmastheinitialwaterintrusionpoints(Ωl).

Forthisstudy,theGDLwasassumedtobehydrophobicwithacontactangleof110◦.

Figure3.2showstheliquidwaterprofilesobtainedbysimulationintheGDLatcapillary
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Figure3.2–3DliquidwaterprofilesintheGDLobtainedusingCFMmodelatacapillary
pressureof:a)1kPa,b)4kPaand,c)8kPa.

pressureof1,4and8kPa. Duetotheclusterbasedapproachused,waterintrusions

stepsarerelativelyfastforaGDLdomainsizewith477millionDOFs. Toperforma

singlewaterintrusionstepatagivencapillarypressurethealgorithmtookanaverageof6

minutesonasinglecoreofIntel(R)Xeon(R)CPUE5-2690v2withaclockspeedof3.00

GHz.Computationtimesforwaterintrusionsimulationsareseldomreportedinliterature.

Vogeletal.[178]reportedthatboththecomputationaltimeandcost(intermsofRAM

requirement)forPNM,FMandLBMwereoftheorderof1,1.5and104-105respectively.

BasedonthevaluesreportedbyVogeletal.[178]thecomputationaltimeforPNMwouldbe

lowerthantheCFMmodelusedinthisstudybutthecomputationaltimeforLBMwouldbe

ontheorderof4-40weeksonasinglecoreprocessor.Belowthreepropertiesarecompared

betweenthenumericalliquidwaterintrusionalgorithmandµ-CTimagingresults,namely:i)

capillarypressure-saturationcurve,ii)3Dliquidwaterprofiles,iii)gasdiffusivityinpartially

saturatedGDLs.

3.2 Capillarypressure-saturationrelationship

Capillarypressure-saturationcurvesarecommonlyusedtocharacterizeliquidwatertrans-

portinporousmedia[1,97,102,183,259].Figure3.3showsthesaturationasafunctionof

capillarypressureforthesimulatedwaterintrusionusingtheCFMmodel,theexperimen-

taltomographicreconstructionsandtheex-situexperimentaldatainreference[1]forthe

samematerial.FortheCFMsimulations,aconstantcontactanglewasassignedtoallthe

poresurfaces.SincethelocalcontactanglesfortheGDLreconstructionwerenotknown
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Figure3.3–Saturationasafunctionofthecapillarypressureforwaterintrusionintoa10%
PTFETorayTGP-H-120GDLfromtomographicreconstructions(experimental),
simulatedusingtheCFMmodelwithcontactanglevariedbetween95◦-120◦and
literaturedata[1].

aparametricstudywasperformedbyvaryingthecontactanglebetween95◦-120◦inthe

Young-Laplaceequation.Anincreaseinthecontactangleforthesimulationsresultedinan

increaseinthecapillarypressurerequiredtoobtainagivensaturationwithoutanychange

intheshapeorslopeofthecapillarypressure-saturationcurve.

Comparisonofthesimulatedcapillarypressure-saturationcurvesobtainedusingthepro-

posedCFMmodeltothoseobtainedfromµ-CTimagesandpreviouslyreportedexperimental

databyGosticketal.[1]forthesamematerialinFigure3.3,showsthattheCFMmodelpre-

dictedhighersaturationsforcapillarypressuresof4-8kPacomparedtothesaturationvalues

fromµ-CTimagesandpreviouslyreportedinreference[1]forallcontactanglesused.How-

everitmustbenotedthatthesigmoidshapeofthesimulatedcapillarypressure-saturation

curveresemblestheexperimentaldatabyGosticketal.[1]. Thedifferenceinthesatura-

tionvaluesatagivencapillarypressurebetweenthesimulationandexperimentsislikely

duetotheuseofa180◦contactangleforestimatingtheporesizes.Thedifferentcontact

anglesusedinFigure3.3fortheCFMsimulationsaremerelyafittingparameterusingthe

Young-Laplaceequation. AlthoughtheCFMpredictedcapillarypressure-saturationcurve

forthesampleusedinthisstudyisquitedifferentfromtheµ-CTandliteraturecurves,a

FMmodelhasbeenshowntobeabletopredictthecapillarypressure-saturationcurvefor

SGLTM24BA[176]. Therefore,analysisofdifferentsamplesmightbetoimprovethelimi-

tationsoftheCFMmodel.Schulzetal.[183]proposedanimprovementtotheFMmodel

bycreatingfictitioussphereswithdiametersincreasedbythecosineofthecontactangleto

accountforthewettabilityofthewalls.Althoughthisisanimprovementoverthetradition-

allyusedFMmodel,itwouldbedifficulttomodeltherealGDLsurfaceswheremultiple
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Figure3.4–Imagesshowingthesimulatedwaterdistributionforcontactangleofa)100◦,
b)110◦and,c)120◦atasaturationof39%at50%through-planedepthofthe
GDL.(BlackindicatestheGDLfibers,whiteindicatestheemptyporesandgrey
indicatesliquidwater.)

contactanglesmightexistalongthewallsofthesamepore.Themethodusedinthisstudy

tofitthecapillarypressurewithacontactangleusingtheYoung-Laplaceequationisan

approximationandafuturestudywouldinvestigatetheimplementationofamoreaccurate

representationofthelocalcontactangleintheGDL.

Figure3.4showstheliquidwaterdistributionatasaturationof39%athalfthrough-

planedepthoftheGDLreconstructionusingcontactanglesof100◦,110◦and120◦.Itcan

beseenthatforthesamesaturation(of39%)theliquidwaterdistributionforthedifferent

contactanglesisidenticalintheGDLduetothereasonsexplainedearlier.Itmustalsobe

notedthatfortheCFMsimulationstheeffectofthecontactangleonthesaturationand

waterdistributioncanbeneglectedaslongasthewettability(i.e.,hydrophobicityofthe

pores)ismaintainedandtherefore,thecontactanglecanbeusedasafittingparameter.

Thiswarrantsthecomparisonofthewaterdistributionbetweentheµ-CTimagesandCFM

simulationsofthepartiallysaturatedGDLsatsimilarsaturationsratherthancapillarypres-

surewhichwillbediscussedinSection3.3.

3.3 Liquidwaterdistributions

Capillarypressure-saturationcurvesprovideaveragedinformationabouttheliquidwater

transportthroughthewholeporousmedia.Howevertovalidatetheprofileanddistribution

ofliquidwaterintheporousmedia,aone-to-onecomparisonmustbemadebetweenthe
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numericallysimulatedandmicroscopyreconstructed3Dliquidwaterdistributions.Tovali-

datetheliquidwaterintrusionalgorithmdevelopedinthisstudy,the3Dwaterdistributions

fromthesimulationswerecomparedtothe3Dwaterdistributionsfromµ-CTimages.In

ordertocompareliquidwaterdistributionswiththesamevolumefractionofwater,simu-

lationsandexperimentswerecomparedatsimilarsaturationvalues.Itmustbenotedthat

sincethesimulationusesadiscreteporesizedistributionoftheGDLobtainingidentical

saturationvaluesastheexperimentsisdifficult.Toachievesimilarsaturationvaluestothe

experiments,thenumberofstepsninAlgorithm1wasincreasedto100.

Figures3.5and3.6showacomparisonoftheexperimentalandsimulatedliquidwater

distributionsinthex-yplaneat25%,50%and75%through-plane(z)depthoftheGDL

fromtheinletatasaturationofnearly30%and46%respectively. Comparingtheliquid

waterdistributionbetweenthesimulationsandexperimentsinFigure3.5,itcanbeseen

thatthesimulatedwaterclustersinFigures3.5b,3.5dand3.5fappearinsimilarregions

asthoseseenintheµ-CTimagesinFigures3.5a,3.5cand3.5e. Howeverthesimulated

waterclustersappearmorediscretecomparedtotheliquidwaterclustersfromtheµ-CT

images.Thediscretenatureofthesimulatedliquidwaterclustersalsoexistsatthehigher

saturationofnearly46%asshowninFigures3.6b,3.6dand3.6f. Additionally,forboth

thesaturations,i.e.,30%and46%,thesimulationpredictsexcessiveliquidwaterclusters,

especiallyneartheoutlet,comparedtotheexperimentalreconstructionsasshownbythe

comparisonofFigures3.5eand3.5fandFigures3.6eand3.6f.

Basedonthecomparisonoftheliquidwaterdistributions,twoissuesexistbetweenthe

simulatedandexperimentalwaterdistributions. Thefirstoneisthepresenceofdiscrete

capillaryfingersofliquidwaterinthesimulationscomparedtothelargerclustersinthe

µ-CTimages.Thediscreteliquidwaterclustersseeninthesimulatedliquidwaterdistribu-

tionsinFigures3.5and3.6canbeattributedtothealgorithmusedforestimatingthepore

sizesfortheGDL.Figure3.7showstheporesizedistributionandliquidwaterdistribution

ats=32.01%foraGDLsliceat50%through-planedepth.AsdiscussedinSection2.3.3,

thePSDalgorithmassignssphericalradiitothepores. Therefore,porevoxelswhichare

closertothefibersorinbetweentwolargeporesareassignedasmallerporeradiusasshown

inFigure3.7a. Consequently,theliquidwaterdoesnotintrudetheseporesasshownin

Figure3.7bwherethecapillarypressureis3.12kPacorrespondingtoallporeswithradius

biggerthan15.9µmthatareconnectedtothewaternetworkbeingflooded.Notethatthis

algorithmissimilartothatusedinpreviousFMresultsforfuelcellporousmedia,e.g.,ref-

erences[102,113,176,184],thereforeitislikelythatthepreviousworkexperiencedsimilar

problems. TheFMliquidwaterdistributionsshownbyAgaesseetal.[176]alsoshowed
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Figure3.5–Imagesshowingtheliquidwaterdistributionfroma)experimentalreconstruction
andb)CFMsimulationat25%through-planedepthfromtheinlet,c)experimental
reconstructionandd)CFMsimulationat50%through-planedepthfromtheinlet,
e)experimentalreconstructionandf)CFMsimulationat75%through-planedepth
fromtheinlet. Theexperimentalreconstructionhadasaturationof30.43%ata
capillarypressureof4kPa. TheCFMsimulationhadasaturationof32.01%at
acapillarypressureof3.12kPa.(BlackindicatestheGDLfibers,whiteindicates
theemptyporesandgreyindicatesliquidwater.)

52



Figure3.6–Imagesshowingtheliquidwaterdistributionfroma)experimentalreconstruction
andb)CFMsimulationat25%through-planedepthfromtheinlet,c)experimental
reconstructionandd)CFMsimulationat50%through-planedepthfromtheinlet,
e)experimentalreconstructionandf)CFMsimulationat75%through-planedepth
fromtheinlet. Theexperimentalreconstructionhadasaturationof46.79%ata
capillarypressureof6kPa. TheCFMsimulationhadasaturationof45.19%at
acapillarypressureof3.26kPa.(BlackindicatestheGDLfibers,whiteindicates
theemptyporesandgreyindicatesliquidwater.)
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Figure3.7–Imagesshowinga)theporesizes,andb)simulatedliquidwaterdistributionats=
32.01%foraGDLsliceat50%through-planedepthfromtheinlet.Theporesizes
areindicatedbythecorrespondingcolorbar. Fortheliquidwaterdistribution,
blackindicatestheGDLfibers,whiteindicatesemptyporesandgreyindicates
liquidwater.

alargernumberofclusterscomparedtotheexperimentaldistributions.Since,Agaesseet

al.[176]didnotshow2DprofilesoftheliquidwaterdistributionsintheGDLslicesitwas

difficulttoobservethegranularityinthesimulatedliquidwaterdistribution.Similardiscrete

capillaryfingerscanalsobeseenintheFMsimulationresultsoncompactedsilicasandby

Kimetal.[196].Imageprocessingoperationstobetterdiscretizethevoidspaceintopores

usingadvancedmethodsanalogoustothosedevelopedforporenetworkextraction[176,260]

couldhelpimprovethegranularityoftheliquidwaterdistribution.Anotherimprovementto

thecurrentmodelcouldbetheuseofPurcelltoroidmodel[261]insteadoftheYoung-Laplace

equationtoaccountfortheliquidwaterintrusion.TheseimprovementstotheexistingCFM

modelwillbeinvestigatedinalaterstudy.

Thesecondissueisthepredictionofexcessiveliquidwaterclustersinthesimulations

asseeninFigures3.5d,3.5f,3.6dand3.6f.Thisislikelyduetothevariationofthelocal

contactangleintheGDLporeswhichhasnotbeenaccountedforinthesimulations.

Althoughtheprimarysourceoferrorbetweenthesimulatedandreconstructedliquid

waterprofilesisattributedtotheformulationofthenumericalmodel,theuncertainties

associatedwiththeexperimentalsetupandµ-CTimagesmustalsobepointedout.It

mustbenotedthattheµ-CTimageswereobtainedusingmanualsegmentationofgrey-
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Figure3.8–Liquidwaterdistributionsfromµ-CTimagesatacapillarypressureof3kPa.
Theprofileiscoloredbasedontheconnectivitywiththecolorbarshowingthe
disconnectedregionsidentifiedinthe3Dwaterprofile.)

scaleimages[56]whichmighthaveresultedinanoverpredictionoftheconnectivityofthe

liquidclusters. Detailsoftheexperimentalmethodsandimageprocessingprocedurescan

befoundin[56].InconsistenciesinthereconstructionscanbeseeninFigure3.8wherea

liquidwatercluster(neartopedge)isoriginatingfromtheoutletwhichissupposedtobe

incontactwithahydrophobicmembrane. Thiswouldaffecttheboundaryconditionfor

theCFMsimulationswheretheoutletfaceincontactwiththehydrophobicmembraneis

assumedtobenon-penetrablebytheliquidwater. Further,theliquidwaterbehaviorin

thehydrophilicmembranemightalsoinfluencetheboundaryconditionfortheliquidwater

intrusionattheinletface.Thisindicatestheneedforwellcontrolledexperimentstogether

withdevelopmentofoptimalreconstructionalgorithmstoreduceuncertaintiesduetoimage

analysis,leaksinthesystemandevaporation.Thesewouldalsofacilitatethedevelopment

ofmorerepresentativenumericalmodels.

Figure3.9showsthelocalaveragesaturationprofilesinthethrough-planedirectionfor

thecasesdiscussedabove.Localaveragesaturationprofilesareobtainedastheratioofthe

numberofpixelsassignedtothewaterphasetothesumofpixelsinthevoidandwater

phaseina2Dcross-section(XYplane)atagivendistancefromthebottom(inletplane)of

theGDL.Theexperimentalreconstructionsexhibitasteepergradientinthelocalsatura-

tionacross25-75%ofthrough-planedepth.Saturationgradientsof22.17%and17.97%are

observedats=30.43%and46.79%intheµ-CTimages,respectively,comparedto11.15%

and6.1%variationinthecorrespondingsimulations.Thelocalsaturationprofilesfromto-

mographyandsimulatedwaterdistributionsexhibitlessthan8%discrepancyinsaturation

between25%-75%ofthrough-planedepthforboththesaturationcases.Thetomographic

waterdistributionsshowalargervariationinthelocalsaturationfrominlettooutletcom-
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Figure3.9–Localsaturationprofilesinthethrough-planedirectionforthetomographicand
simulatedliquidwaterdistributionsforthecasesdescribedinFigures3.5and3.6.

paredtotheCFMwaterdistributions.Further,itcanbeseenthatthenumericalsimulations

areaffectedbytheboundarieswhichresultinanextremaneartheinletandoutlet. This

islikelyduetotheporesizecomputationalgorithmwherethedistancetransformnearthe

edgesiscomputedbylookingfortheclosestsolidvoxelwithinthedomain.Thisleadstothe

creationoflargerbutincompletesphericalporesnearthedomainboundarieswhichresult

inthelocalpeaksinsaturationneartheinletandoutlet.

Inordertoquantifytheagreementbetweenexperimentalandnumericalresultsthenum-

berofliquidwatervoxelswhichareidenticalinbothimagesasafractionofthetotalliquid

watervoxelsisshowninFigure3.10. Therandomdistributionlineindicatestheaverage

agreementthatwouldbeobtainedifwaterwasassignedrandomlytothevoidspacefora

givensaturation.Sincehighersaturationmeansmoreporeswillhavewater,theprobability

thatapixelwouldbeassignedtothewaterphaseincreasesproportionallywithsaturation.

Comparingtheagreementofthesimulationstotheaveragerandomline,itcanalsobeseen

thattheproposedmodelprovidessignificantlyhigheraccuracy(15-40%)comparedtoaran-

domwaterdistribution.Figure3.10showsthatforsaturationsbetween29-50%theCFM

modelisabletopredict56-60%oftheliquidwatervoxelsobservedintheµ-CTimages.

Thequantitativeone-to-onecomparisonoftheliquidwaterdistributionsfromtheexperi-

mentalµ-CTimagesandnumericalsimulationusingFMmodelshowsthatthedeveloped
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Figure3.10–Percentageofidenticalwatervoxelsfromtheexperimentalandsimulatedwater
distributionsasafunctionofthesaturation.

CFMmodelisabletopredicttheliquidwaterintrusionintheGDLforsaturationsinthe

range29-100%withaaccuracyof56%andhigher.Inthe6-29%saturationregion,whichis

ofparticularinterestforfuelcellsimulations,µ-CTdatawasnotavailable.Therefore,the

accuracyoftheCFMalgorithmcannotbeestimatedinthisregion,howeveritislikelytobe

between40and60%basedontheresultsathighersaturationsaswellastheresultsfrom

Agaesseetal.[176]wheresimilaragreementisobservedusingaFMapproach.

AlthoughtheaccuracyoftheCFMmodelforasaturationof6%isonly22%,thisismuch

higherthanarandomdistributionofliquidwaterwhichwouldhaveanaccuracyoflessthan

6%(withthevalueapproaching6%foralargenumberofrealizations).Thissuggeststhat

thenumericalmodelisabletocapturesomeofthecharacteristicsofthewaterintrusion

evenattheselowsaturations.Asdiscussedearlier,thereareseveraluncertaintiesassociated

withtheµ-CTimages,primarilytheboundaryconditionsthatshouldbeusedattheinlet

andoutletoftheGDL,andsimulationsparameterssuchaslocalwettabilityandcontact

angleintheGDLpores. Therefore,thecurrentlevelofagreementbetweenthesimulated

andexperimentalwaterdistributionswasdeemedacceptable. Thisfigurealsoprovidesa

quantifiablebenchmarktocomparefuturemodelstostudyliquidwaterintrusion.

57



3.4 GastransportinpartiallysaturatedGDLs

LiquidwaterdistributionpredictionswererequiredinordertopredicttransportintheGDL

atvaryingsaturationlevels.Inordertoanalyzeifthecurrentlevelofaccuracyonwater

distributionwasappropriatetoestimatetransportproperties,theproposedCFMmodel

wasusedtogeneratetheporespaceavailabletogastransportforpartiallysaturatedmedia

andtheresultsofmasstransportsimulationswerecomparedtotheeffectivediffusivity

predictionsobtainedfromsimulationsonthewetµ-CTimages. Thiscomparisonwould

determinewhetherthecurrentlevelofaccuracyinthewaterdistributionisappropriateto

predictgastransportinthepartiallysaturatedGDL.

3.4.1 DryandwetdiffusivityofGDL

AsdescribedinSection2.3.6,gastransportwassimulatedonthepartiallysaturatedGDL

reconstructionsbydirectconversionoftheimagevoxelstomeshcells.Toimprovecompu-

tationalefficiency,thecellresolutionwascoarsenedto2.66µminalldirectionsfromthe

original1.33µm.GastransportwassimulatedusingFick’ssecondlawasdescribedinSec-

tion2.3.1. TheaveragesimulationtimeforthedryGDLsamplewithnearly46million

DOFs(domainsizeof1.995mm×1.995mm×0.282mm)was3.6hoursonasinglecore

ofIntel(R)Xeon(R)CPUE5-2690v2withaclockspeedof3.00GHz.

Figure3.11showstheformationfactorintheCartesiandirectionsasafunctionofthe

saturationforthepartiallysaturatedGDLreconstructionsfromµ-CTdataandnumerical

simulationsusingCFMmodel.Formationfactorisdefinedastheratiooftheeffectivedif-

fusivitytothebulkdiffusivity. Atzerosaturation,theformationfactorinthex,yandz

directionis0.418,0.404and0.224respectively.Theaveragein-plane(xandy)formation

factoris0.411forthedryGDLreconstructionwhichagreeswithexperimentalin-planefor-

mationfactorvaluesintherangeof0.31-0.54[66]fortheTorayTGP-H-120samplewith

10%PTFEloadingandporosityintherangeof0.61-0.73.Thethrough-plane(z)formation

factorforthedryGDLreconstructionis0.224whichisalsoinagreementwithpreviously

reportedexperimentalvaluesintherangeof0.14-0.33forToray120samples[2,129,130].

Theformationfactorinalldirectionsdecreaseswithanincreaseinsaturation. Ata

givensaturation,theformationfactorfortheliquidwaterdistributionsfromCFMmodel

(solidline)ishigherthanthoseobtainedfromtheµ-CTimages(dashedline)inthexand

ydirection.Howeverthedifferenceintheformationfactorvaluesforthexandydirection

betweentheµ-CTandnumericalreconstructionsofthepartiallysaturatedGDLsislessthan

20%forsaturationsbelow40%.Forhighersaturations,thedifferenceintheformationfactor
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Figure3.11–Variationoftheformationfactorinthex,yandzdirectionswithsaturation
oftheGDLfromµ-CTandnumericalreconstructionscomparedtopreviouslyre-
portedliteraturedataforpartiallysaturatedTorayTGP-H-120GDLs[2,3].For
thenumericalandµ-CTimages,xandyarein-planedirectionsandzisthrough-
planedirection.Tranteretal.[3]measuredthein-plane(IP)diffusivityofpartially
saturatedTorayTGP-H-120GDLwith5%PTFE.Hwangand Weber[2]measured
thethrough-plane(TP)diffusivityofpartiallysaturatedTorayTGP-H-120GDLs
with10%PTFEloadings.
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valuesincreasestonearly67%fors=42%.Theformationfactorinthezdirectionisnearly

identicalforboththeCFMandµ-CTimagesatdifferentsaturations.

Thehigherdeviationobservedinthein-planeformationfactorsforsaturationsabove

40%mightappearasasurprisebecausetheaccuracyoftheliquidwaterdistributionfor

thesecasesisabove60%whereasforsaturationsbelow40%theaccuracyoftheliquidwa-

terdistributionislower.Toanalyzethereasonforthelargerdiscrepancyinthepredicted

effectivediffusioncoefficientsathighsaturationlevels,saturationprofilesforGDLslicesin

thexandydirectionareshowninFigure3.12atlowandhighsaturationlevels.Saturation

profilesforGDLslicesinthezdirectionaregiveninFigure3.9forthesamesaturation

levels.Figure3.12showsthattheµ-CTimagesexhibitamuchlargervariationinthelocal

saturationcomparedtotheCFMsimulationsathighsaturationwithlocalsaturationin

certainregionsashighas70%. Thehighsaturationlocalareasleadtoasignificantdrop

intheeffectiveporosityintheseregionsandconsequentlyasharpdecreaseintheeffective

diffusivity. ThesepeaksarenotseenintheCFMsimulationswherethelocalsaturation

increasesnearlyuniformlythroughthewholedomain.Thisexplanationisfurtherstrength-

enedbythelossofapercolatingporepathinthexdirectionintheµ-CTimagesata

saturationof76%whichisalsonotobservedintheCFMsimulationpredictions.Figure3.9

showsthatlargevariationinsaturationarenotobservedinthezevenathighsaturation,

andinthisdirectionthereisamuchhigheraccuracyforthethrough-plane(z)formation

factor. Thepeaksinµ-CTreconstructioncouldbeduetoahigherwateraffinitytowards

theseregionsduetoalowercontactangle,ortoissueswithreconstructedimagesasshown

inFigure3.8. Assumingtheformer,thedifferenceinthegrowthofthelocalsaturation

peaksbetweentheµ-CTreconstructionandnumericalsimulationsislikelyduetochanges

inlocalcontactangles.Experimentalknowledgeoflocalcontactanglesandimprovements

totheCFMmodelmighthelptobettercapturethegradientsinthelocalsaturationprofiles.

Figure3.11alsoshowsacomparisonoftheformationfactorsforpartiallysaturatedGDLs

fromµ-CTandCFMsimulationstopreviouslyreportedliteraturedataforTorayTGP-H-

120GDLs[2,3].Tranteretal.[3]measuredthein-planediffusivityforpartiallysaturated

TorayTGP-H-120GDLwith5%PTFE.Thesimulatedformationin-plane(xandy)factors

fortheµ-CTandCFMsimulationshaveamaximumformationfactordifferenceof±0.05

comparedtotheexperimentalvaluesinreference[3].

Hwangand Weber[2]measuredthethrough-planediffusivitiesforTorayTGP-H-120

GDLwithdifferentPTFEloadings.Hwangand Weber[2]datafor10%PTFEhadahigher

porositythantheµ-CTreconstructionusedinthisstudy,0.73vs0.66.ThewetTPforma-
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Figure3.12–In-plane(xandy)localsaturationprofilesfromtheCFMsimulationsand
µ-CTimagesforanaveragesaturationofa)30.43%inµ-CTimagesand32.01%
innumericalsimulationsandb)46.79%inµ-CTimagesand45.19%innumerical
simulations. Theprofilesareforthesameliquidwaterdistributionsshownin
Figures3.5and3.6,respectively.

tionfactorsreportedbyHwangand Weber[2]arenearlytwicetheTP(z)formationfactors

fortheµ-CTandCFMsimulatedpartiallysaturatedGDLs.Thisdifferencecouldbedueto

variabilityofthematerialhowever,itisdifficulttoexplainthediscrepanciesbasedonthe

currentstudy.

ThepresentanalysisshowsthatthedifferenceintheIPandTPformationfactorsbetween

theµ-CTandCFMsimulatedstructureswaslessthan20%forsaturationsbelow40%.

Otheralgorithms,suchasLBM,VOForLagrangian-Eulerianformulation,mightbeable

topredictmorerealisticwaterdistributionsbutgiventhegoodagreementbetweenµ-CT

andCFMeffectivediffusivitypredictionsthisimprovementmightnotjustifytheincreased

computationalexpense.

3.4.2 Effectofvoxelsize

TheGDLreconstructionusedinthecurrentstudywasextremelylarge(470millionvoxels)

andrequiredlargecomputationalresources(RAMandCPUtime)toperformthenumerical

simulations. Tocircumventthisproblemcoarseningtheimageresolutiontodecreasethe

voxelcount(andhencethecomputationalrequirement)wasexplored.Threesectionswere

extractedfromthedryGDLreconstructionandcoarsenedbyfactorsof2and4,correspond-

ingtovoxelresolutionof2.66µmand5.32µmineachdirection,respectively,toquantifythe

relativedifferenceintheformationfactorfordiffusionwithrespecttothevoxelresolution.
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ThethreestackslabeledasStack1,Stack2andStack3haddimensionsof931µm×931

µm×281.96µm(700×700×212voxels),532µm×532µm×281.96µm(400×400

×212voxels)and532µm×532µm×281.96µm(400×400×212voxels),respectively,

andweretakenfromdifferentpartsofthedryGDLreconstruction.Forthepartiallysatu-

ratedconditions,Stacks1,2and3wereselectedfromthesamelocation(asthedryGDL

reconstruction)fromtheµ-CTGDLreconstructionatanaveragesaturationof46.79%and

capillarypressureof6kPa.

Table3.1showstheformationfactorsinthein-plane(xandy)andthrough-plane

(z)directionforStack1atdifferentvoxelresolutionsunderdryandpartiallysaturated

(sglobal=46.79%,pc=6kPa)conditions.SimilarcomparisonsforStacks2and3canbefound

inTables3.2and3.3.Itwasensuredthatcoarseningofthevoxelresolutiondidnotaffect

theporosityandpercolatingporevolumeandthechangeintheporosity,percolatingpore

volumeandsaturationwaslessthan1%oftheoriginalvalue.Theerror()definedas,

=
Fcoarse−Foriginal
Foriginal

×100. (3.1)

Theformationfactorsunderdryandpartiallysaturatedconditionsincreasewithade-

creaseinthevoxelresolutionforallthestacks. Underdryconditions,itwasfoundthat

applyingacoarseningfactoroftwoandfourresultsinanoverestimationoftheformation

factorsofatmost4.35%and22%respectively,forallthreecases.Everylevelofcoarsening

reducesthecomputationtimebyafactorofapproximately10fromtheoriginalimagecom-

putationtimeofabout25,000seconds.

ForthepartiallysaturatedGDL,thelocalsaturationinthethreestackswasdifferent

fromtheaveragesaturationoftheentireGDLduetothestacksbeingextractedfromdifferent

locationsofthefullGDLmicrostructure.Stack1hadthehighestlocalsaturationof62.52%

whichledtoasignificantdecreaseintheformationfactor.ForthepartiallysaturatedStack

1,the2Xand4Xcoarseningledtoanaverageoferrorof9%and33%respectively,inthe

in-planeformationfactor.Thethrough-plane(z)formationfactorforStack1wasextremely

low(orderof10−4)therebythecoarseningledtoextremelyhigherrorsof80-360%.ForStack

2andStack3thelocalsaturationswere17.46%and44.88%respectively. Thecoarsening

forStack2andStack3showedasimilartrendtothedryformationfactors.Therefore,the

coarseningfactorof2X,usedinSection3.4.1,wasdeemedtobeacceptableasitresultedin

lessthan7%errorintheformationfactorexceptfornearsaturationthresholdvalue.The

relativelylowerrorintheeffectivediffusivityduetocoarseningalsoindicatesthattheµ-CT

imagesfortheGDLcouldbeimagedwithahigherpixeldimensionwithoutlossofaccuracy

fortransportstudies.
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3.5 Summary

Theclusterbasedfullmorphologyalgorithmdevelopedbytheauthorwasusedtosimu-

latewaterintrusioninµ-CTreconstructionofaTorayTGP-H-120GDLwith10%PTFE

content.Thesimulatedwaterdistributionswerecomparedtoµ-CTimagesoftheGDLat

differentsaturationsusingthreemetrics,namely,capillarypressure-saturationcurve,liquid

waterdistributionsandeffectivediffusivity.Comparisonofthecapillarypressure-saturation

curvesbetweentheµ-CTimagesandCFMsimulationsshowedthattheshapeofthecapillary

pressure-saturationcurvewassimilartothepreviouslyreportedliteraturedataforthesame

sample. Aparametricstudyforthecontactangleshowedthatanincreaseinthecontact

angleshiftedthecurveforwardonthecapillarypressureaxiswhilethewaterdistributionsat

thesamesaturationwereunaffected.Anydisagreementinthecapillarypressure-saturation

curvemightbeattributedtoeitherthelimitationsoftheFMapproach,whichrelieson

sphericalpores,orissueswiththeexperimentalsetup.Averygoodagreementbetweenthe

capillarypressure-saturationcurvesfromFMandµ-CTimageswasshownbyAgaesseet

al.[176]usingasimilarapproach. Therefore,numericalstudyonmultipledatasetsisre-

quiredtoidentifythereasonsforthisdeviationandimprovetheCFMmodel.

Aone-to-onecomparisonofthewaterdistributionsatsimilarsaturationsbetweenthe

µ-CTimagesandCFMsimulationsshowedgoodagreement,withmorethan56%oftheliq-

uidwatervoxelsatidenticallocationsforsaturationsbetween29-100%.Atlowersaturation

theagreementwaslower. Agreementatlowersaturationsisalsoneededassaturationsof

8-25%areexpectedinGDLmaterialsduringfuelcelloperation[167,168,262]. Amajor

differencebetweentheCFMandµ-CTwaterdistributions,wastheappearanceofsmall,

discreteliquidwaterclustersintheCFMsimulationscomparedtothelargerwaterclusters

intheµ-CTimages.Thiswaspartlyduetothespherefittingalgorithmusedforthestudy

whichfittedsmallerspheresneartheGDLfibers.Furtherimprovementofthenumerically

predictedwaterdistributionswouldrequireknowledgeofthewettabilityandcontactangles

forthelocalporewallsaswellasdevelopmentofbetteralgorithmstocharacterizethepore

sizes.AlthoughthisinformationisdifficulttoobtainforthecommonlyusedGDLmaterials,

itmightbeavailableforradiationgraftedGDLs[263]wherecontrolledHIandHOregions

canbeengineeredwithinGDLs.

GastransportwasstudiedonthedryandpartiallysaturatedGDLsusingFick’ssecond

law. TheeffectivediffusivityvaluescomputedforthedryGDLsamplewerefoundtobe

ingoodagreementwithpreviouslyreportedexperimentaldatainliterature. Forthewet

effectivediffusivityvalues,theCFMpredictedliquidwaterdistributionsweresufficientto
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predictthein-planeeffectivediffusivityvalueswithlessthan20%errorforsaturationsbelow

40%.Thesignificantdropinthein-planeeffectivediffusivityvaluesfortheµ-CTimagesat

saturationsgreaterthan40%wasattributedtothehighlocalsaturationvariationsobserved

inthein-planedirection,whichcreatebottlenecksinthepercolatinggasnetworkandeven-

tuallyleadtothelossofapercolatinggasnetwork. Thereasonforhighlocalsaturations

observedintheµ-CTimagesislikelyalowercontactangleinsomeregionswhichwasnot

accountedforintheCFMsimulationswherethecontactanglewasconsidereduniform.The

through-planeeffectivediffusivitiesweresimilarforboththeCFMandµ-CTsimulations

whichwaslikelyduetoabetteragreementinthelocalsaturationprofilesinthethrough-

planedirection. Thepredictedin-planediffusivitiesalsoagreedwellwithliteraturedata

whilethepredictedthrough-planediffusivitieswereunderestimatedbyafactorof2com-

paredtotheexperimentaldata. Thisdiscrepancywasattributedtothedifferencesinthe

predictedsaturationdistributionsandmaterialvariabilitywhichwasdifficulttoanalyzein

thecurrentstudyduetoonlyone3DreconstructionavailablefortheGDL.
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Chapter4

AnalysisofgastransportinCLs†

Inthischapter,thestatisticalanalysistoolsandnumericalmodelsareusedtostudythe

effectofporosityandliquidwatersaturationonthegastransportinCLsisdiscussed.

Section4.1discussestheCLreconstructionsusingfocusedionbeam-scanningelectronmi-

croscopy(FIBSEM)andstochasticreconstructions.Stochasticreconstructionswithvarying

porositiesweregeneratedusingthereconstructionalgorithmdescribedinSection2.1.2.Sec-

tion4.2discussesthecomparisonofthestatisticalfunctionsofthestochasticreconstructions

tothecorrespondingfunctionsfromaCLreconstructionobtainedusingFIBSEM.Thisanal-

ysiswasusedtodeterminetheparametersforthereconstructionalgorithm.Theeffectof

porosityoneffectivegasdiffusivityoftheCLispresentedinSection4.3.Section4.4shows

thevariationoftheeffectivediffusivityasafunctionoflocalsaturationintheCLforarange

ofporosities.Theparametricstudyisusedtodevelopacorrelationtopredicttheeffective

diffusivityoftheCLasafunctionoftheporosityandsaturation.

4.1 Catalystlayerreconstruction

Athin,low-loadinginkjetprintedCLwithaPtloadingof0.025mg/cm2andionomerload-

ingof30%byweightwasimagedusingFIBSEM.Thefabricationmethodhasbeendescribed

indetailbyShuklaetal.[38].ThedetailedprocedurefortheFIBSEMhasbeendescribed

bySabharwaletal.[51]. TherawFIBSEMimageswerealignedusingtheregistrational-

gorithmdescribedinSection2.1.1.1. Thealignedimageswereenhancedusingapplying

contrastlimitedadaptivehistogramequalization[230]followedbyGaussianblurring[231].

TheimprovedimageswerethensegmentedusingtheSauvolaalgorithm[94]witha3Dneigh-

†Partsofthischapterhavebeenpublishedin:
1. M.Sabharwal,L.M.Pant,A.Putz,D.Susac,J.Jankovic,andM.Secanell,FuelCells16(6),2016
2. M.Sabharwal,L.M.Pant,N.Patel,and M.Secanell,JournalofTheElectrochemicalSociety166(7),
2019
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Figure4.1–3-Dreconstructionofthesolid-porenetworkfromtheFIBSEMimagingofthe
InkjetCL(theporeandsolidnetworksareshowninredandblue,respectively).

borhooddescribedinSection2.1.1.2.TheFIBSEMreconstructedCLhaddimensionsof848

nm×447nm×1220nm(424×176×61pixels)andaporosityof39.7%.Figure4.1shows

the3DmicrostructureoftheFIBSEMreconstructedCLwiththeporesbeingredandsolid

inblue.

TheoverlappingspherebasedalgorithmdescribedinSection2.1.2wasusedtogenerate

multiplestochasticreconstructionstostudythegasdiffusivityasafunctionofporosityand

saturation.However,itisimportanttodeterminethestatisticalequivalenceofthestochas-

ticreconstructionscomparedtothestructureofarealCL.Statisticalcorrelationfunctions

suchasporesizedistribution,two-pointcorrelationfunctioninthevoidphase(Sv2(r))and

chordlengthfunctioninthevoidphase(Cv(r))wereusedasparameterstoquantifythe

representativenessofthestochasticreconstructionscomparedtotherealCLmicrostructure

obtainedfromFIBSEM.

Forthecomparison,stochasticreconstructionswithaporosityof40%similartothe

porosityof39.7%fromtheFIBSEMmicrostructurewereused.Adomainsizeof600nm×

600nm×600nmwithavoxelresolutionof2nmineverydirectionwasused.Thedomain

sizewascalculatedbasedonthefindingsbySabharwaletal.[51]whereadomainsizeof

nearly500nmineverydirectionwasfoundtoprovidearepresentativeelementaryvolume

forgastransport.Sincetheparticleradiusforthesphericalparticlesusedtogeneratethe
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(a) (b)

Figure4.2–Poresizedistributionfor10reconstructionswithrd=40nmanda)ψ=1,and
b)ψ=0.3.

stochasticreconstructionswasnotknown,aparametricstudywasperformedonthespheri-

calparticleradiustodeterminethevaluethatwouldbetterrepresenttherealCLstructure.

Thesphericalparticleradiuswasvariedbetween20-50nm(10-25voxels),basedonthe

reportedsizeofaprimarycarbonparticle[264]and10reconstructionsweregeneratedfor

eachsetofparameterstoensurestatisticalsignificanceoftheresults.Inthecurrentstudy,

theparticlesizeforeachreconstructionwasconsideredconstanteventhoughinrealitythe

carbonparticleswouldhaveaparticlesizedistribution[264].Theeffectofmultipleparticle

sizeswillbeevaluatedinafuturestudy.Forthisstudy,thepenetrationparameter(ψ)was

setto1allowingfreepenetrationofthespheressothatonlytheparticleradiuswasthe

unknownparameter.Figure4.2showstheeffectofψforthe10reconstructionswithrd=

40nm.Limitingthedegreeofpenetration,i.e.,reducingtheamountofoverlappermitted

betweenspheres,resultsinadecreaseintheporesizesasshownbythenarrowingofthe

PSDcurve.Further,themeanporeradiusdecreasesfrom26.6nmto19.3nmwhenψis

changedfrom1to0.3.AdetailedstudyontheeffectofψonthemicrostructureoftheCL

willbeperformedinafuturestudy.

Stochasticreconstructionswithrdof20nm,30nm,40nmand50nmandψ=1were

generatedwithporosityof0.4.Foreachcase,10stochasticreconstructionswereperformed

togaugethestatisticalsignificanceoftheresults.Statisticalfunctionswerecomputedfor

eachofthereconstructionswithdifferentrdvaluesandcomparedtothoseobtainedfromthe

FIBSEMdataset.
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(a) (b)

Figure4.3–a)Two-pointcorrelationfunction,andb)chordlengthfunctionforthepore
phaseinthex,yandzdirectionfortheFIBSEMCLreconstruction.

4.2 StatisticalanalysisofCLs

Figure4.3ashowsthetwo-pointcorrelationfunctioninthex,yandzdirectionsforthe

porespaceintheFIBSEMCLreconstruction.Thetwo-pointcorrelationfunctionsareequal

totheporosityofthesampleatadistanceofzeroandstabilizetoavalueof2
V atvery

largedistances.Thecorrelationfunctionhasnearlyidenticalvaluesinthexandydirection

butsignificantlydifferentvaluesinthezdirection.Thespecificinterfacearea(areaperunit

volume)canbeestimatedbytheslopeofthetwo-pointcorrelationfunction.Table4.1shows

thespecificinterfaceareaforFIBSEMCLreconstruction.Thespecificareasarecomputed

foreachplaneseparately,andthensummedtogethertoobtainthetotalinterfacearea.The

specificsurfaceareainthexzandyzplanesaremuchhigherthanthatinthexyplane.

Figure4.3bshowsthechordlengthfunctionsinthex,yandzdirectionsforthepore

phaseintheFIBSEMCLreconstruction.Thechordlengthfunctionprovidesanindication

ofporesize,eventhoughthechordlengthsizesarehigherthantheporesizesbecausethe

chordsinthiscaseareonlytracedalongcoordinatelinesinsteadofinalldirections.Fig-

ure4.3b(inset)showsthatthechordlengthfunctionisdifferentinthexandydirection.

Thefunctionhashighervaluesintheydirectionforchordlengthsintherangeof0-100nm,

indicatinganisotropybetweenthein-plane(x)directionandthrough-plane(y)direction.

Aswiththetwo-pointcorrelationfunctionthechordlengthfunctioninthezdirectionis

differentthaninthexandydirection.Thechordlengthfunctioninthezdirectionhasa

significantprobabilityoffindingchordsupto220nmwhereasthevaluebecomesalmostzero

forchordsoflength160nminthexandydirection.Table4.1showsthemeanchordlength
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fortheFIBSEMreconstructionestimatedusingEquation(2.3).

ThestatisticalanalysisofthebinarizedFIBSEMreconstructionshowssignificantanisotropy

inthezdirectionforallcomputedstatisticalfunctionsaswellassomeanisotropybetween

thexandydirectionforthechordlengthfunction.Theanisotropyinthexandydirection

indicatespossiblechangesintheporemorphologyduetotheevaporationprocessandthe

layer-by-layerdepositionmethod.Thiswillbefurtherevidentwhenanalyzingtheeffective

diffusivities. Theanisotropybetweenxandzdirectionscouldbeeitherduetothemor-

phologyoftheporesorduetothereducedresolutioninthezdirection,i.e.,FIBslicing

direction. Sincexandzdirectionsarebothintheplaneofthecatalystlayer,itseems

unlikelythattheCLmorphologywouldbesignificantlydifferentinthesetwodirections.

Thediscrepancyinthestatisticalfunctionsisthereforemostlikelyduetothelowerreso-

lution,i.e.,20nm,inthezdirectionascomparedtotheresolutionofapproximately2nm

inthexandydirections.Thereducedresolutionresultsinalossofinformationaboutthe

samplethatismilledawaybytheFIB,andbetterimagingorreconstructionmethodsare

neededtocorrectforthislackofresolution. Giventheartificialanisotropyinthezdirec-

tionduetotheimagingtechniqueonlythexandydirectionsstatisticalfunctionsareused

asreferenceforcomparisonwiththestatisticalfunctionsfromthestochasticreconstructions.

Figure4.4a-dshowsastochasticreconstructionwith40%porosityusingparticleswitha

radiusof20nm,30nm,40nmand50nmrespectivelyaswellasthelocalporesize.Thelocal

poreradiusiscomputedusingtheporesizedistributionalgorithmdescribedinSection2.2.4

andisusedtoaccountforKnudseneffectsinthegasdiffusionsimulations.Figure4.5shows

theporesizedistribution(PSD)forthestochasticreconstructions.SinceFigure4.5shows

theporesizedistributionasaprobabilitydistributionfunction,theareaunderthecurve

forthefourfiguresis1.Forallthecases,thesmallestporesizeisdeterminedbythevoxel

resolution,i.e.,2nm.Thelargestporeradiusincreaseswithanincreaseintheparticlesize.

ForthereconstructionsshowninFigure4.4,thelargestporeradiusincreasesfrom38nmto

55,67and90nmastheparticleradiusisincreasedfrom20nmto50nm.Theincreasein

poresizebecomesmoreevidentwhenanalyzingtheporesizedistributionforthe10different

reconstructionsforeachoftheparticlesizes.Further,theprobabilityoffindingporeslarger

than100nmindiameteris0forparticleradiusof20nmbutincreasesto1%,7%and20%

forincreasingparticleradius.

ThereddashedlineinFigure4.5showstheporesizedistributionofthereferenceCL

reconstructionobtainedusingFIBSEM.ItcanbeseenfromFigure4.5thatthestochastic

reconstructionswithparticlesizesof20nmand30nmoverpredictthefractionofsmallpore
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(a) (b)

(c) (d)

Figure4.4–PorephaseofoneoftheCLreconstructionswithaporosityof40%withspherical
particleradiusofa)20nm,b)30nm,c)40nmandd)50nm.Theporesarecolored
accordingtotheirradiusincm.

sizescomparedtotheFIBSEMreconstruction.Stochasticreconstructionswithparticlesize

40nmshowsimilarporesizedistributionstothatoftheFIBSEMreconstructions. They

evenshowsomeoftheextremelylargeporeswithdiametergreaterthan150nm. Witha

furtherincreaseintheparticleradiusto50nm,theporesizesbecomemuchlargerthan

thoseobservedintheFIBSEMreconstructionswithsomeporesbecomingaslargeas230

nmindiameter.

Figure4.6showsthetwo-pointcorrelationfunctioninthevoidphase(Sv2(r))inthex

andydirectionsforstochasticreconstructionswithsphericalparticleradiusof20nmto50

nm. ThereddashedlineinFigures4.6a-hshowsthetwo-pointcorrelationtheFIBSEM

microstructure. Thetwo-pointcorrelationsinthexandydirectionsforreconstructions

withparticlesizeof40nmaresimilartothoseobtainedfromtheFIBSEMmicrostructure

inthexandydirection.Forreconstructionswithparticleradiusof20nmand30nm,the
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(a) (b)

(c) (d)

Figure4.5–Poresizedistributionforstochasticreconstructionswithsphericalparticleradius
ofa)20nm,b)30nm,c)40nmandd)50nm.Vpistheporevolumeanddpis
theporediameter.Thereddashedlineistheporesizedistributionobtainedfrom
thereferenceFIBSEMCLreconstruction.
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two-pointcorrelationfunctionisunderpredictedforr<100nm.Forreconstructionswith

particleradiusof50nm,thetwo-pointcorrelationshowsslightlyhighervaluesinthexdi-

rectionbutsimilarvaluesintheydirection.Itmustbenotedthatthetwo-pointcorrelation

functioninthezdirectionisnotusedforcomparisonbecauseoftheartificialanisotropyof

theFIBSEMmicrostructureintheFIBslicingdirection.Duetoalowerresolutionofnearly

20nmintheFIBslicingdirection(z)thereislossofinformationinthezdirectionoftheCL

microstructurewhichresultsintheartificialanisotropy. Thishasbeendiscussedindetail

bySabharwaletal.[51].

AsdiscussedinSection2.2.1,theslopeofthetwo-pointcorrelationfunctionatr=0

isproportionaltotheinterfacialareabetweenthesolidandpores.FromFigures4.6a-d,it

canbeseenthattheslopesofthestochasticreconstructionswithparticleradiusof20nm

and30nmaresteeperthantheFIBSEMreconstruction. Thisindicatesthatthespecific

interfacialareabetweenthesolidandvoidphaseforthesereconstructionswouldbehigher

thanthatobservedintheFIBSEMreconstruction. However,theslopeofthetwo-point

correlationfunctionforreconstructionswithparticleradiusof40nmareverysimilarto

thosefromtheFIBSEMreconstructionsasseenfromFigures4.6eand4.6f. Theslopeof

thetwo-pointcorrelationfunctionforreconstructionswithparticleradiusof50nmappears

lowerthantheslopeoftheFIBSEM.Theaveragespecificinterfacialareaforthe10recon-

structionsforeachparticleradiusareshowninTable4.1. Thestochasticreconstructions

withparticleradiusof20nmand30nmoverestimatethetotalspecificinterfacialareaby

88%and24%respectively.Thiscanbeexplainedbythehigherfractionofsmallerporesin

thesereconstructionscomparedtotheFIBSEMreconstruction.Theaveragetotalspecific

interfacialareaforstochasticreconstructionswithparticleradiusof40nmismuchcloser

totheFIBSEMreconstructionwithadifferenceofonly7%. Withafurtherincreaseinthe

particleradiusto50nm,theaveragetotalspecificinterfacialareadecreasesfurtherdueto

increaseintheporesizesasshowninFigure4.5.

Figure4.7showsthechordlengthfunctioninthevoidphase(Cv(r))forstochasticre-

constructionswithparticleradiusof20to50nm.Thechordlengthfunctionforstochastic

reconstructionswithparticleradiusof40and50nmcloselyresemblesthefunctionsfrom

theFIBSEMdata. Forstochasticreconstructionswithparticleradiusof20and30nm,

thechordlengthfunctionhasahighervalueforsmallerrcomparedtotheFIBSEMdata.

Table4.1showstheaveragemeanchordlength(λ)forthereconstructionscalculatedus-

ingEquation(2.3).Themeanchordlengthforthereconstructionswithparticleradiusof

40nmarenearlyidenticaltothosefromtheFIBSEMwhereasthemeanchordlengthsfor

thereconstructionswithrdof20and30nmaresignificantlysmaller. Althoughthechord
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Figure4.6–Two-pointcorrelationinthevoidphasein:a)xandb)ydirectionforstochastic
reconstructionswithparticleradiusof20nm;c)xandd)ydirectionforstochastic
reconstructionswithparticleradiusof30nm;e)xandf)ydirectionforstochastic
reconstructionswithparticleradiusof40nm;g)xandh)ydirectionforstochastic
reconstructionswithparticleradiusof50nm76
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Figure4.7–Chordlengthfunctioninthevoidphasein:a)xandb)ydirectionforstochastic
reconstructionswithparticleradiusof20nm;c)xandd)ydirectionforstochastic
reconstructionswithparticleradiusof30nm;e)xandf)ydirectionforstochastic
reconstructionswithparticleradiusof40nm;g)xandh)ydirectionforstochastic
reconstructionswithparticleradiusof50nm77



Table4.1–Averagespecificsolid-voidinterfaceareaandthe meanchordlengthforthe
stochasticreconstructionswithdifferentparticleradius(rd)andFIBSEMrecon-
struction.

Case
Specificinterfacearea(m2/m3×10−6) Meanchord
xy yz zx Total length(nm)

FIBSEM 10.30 16.91 14.64 41.85 54.0
rd=20nm 26.26 26.26 26.25 78.76 28.3
rd=30nm 17.29 17.33 17.28 51.90 41.3
rd=40nm 12.96 12.94 12.98 38.88 53.2
rd=50nm 10.18 10.13 10.16 30.47 65.6

lengthfunctionappearstobesimilarbetweenthereconstructionswithparticleradiusof50

nmandtheFIBSEMreconstruction,themeanchordlengthforthiscaseis65.6nmwhich

isnearly20%higherthanthemeanchordlengthoftheFIBSEMdata. Thisislikelydue

toahigherprobabilityofthelongerchordsduetothelargerporesizesasseeninFigure4.5d.

Thecorrelationfunctionsandporesizedistributionsforthedifferentstochasticrecon-

structionswiththesameparticleradiusarealsosimilarthereby,indicatingthatthere-

constructionscanbeconsideredasREVs. Comparisonofthestatisticalfunctionsofthe

stochasticreconstructionstothoseobtainedfromtheFIBSEMreconstructionsshowsthat:

a)selectingtheappropriateparticlesizeinreconstructionsiscriticaltoachieveastatistically

equivalentstructuretoarealCL;andb)inthiscase,thestochasticreconstructionswith

particleradiusof40nmarestatisticallyequivalenttotheFIBSEMmicrostructureofthe

CLusedinthisstudy.Therefore,reconstructionswithaparticlesizeof40nmareusedfor

analysisofdiffusionasafunctionofporosityandlocalsaturationintheCL.

4.3 CLsgasdiffusivityunderdryconditions

GastransportmodeldescribedinSection2.3.1wasusedtosimulateoxygentransportinthe

CLreconstructions.Theprimarypercolatingporenetwork,i.e.,thelargestconnectedpore

networkwhichhasconnectivitytotheboundaries,wasextractedfromthesereconstructions

andusedtogeneratethemeshes.Thediffusionofanoxygen-nitrogenmixtureissimulated

intheporenetworkofthereconstructionsusingEquation(2.5)andboundaryconditions

describedinEquation(2.8). ThevaluesofxinO2 andx
out
O2
arechosenas0.4and0.01for

thesesimulationswhicharethenusedtocomputetheeffectivediffusioncoefficientinthe
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microstructures.Theoverallformationfactor,F,definedas,

F=
Deff

Dmolecular
, (4.1)

fortheFIBSEMreconstructionis0.021,0.029and0.037inthex,yandzdirectionsrespec-

tively. Theeffectivediffusivityinthezdirectionis43%and22%higherthanthevalues

inthexandydirectionrespectively. Thedifferenceintheformationfactorvaluesinthe

in-planedirections(xandz)islikelyanartifactduetothelowerresolutioninthezdirection,

theslicingdirectionwitharesolutionof20nm,comparedtothe2and2.54nmresolution

inxandydirections. Diffusionisathreedimensionalprocesswiththestructureinall

directionsinfluencingthediffusionvalue,therefore,thetruein-planediffusivityislikelyto

bebetweenthetwovaluesforxandzwiththevalueinthexdirectionbeinglikelytobe

morerepresentativebasedonthehigherresolutioninthisdirection,i.e.,2nm.Thisresult

highlightsoneofthemainissueswithFIBSEMtomography:alowerresolutioninthein-slice

directionmightleadtoartificialanisotropy.

4.3.1 Effectofporosity

TodetermineacorrelationfortheeffectivediffusivityofCLs,theeffectofporosityonthe

effectivediffusivityisanalyzed.TheoverlappingspherebasedalgorithmdescribedinSec-

tion2.1.2wasusedtogeneratemultiplereconstructionswithvaryingporositiesandrd=

40nm.Thedomainsizeforeachreconstructionwas600nm×600nm×600nmwitha

voxelresolutionof2nmineverydirection.Theporosityofthereconstructionswasvaried

between1-10%inincrementsof1%andfrom10-100%inincrementsof10%.10recon-

structionsweregeneratedforeachporosityvaluetoprovidestatisticallysignificantresults.

Tosimulategasdiffusioninthegeneratedstochasticreconstructionsthepercolatingpore

networkisextracted.

Reconstructionswithporositiesbelow6%didnotcontainapercolatingporenetwork

inatleastoneormoreCartesiandirections. Therefore,aporosityof5%ischosenasthe

percolationthreshold(εth),whichistheporosityabovewhichapercolatingporenetwork

exists.Similarly,itmustbenotedthatthestochasticreconstructionswithporosityhigher

than70%werefoundtohavenopercolatingsolidnetworkthereby,indicatingthatsuch

astructuremightbeinfeasible. Therefore,theeffectivediffusivitywasonlycomputedfor

stochasticreconstructionswithporositiesupto70%.

Figure4.8showstheporephaseforoneoftheCLreconstructionswithporosityof7%,

50%and70%.Anincreaseinporosityleadstoanincreaseintheporesizes,withthelargest
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(a) (b) (c)

Figure4.8–PorephaseofoneoftheCLreconstructionswithaporosityofa)7%,b)50%
andc)70%usingaparticleradiusof40nm.Theporesarecoloredaccordingto
theirradiusincm.

poreradiusincreasingfrom35nmataporosityof7%to92nmataporosityof50%and

108nmataporosityof70%.Figure4.9showstheeffectivediffusivityinthex,yandz

directionsasafunctionofporosityforthedifferentstochasticreconstructions.Theeffective

diffusivitiesarecomputedatatemperatureof80◦Cusingmolecularoxygendiffusivityof

0.273cm2/s.Asexpected,theeffectivediffusivityintheCartesiandirectionsincreaseswith

anincreaseinporosity.

ItcanbeseenfromFigure4.9thatforagivenporositythevaluesoftheeffectivedif-

fusivitiesinthethreedirectionsarenearlyidenticalindicatinganisotropicstructure.This

isexpectedbecausetheoverlappingspherealgorithmisnotbiasedinanydirectionandthe

buildingblocksaresphereswhicharealsoisotropic.Further,itcanalsobeseenthatthe

effectivediffusivitiesforthe10reconstructionswiththesameporosityshowsimilareffective

diffusivitieswithastandarddeviationoflessthan3.5%aboutthemeanvalue. Thisalso

ensuresthattheaveragediffusivitiescomputedforeachporosityusing10reconstructionsis

statisticallyrepresentative.

TheresultsfromFigure4.9canbeusedtodevelopafunctionaldependenceoftheeffective

diffusivityoftheCLtoitsporosity. Macro-scaleMEAmodels[41,42,166,167,169]rely

onsuchsemi-empiricalrelationstocomputetheeffectivediffusivityinthefuelcellporous

media. Recently,ZhengandKim[7]andShinetal.[8]haveproposedatortuositymodel

givenbyEquation(4.2)toestimatetheeffectivediffusivitiesfortheCLs,

Deff=
εV
τ
D (4.2)

wherethetortuosityfactor(τ)inEquation(4.2)isrelatedtotheporosityusingaBruggeman

typecorrelation,

τ=ε−αV (4.3)
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(a) (b)

(c) (d)

Figure4.9–Effectivediffusivityinthea)x,b)yandc)zdirectionasafunctionofthe
porosity. d)Averageeffectivediffusivityforrd=20nmandrd=40nmasa
functionofporosity.ThebestfitlineisestimatedbasedonEquation(4.4)withεth
=0.05andµ=1.90,whichisthefittingparameterestimatedusingleastsquare
fit,fortheresultsforreconstructionswithrd=40nm.
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whereαisafittingparameterwhichhasavalueof0.5fortheBruggemancorrelation.Zheng

andKim[7]computedavalueof0.75forαandusedD=1.07Dmolecular tofittheeffective

diffusivityvalues.Shinetal.[8]computedthevalueofαtobe0.746usingtheshapeof

streaklinesandusedD=DKnavg. However,acommonproblemwiththecorrelationofthe

formproposedinEquation(4.2)isthelackofinformationabouttheconnectivityofthe

pores,astheporousmediawillcontinuetohaveanon-zerodiffusivityevenatextremely

lowporosities.AconsequenceofthiscanbefoundintheoptimizationstudybySecanellet

al.[41]wheretheoptimalCLporositywascomputedas2.5%,whereasinrealitysuchlow

porositiesarelikelytoleadtoalossofpercolatingporenetwork.

AnalternatecorrelationtodeterminetheeffectivediffusivityfortheCLsisbasedon

percolationtheory[167,265–267]andgivenby,

Deff=Dpore
εV−εth
1−εth

µ

H(εV−εth) (4.4)

whereεthisthepercolationthresholdvalueandµisafittingparameter. TheHeaviside

stepfunction(H(εV−εth))inEquation(4.4)isaddedtoenforcethat,forporositiesbelow

thepercolationthreshold,theeffectivediffusivityiszerobecauseapercolatinggasdiffusion

networkwouldnotexist.ThisisamajordistinguishingfactorfromtheBruggemancorrela-

tionandpreviouscorrelationfunctionsbasedonEquation(4.2)suchastheworkofZheng

andKim[7]andShinetal.[8]whichcouldpredictnon-zeroeffectivediffusivitiesbelowthe

percolationthreshold.

Thebulkdiffusivity(Dpore)oftheCLinEquation(4.4)isobtainedusingtheBosan-

quetapproximationgivenbyEquation(2.6)wheretheaverageKnudsendiffusioncoefficient

(DKnavg)canbecomputedusingEquation(2.7)andthelocalporeradius(rp)mustbereplaced

byameanporeradius(ravg).Equations(4.4)and(2.6)arefittedtotheeffectivediffusivities

ofthestochasticCLreconstructionsshowninFigure4.9toestimateexponent(µ).

Thestatisticalreconstructionsimulationresultscanalsobeusedtoestimatethefitting

parametersinEquation(4.4)andthemostappropriateKnudsenmeanporeradius.Inthis

case,εthisestimatedbydirectanalysisofthepercolatingporenetworkforthestochastic

reconstructions.Asmentionedearlier,forporositiesbelow6%therewaslossofpercolating

porenetworkinatleastoneormoreCartesiandirectionsforthereconstructions. There-

fore,εthischosentobe0.05whichisthevalueabovewhichapercolatingporenetworkexists.

TocomputetheaverageKnudsendiffusioncoefficient(DKnavg),anaverageporeradius

(ravg)mustbecomputed.Theaverageporeradiusiscomputedasthearithmeticmeanof
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Figure4.10–AverageKnudsenradiusasafunctionofporosityforstochasticreconstructions
withparticleradiusof20-40nm.Thedashedlinesarethebestfitlinesforaverage
KnudsenradiusasafunctionofrdandεV.

theporeradiiforeverypore[4,7,8],

ravg=
i

ri
dXi
dr
dr (4.5)

wheredXiisthevolumefractionofporeshavingradiusri.Sincetheporeradiusisdirectly

proportionaltotheKnudsendiffusivity,thismethodassumesthattheaverageKnudsen

radiusissuchthatitresultsinanaverageKnudsendiffusivityequivalenttotheeffective

Knudsendiffusivityobtainedwhentransportthroughallporesoccursinparallel.Figure4.10

showstheaverageKnudsenradiuscomputedusingthePSDofthestochasticreconstructions

withrd=20,30and40nmandEquation(4.5).Asdiscussedearlier,forporositiesbelow

6%andhigherthan70%thereisalossofpercolatingporeandsolidnetworkrespectively.

Therefore,ravgfortheseporositiesarenotshowninFigure4.10andnottakenintoaccountto

determinethebestfitcurve.ThebestfitcurvesinFigure4.10wereestimatedbyminimizing

theleast-squareofthedifferencebetweenravg.

ravg=rd 1.66ε
1.65
V +0.289 (4.6)

ForthecoefficientsgiveninEquation(4.6),theR2valueforthefitis0.996.

Onceεthandravghavebeenobtained,thevalueofµisobtainedbyminimizingtheleast-

squaredifferencebetweentheresultsinFigure4.9andEquation(4.4)withεth=0.05.The

optimalvalueofµobtainedforallthecasesis1.90.TheR2valuesforthefitis0.994indicat-

ingagoodfitbetweenthedataandEquation(4.4)withεth=0.05andµ=1.90.Insummary,
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Equation(4.4)withεth=0.05,µ=1.90andD
poreobtainedusingEquations(2.6),(2.7)

and(4.6)providesanexcellentpredictionofgasdiffusivityforastatisticallyrepresentative

CLstructure.Figures4.9a-cshowthebestfitforeffectivediffusivityinthex,yandzdirec-

tionsasafunctionofporosity.Figure4.9dshowsthebestfitlinefortheaverageeffective

diffusivity(Deff)ofthereconstructionswithrd=40nmasafunctionofporosity.

10reconstructionswithrd=20nmandporositiesrangingfrom0.06-0.7weregenerated.

TheeffectivediffusivityforthesereconstructionswascomputedasshowninFigure4.9d.The

effectivediffusivityforreconstructionswithrd=20nmaresmallerthanthereconstructions

withrd=40nmduetothesmallerporesizesfortheformercase. Thiswasalsoshown

earlierinFigure3.7forreconstructionswithaporosityof0.4.Tofurtherassessthevalidity

oftheEquations(2.6),(2.7)and(4.6),theywereusedtopredicttheeffectivediffusivityfor

reconstructionswithrd=20.FromFigure4.9ditisclearthatthecorrelationproposedby

Equations(2.6),(2.7)and(4.6)withµ=1.90andεth=0.05canaccuratelypredictthedry

effectivediffusivityevenforreconstructionswithadifferentmicrostructurefromthoseused

todevelopthecorrelations.

4.3.2 Comparisontoliterature

Inordertoassessthevalidityofthediffusivitiescalculatedusingthestochasticreconstruc-

tionsandusedtoderivethecorrelationfunctionabove,thepredicteddiffusivitiesinthis

studyarecomparedtopreviouslyreportedliteraturevalues.Toaidinthiscomparisonthe

formationfactor(F)definedinEquation(4.1)isused.Theaverageformationfactorvalue

atagivenporosityisdeterminedbyaveragingtheeffectivediffusivitiesinthethreeCarte-

siandirectionsoverthe10reconstructions.Theaverageformationfactorforthestochastic

reconstructionsataporosityof40%(similartotheporosityof39.7%fortheFIBSEMCL)is

0.037whichissimilartotheaverageformationfactorof0.025±0.010(xandyaverageand

standarddeviation)forthereferenceFIBSEMCL.Thestandarddeviationintheformation

factorforthereferenceFIBSEMCLiscomputedfromthedomainsizestudyperformedin

reference[51].ThezdirectionvaluesfortheFIBSEMreconstructionarenotconsidereddue

totheartificialanisotropyinthezdirection[51].

Figure4.11providesacomparisonoftheobtainedaverageoverallformationfactorsob-

tainedfromthestochasticreconstructionstothosepreviouslyreportedinliterature[4,6–

10,51]. Yuetal.[9]measuredtheeffectivediffusivitiesforCLswithplatinumsupported

onamorphouscarbonandplatinumsupportedongraphitizedcarbonwithdifferentionomer
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Figure4.11–Comparisonofaverageformationfactor(Favg)forthestochasticreconstructions
basedonoverlappingsphereswithpreviouslypublishedstudiesinliterature.Lange
etal.[4],Fathietal.[5],SiddiqueandLiu[6],ZhengandKim[7]andShinetal.[8]
computedtheeffectivediffusivitiesnumericallyusingstochasticreconstructionsfor
CLs. Yuetal.[9]andInoueetal.[10]experimentally measuredtheeffective
diffusivityofCLswithdifferentionomerloadings.
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tocarbonratios(I/C)rangingfrom0.5-1.5. Theporosityandporesizedistributionwas

measuredusingmercuryintrusionporosimetry(MIP).Theformationfactorsobtainedfrom

thestochasticreconstructionsshowgoodagreementwiththepredictedeffectivediffusivi-

tieswithanerroroflessthan25%.Figures4.12a-cshowtheporesizedistributionsofthe

stochasticreconstructionswithporositiesof0.3-0.5comparedtothosemeasuredbyYuet

al.[9]forsimilarporosities.Forallporosities,thePSDsfromYuetal.[9]areshiftedtowards

higherporesizescomparedtothestochasticreconstructions.Further,thePSDsfromYuet

al.[9]didnotconsiderporesizeslessthan25nmduetolimitationsoftheequipment.This

resultedinthehigherprobabilityvaluesforthelargerporescomparedtothePSDsfromthe

stochasticreconstructions. Thediscrepancyintheformationfactorvaluesislikelydueto

thedifferentmicrostructuresfortheCLsfromthetwostudiesasevidentfromthePSDs.

Inoueetal.[10]measuredtheeffectivediffusivityofCLsampleswithionomertocarbon

ratiosof0.8-1.4. TheformationfactorvaluesreportedbyInoueetal.[10]are3-4times

smallerthanpredictedeffectivediffusivityvaluesfromthestochasticreconstructionswith

porositiesintherangeof0.4-0.6.Forporositieshigherthan0.6,theerrorreducestoless

than40%. Toidentifythereasonfordiscrepancyintheformationfactorvalues,thepore

sizedistributionsreportedbyInoueetal.[10]usingN2adsorptionareanalyzedforionomer

tocarbonratioof1and1.3correspondingtoaporosityof0.5and0.6respectively.Fig-

ure4.12cand4.12dshowthecomparisonofthePSDsfromInoueetal.[10]tothestochastic

reconstructions.ForεV =0.5,thePSDfromInoueetal.[10]aresimilartothestochastic

reconstructionswithporesizesashighas213nm.ForεV =0.6,thePSDfromInoueet

al.[10]showsahigherprobabilityforporesizeslessthan100nmcomparedtothestochas-

ticreconstructions,whichmightleadtoalowereffectivediffusivityobservedbyInoueet

al.[10]. AnalysisofthetwoPSDshowever,doesnotprovideanyconclusiveinformation

toexplainthehighdiscrepancybetweenthepredictedformationfactorsinthisstudyand

thoseobtainedbyInoueetal.[10].Further,theformationfactorcalculationsonFIBSEM

reconstructionsoftheCLsperformedbyInoueetal.[10]alsooverpredictedtheformation

factorsby2times.SinceInoueetal.[10]didnotreportanyofthestatisticalfunctions

fortheirreconstructionsitisdifficulttoascertainthereasonfortheoverpredictionofthe

diffusivityvaluesbythesimulations.

Langeetal.[4]numericallystudiedtheeffectivediffusivityinstochasticreconstructions

generatedusingoverlappingspheressimilartothiswork.Theformationfactorvaluesfrom

Langeetal.[4]aremuchhigherthanthoseobtainedinthiswork.Thisissurprisingbecause

theparticlediameterusedbyLangeetal.[4]is20nmwhichissmallerthantheoneused

inthisstudyandtheeffectivediffusivityincreaseswithanincreaseinparticlediameter[4].
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(a) (b)

(c) (d)

Figure4.12–ComparisonofPSDofstochasticreconstructionswithrd=40nmandporosity
ofa)0.3,b)0.4,c)0.5andd)0.6,toexperimentallymeasuredPSDsforCLswith
differentionomertocarbonratio[9,10].(*Porositywasestimatedbasedonthe
reportedI/Cratioofthesamplesusedfornitrogenadsorptionandthereported
porosityvaluesfortheCLswiththesameI/Cratio.)
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Further,Langeetal.[4]alsoaccountedforlocalKnudseneffectssimilartothiswork.The

differencebetweentheeffectivediffusivityvaluescouldbeattributedtothemethodused

tocomputethelocalKnudseneffects.Langeetal.[4]usedanaveragelengthinthedirec-

tionsaroundapore.ThisapproachunderestimatestheKnudsenresistanceasshownbythe

ZhengandKim[7]whocomparedtheapproachproposedbyLangeetal.[4]toresultsfrom

erosion-dilationbasedporeradius(similartothisstudy)andLBM.

Fathietal.[5]usedanoverlappingspherebasedstochasticreconstruction,similarto

Langeetal.[4]andthisstudy,tostudytheeffectivediffusivityasafunctionofporosity.As

seeninFigure4.11,thediffusivityvaluesobtainedbyFathietal.[5]arehigherthanthose

obtainedinthepresentstudy.ThisisagainduetotheunderpredictionofKnudseneffects

duetotheuseofanaveragelengtharoundtheporesimilartoLangeetal.[4].

SiddiqueandLiu[6]usedaheuristicpixelbasedreconstructionmethodtogenerateCL

reconstructionswithdifferentporositiesandthenperformednumericalsimulationsonthe

reconstructionstoobtaintheeffectivediffusivities.Theresultsfromthisstudyareingood

agreementwiththosefromSiddiqueandLiu[6]asshowninFigure4.11withadiscrepancy

oflessthan10%forporositiesintherangeof0.4-0.6.

ZhengandKim[7]numericallycomputedtheeffectivediffusivityforCLmicrostructures

withdifferentporositiesgeneratedusingaspherebasedsimulatedannealingmethod.The

effectivediffusivitiesbyZhengandKim[7]werecomputedusingcontinuumsimulationsus-

ingalocalKnudsenresistancewiththeporeradiuscomputedusingmorphologicalimage

opening,similartothesphericalporeradiususedinthisstudy.However,forthecontinuum

simulationstheyusedameanporeradiustoestimatetheKnudsendiffusivityanddidnot

accountforthelocalKnudsenresistances. TheyalsousedLBMtocomputetheeffective

diffusivitiesofthemicrostructures.Theaverageformationfactorvaluesfromthestochastic

reconstructionsatdifferentporositiesinthisstudyareingoodagreementwiththeforma-

tionfactorresultsfromZhengandKim[7]usingLBManderosion-dilationapproachwith

amaximumerrorlessthan10%exceptfortheformationfactorcomputedataporosityof

30%usingtheerosion-dilationmethodwheretheerroris22%.Thiscomparisonalsoshows

theaccuracyofcontinuummodelsthataccountforlocalKnudseneffectsissimilartothat

ofLBMwhilebeingcomputationallyefficient.

Shinetal.[8]computedtheeffectivediffusioncoefficientforrandomlygeneratedCL

microstructures. AlthoughtheformationfactorvaluesfromShinetal.[8]areingood

agreementwiththeresultsfromZhengandKim[7]andthiswork,thenumericalmethod
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usedbyShinetal.[8]isquestionable.Firstly,thevoxelresolutionwassetto20nmwhich

wouldignorethesmallerporesintheCLwhichareseenintheFIBSEMreconstruction[51]

aswellasexperimentalPSDs[9,134,148].Coarseningthevoxelresolutionalsoleadstoan

increaseintheeffectivediffusivityvalueasshowninourpreviouswork[51].Secondly,the

effectivediffusivityiscomputedusing,

Deff=
εV
τ
DKnavg (4.7)

where V istheporosity,τisthetortuosityfactorcomputedfromaneffectiverelationbe-

tweentheeffectivemoleculardiffusivitytothebulkmoleculardiffusivity[8]andDKnavgisthe

averageKnudsendiffusivitycomputedfromameanporesize.Thiscorrelationignoresany

effectofthemoleculardiffusivitywhichistypicallyaccountedforusingtheBosanquetequa-

tion[4,7,51].Further,localKnudseneffectsareignoredwhenusingameanporediameter

whichwouldleadtohigherdiffusivities[4,7].Thisispartiallycompensatedbymultiplying

theaverageKnudsendiffusivitybytheratioofεV
τ
.

Comparisonoftheaverageformationfactorsfromthestochasticreconstructionsused

inthisworktopreviouslyreportednumericalandexperimentaldatashowsthatthevalues

areingoodagreement. Additionally,thepreviousnumericalstudiesdidnotcomparethe

statisticalequivalenceofthegeneratedmicrostructurestoanactualCLmorphologywhich

wasdoneforthestochasticreconstructionsusedinthisstudy.Thisprovidesgoodconfidence

inthepredicteddiffusivityvaluestodevelopaneffectivediffusivitycorrelationfortheCL.

4.4 CLsgasdiffusivityunderwetconditions

Tostudytheeffectoflocalsaturationontheeffectivediffusivity,liquidwaterwasintruded

intothereconstructionsusingthenucleationbasedwaterintrusionmethoddescribedinSec-

tion2.3.3.Thesmallestpores,i.e.,poreshavingaradiusof2nm,weretreatedasnucleation

sitesandassumedtobeinitiallyfilled. Thereasonfortreatingtheseporesasnucleation

siteshasbeenexplainedearlierinSection2.3.3. Waterintrusionwasthencarriedoutusing

theCFMalgorithmdescribedinAlgorithm1withn=100andahydrophobiccontactangle

(θ)of93◦wasassumedbasedontheenvironmentscanningelectronmicroscopymeasure-

mentsreportedinreference[268]. Althoughacontactangleof93◦wasassumedforthis

study,itwasshowninourpreviouswork[154]thattheliquidwaterdistributionusingthe

CFMalgorithmdoesnotchangewithcontactangleaslongastheporewettability(i.e.,hy-

drophilicityorhydrophobicity)remainsthesame.Thecontactangleonlychangesthevalue

ofthecapillarypressurerequiredtointrudethepores.Theliquiddistributions,andhence

89



(a) (b) (c)

Figure4.13–LiquidwaterdistributioninapartiallysaturatedCLreconstructionwithadry
porosityof50%atasaturationofa)29.7%,b)55%,andc)79.3%.Blackissolid
phase,whiteisporephaseandblueisliquidwater.

theeffectivediffusivityatagivensaturation,doesnotchangewithcontactangle.Partially

saturatedCLreconstructionswererecordedatintervalsofatleast5%saturationdifference.

ThepartiallysaturatedCLreconstructionswerethenconvertedtovoxelbasedmeshesby

directconversionofvoxelstomeshcells.Theporesfilledwithliquidwaterwereassumedto

beimpervioustogastransportandtherefore,consideredpartofthesolidregion.Thelocal

poreradiiwererecomputedtoaccountforthechangeintheKnudseneffectsduetoliquid

waterintrusion.Theeffectiveporenetworks,i.e.,poresnotfloodedwithliquidwater,were

extractedandusedforgastransportsimulations.

4.4.1 Effectoflocalsaturation

Tostudytheeffectoflocalsaturationontheeffectivediffusivity,stochasticreconstructions

withrd=40nmandporositiesintherangeof0.3-0.6,typicalforfuelcellCLs[9,11],were

used.Figure4.13showstheliquidwaterdistributioninoneoftheCLreconstructionswith

adryporosityof0.5atvarioussaturations.

Figure4.14showstheratioofaverageweteffectivediffusivitytotheaveragedryeffective

diffusivityforstochasticreconstructionswithporositiesintherangeof0.3-0.6. Asshown

earlierforthedrycase,theeffectivediffusivitiesinthethreeCartesiandirectionsweresimilar

therefore,onlytheaverageeffectivediffusivityisshownforthewetcase.Thewetdiffusivity

oftheCLsdecreaseswithanincreaseinthesaturationasseeninFigures4.14.Furtherit

canbeseenthatforagivensaturationtheratiooftheweteffectivediffusivitytothedry

effectivediffusivityisalmostidenticalforallthestochasticreconstructionsirrespectiveof
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Figure4.14–Ratiooftheaverageweteffectivediffusivitytotheaveragedryeffectivedif-
fusivityasafunctionofsaturation.ThebestfitlineisestimatedbasedonEqua-
tion(4.8)withavalueofexponentγshowninthegraph,whichisthefitting
parameterestimatedusingleastsquarefit.Fathietal.[5]andZhengandKim[7]
numericallycomputedtheeffectivediffusivityforpartiallysaturatedstochasticCL
reconstructions.

theirporosity.Thisindicatesthattheratiooftheweteffectivediffusivitytothedryeffec-

tivediffusivityisindependentofthedryporosity.Thepredictedeffectivediffusivitiesofthe

partiallysaturatedstochasticCLreconstructionsareingoodagreementwiththeaverage(of

xandy)wetdiffusivitiesobtainedfromtheFIBSEMCLreconstructionwithamaximum

errorof18%forsaturationsbelow45%.

Similartothedrycase,theresultsinFigure4.14canbeusedtoestimateacorrelation

fortheeffectivediffusivityofpartiallysaturatedCLs. Apowerlawiscommonlyusedto

describetheratioofweteffectivediffusivitytodryeffectivediffusivityoffuelcellporous

media[2,5,7,55].Equation(4.8)showsthecorrelationusedtoestimatethebestfitcurve

inFigure4.14,whereDeffdry isgivenbyEquation(4.4),sisthesaturationandγisan

empiricalcoefficientestimatedbyminimizingtheleastsquaredifferencebetweentheresults

inFigure4.14andEquation(4.8),

Deffwet=D
eff
dry(1−s)

γH(εV(1−s)−εth). (4.8)
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(a) (b)

Figure4.15–Variationofa)thresholdsaturationandb)effectiveporosityatthreshold
saturationwithporosityforthedifferentstochasticreconstructions.

Theoptimalvalueofγestimatedusinganon-linearsolveris2.41whichgivesaR2value

of0.995forthecurvefit.ToestimatethefunctionalformoftheHeavisidestepfunctionin

Equation(4.8),thesaturationthreshold(sth),i.e.,thesaturationabovewhichapercolating

gasnetworkdoesnotexist,isshowninFigure4.15a. Thesaturationthresholdincreases

from0.84to0.92whentheporosityincreasesfrom0.3-0.6.Thus,aHeavisidestepfunction

oftheformH(s−sth)cannotbeusedassthdependsontheporosityoftheCL.However,

aplotoftheeffectiveporosityatthesaturationthresholdshowninFigure4.15b,isnearly

constantat0.047exceptforthereconstructionswithεV =0.5,whichisslightlyhigherat

0.056duetooutliers.Therefore,thefunctionalformoftheHeavisidestepfunctionshownin

Equation(4.8)isappropriateasitaccountsforthelossofthepercolatinggasnetworkwith

anincreaseinsaturationwiththepercolationthreshold(εth)stillhavingavalueofnearly

0.05.

Figure4.14alsoshowsacomparisonofthepredictedweteffectivediffusivitiesfromthe

presentstudytopreviousnumericalstudies[5,7].Fathietal.[5]intrudedwaterintothe

stochasticCLreconstructionsusinganucleationapproachsimilartothisstudy. However,

theyusedaphysicsbasedvolumeoffluid(VOF)methodtotracktheliquidintrusionas

opposedtotheimagebasedCFMapproachusedinthisstudy. Fathietal.[5]proposed

acorrelationfortheratioofweteffectivediffusivitytodryeffectivediffusivityoftheform

showninFigure4.14.TheweteffectivediffusivitiesobtainedbyFathietal.[5]arehigher

thanthosepredictedfromthecurrentstudy.ThehighervaluesobtainedbyFathietal.[5]

arelikelyduetotheunderpredictionoftheKnudseneffectasshownearlierfortheirdry

effectivediffusivities.Further,Fathietal.[5]didnotaccountforthechangeinKnudsenra-
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diuswithsaturationwhichresultsinanoverpredictionoftheeffectivediffusivitiesasshown

byZhengandKim[7].

ZhengandKim[7]usedLBMtointrudeliquidwaterintoastochasticCLreconstruction.

TheyclaimedtohavesimulatedliquidwatergenerationduetotheORRintheCLhowever,

thisisdifficulttoassessasthenumericaldetailsfortheliquidwaterintrusionmodelwerenot

provided.TheweteffectivediffusivitiescomputedusingLBMbyZhengandKim[7]andfit-

tedtoapowerlaw,similartothisstudy,areshowninFigure4.14.Thevalueofγcomputed

byZhengandKim[7]was3.062forapressureof1atmandchangedto2.982atapressure

of1.5atm.ZhengandKim[7]alsoreportedthatwhenusingporescalesimulationswithout

accountingforlocalKnudseneffectstheγvaluereducedto1.815.Thevalueofγobtained

inthecurrentstudyissmallerthanthatpredictedfromtheLBMsimulationsinreference[7].

ThediscrepancybetweentheγvaluefromZhengandKim[7]andthecurrentstudymight

beduetotworeasons.Firstly,thehigherorderLBMmethodisabletoaccountforKnudsen

effectsmoreaccuratelyforwater-airinterfacesthantheassumptionofimpermeablewater

interfaceusedinthisstudy.Thesecondreasoncouldbethedifferenceinthemicrostructure

ofstochasticreconstructions.ThemeanporediameterforthereconstructionsbyZhengand

Kim[7]rangesfrom71-154nmforporosityrangeof0.3-0.7whileforthepresentstudythe

meanporediameterrangesfrom25-65nmforthesameporosityrange.Statisticalcorrela-

tionfunctionswerenotprovidedbyZhengandKim[7]fortheirstructurestherefore,the

differencesinthemorphologyofthereconstructionscannotbeanalyzed. Further,Zheng

andKim[7]usedonlyasinglebasestructuretocomputetheweteffectivediffusivitiesso

theydidnotaccountforanystatisticalvariabilityinthestructuresoreffectofporosity.

Inthepresentstudy,thecorrelationisderivedbasedonnearly450datapointsfrom40

reconstructionswithporositiesintherangeof0.3-0.6.Thevalueofγcomputedfromthe

presentresultscanrangebetween2.24-2.51dependingonthedatasetused.Therefore,itis

reasonabletoassumethattheweteffectivediffusivitiespredictedinthecurrentstudyare

withintheboundsofmicrostructurevariation.

Thusfar,thisstudyhasshownthatusinganeffectiveporosityforthewetsamplesdefined

asεeff=εV(1−s),resultedinaconstantsaturationthreshold.Itisreasonabletoaskif,

insteadofusingEquation(4.8),whichaddsanewtermandcoefficienttoEquation(4.4),

thelattercouldbeusedbysimplyreplacingεVbyεeffinEquations(4.4)and(4.6).Thus,

thefollowingcorrelation,
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Figure4.16–Comparisonofweteffectivediffusivityasafunctionofeffectiveporosity(εeff)
usingthetwocorrelations(Equations(4.8)and(4.9))proposedinthisstudy.

Deff=Dpore
εV(1−s)−εth
1−εth

µ

H(εV(1−s)−εth) (4.9)

isusedwithµ=1.90andεth=0.05topredictwetdiffusivity.Figure4.16showsacompar-

isonofthetwocorrelationsgivenbyEquations(4.8)and(4.9)asafunctionoftheeffective

porosity.ForEquation(4.8),theweteffectivediffusivitydependsonthedryeffectivediffu-

sivityandhence,thedryporositytherefore,thetwoextremecaseswithporositiesof0.3and

0.6areshowninFigure4.16.TheexpressiongivenbyEquation(4.9)providesaR2value

of0.986comparedto0.995whenusingEquation(4.8).Therefore,Equation(4.9),although

doesnotprovideasgoodofafitasEquation(4.8),providesanexcellentapproximation

whileremovingtheneedforanextraparameter.

Thecorrelationfortheeffectivediffusivityproposedinthisstudywasdevelopedbyval-

idatingthestatisticalfunctionsofthestochasticreconstructionsagainstaninkjetprinted

CL.Further,thepredictionsofthedrydiffusivityoftheCLswithdifferentporositieswere

foundtobeconsistentwithexperimentaldatawhichwerefordifferentCLsthantheone

usedinthisstudy.Also,basedoncomparisonofthepredictionsforthereconstructionswith

adifferentrd(thantheoneusedtodevelopthecorrelation),asshowninFigure4.9d,the

correlationshouldbevalidforCLswithdifferentparticlesizes(rd).Insummary,Equa-

tion(4.9)combinedwithEquations(2.6),(2.7)and(4.6),withonlytwofittingparameters,

providesanaccuratepredictionofdryandwetdiffusivitiesinCLandissuitableforusein

volume-averagesinglecellmodels.

94



4.4.2 Liquid-vaporinterfacialareaintheCL

Theliquid-vaporinterfacialareavariationwithsaturationisanimportantparameterusedto

modeltheliquidwaterevaporationinthemacro-homogeneousmodels[31,167,168].Zhou

etal.[31,168]showedthatunderwetconditionsevaporationoftheliquidwaterintheCL

becomescrucialtotransportliquidwateroutoftheCLand MPLandpreventcomplete

flooding.Therefore,knowledgeoftheliquid-vaporinterfacialareavariationwithsaturation

fromthemicro-scalemodelscanbeusedinthemacro-homogeneousmodelstoaccurately

describetheevaporationprocess.

AsdescribedearlierinSection4.4.1,stochasticreconstructionswithrd=40nmand

porositiesrangingfrom0.3to0.6atdifferentsaturationswereused.Figure4.17showsthe

specificliquid-vaporinterfacialareaasafunctionforthesaturation.Thespecificinterfacial

areaisdefinedastheliquid-vaporinterfacialareaperunitvolumeoftheCL.Sincethetotal

CLvolumeforallthereconstructionsirrespectiveoftheirporosityisthesame,thespecific

interfacialareaisdirectlyproportionaltoliquid-vaporinterfacialarea.Theinterfacialarea

increaseswithsaturationtoamaximumatasaturationofnearly75%anddecreasestozero

at100%saturation. Anincreaseinporosityleadstoanincreaseinthespecificinterfacial

areaatagivensaturation.Theincreaseinthespecificinterfacialareabecomesmorepromi-

nentaroundthemaximawherethedifferencebetweentheinterfacialareaforreconstructions

withporosityof0.6isnearly30%largerthantheinterfacialareaforthereconstructionswith

porosityof0.3.

Itmustbenotedthattheliquid-vaporinterfacialareawoulddependonthewettabilityof

theporesandtheporesizes.Therefore,thispropertywouldstronglydependonthetypeof

CLusedandthedatashouldbetreatedwithcarewhentryingtoextrapolatetodifferentCLs.

4.5 Conclusions

NumericalsimulationswereusedtostudythegastransportinCLreconstructionsobtained

fromFIBSEMandstochasticreconstructionsunderdryandwetconditions.Thestochastic

reconstructionsweregeneratedusinganoverlappingspherealgorithmwithdifferentpar-

ticlesizes. Analysisofthestatisticalcorrelationfunctionsandeffectivediffusivityforthe

FIBSEMCLreconstructionshowedthatthelossofresolutionintheFIBslicingdirection
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Figure4.17–Specificliquid-vaporinterfacialareaasafunctionofsaturation(s)forthe
stochasticreconstructionswithrd=40nmandporositiesrangingfrom0.3to0.6.

resultedinartificialanisotropyintheCLmicrostructure.Statisticalcorrelationfunction

analysisispresentedasatooltodeterminetherepresentativenessofCLmicrostructure

fromthestochasticreconstructions.Statisticalcorrelationfunctionsforthestochasticre-

constructionswerecomparedtothoseobtainedfromtheFIBSEMreconstruction.Itwas

foundthatstochasticreconstructionswithrd=40nmhadtwo-pointcorrelationfunction,

chordlengthfunction,poresizedistribution,specificinterfacialareaandmeanchordlength

similartothosefromtheFIBSEMreconstructionthereby,warrantingtheuseoftheserecon-

structionstostudythegasdiffusivityintheCL.Thedetailedcomparisonofthestatistical

functionsalsoprovidesamethodtodeterminetherepresentativenessofthestochasticre-

constructionsforfuelcellporousmedia,whichhaslargelybeenignoredinpriornumerical

studies.

Then,gasdiffusionwasstudiedinthestochasticCLreconstructionswithvaryingporosi-

tiesunderdryconditions. Analysisofthepercolatingporenetworkatdifferentporosities

showedthatforporositiesbelow6%therewasalossofpercolatinggasnetworkintheCL

reconstructions.Effectivediffusivitywasisotropicforthestochasticreconstructionsandin-

creasedwithanincreaseintheporosity. Acorrelationfortheeffectivediffusivityofthe

CLanditsporositywasdevelopedbasedonpercolationtheory. Anempiricalcorrelation

wasdevelopedfortheKnudsenradiusbasedontheanalysisoftheporesizedistributions

forthestochasticreconstructionsandusedtocomputethebulkdiffusioncoefficientinthe

poreswhichwasusedinthecorrelation.Thepercolationthresholdwascomputedfromthe
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analysisofthepercolatingporenetworkandfoundtobe0.05whiletheexponentforthe

correlationwascomputedtobe1.90. Theeffectivediffusivitypredictionsforthestochas-

ticreconstructionsunderdryconditionswerealsocomparedtoexperimentalandnumerical

valuesfromliteratureandfoundtobeingoodagreement.

TostudytheimpactoflocalsaturationonthegastransportintheCL,anovelnucleation

basedwaterintrusionalgorithmispresented.Aclusterbasedfullmorphologyalgorithmis

usedtotracktheliquidwaterinterface.Theliquid-vaporinterfacialareawhichiscriticalto

estimatetheevaporationratesinmacro-homogeneousmodelswascalculatedasafunctionof

saturationforthedifferentCLreconstructions.Theliquid-vaporinterfacialareaincreasedto

amaximumuptoasaturationofnearly75%andthendecreasedtozeroat100%saturation.

GasdiffusionsimulationswerecarriedoutonthepartiallysaturatedCLreconstructionswith

dryporositiesintherangeof0.3-0.6. Toaccountforthechangeintheporemorphology

andKnudseneffects,poresizeswererecalculatedassumingliquidwatertobeimperviousto

gas. Thepredictedeffectivediffusivitydecreaseswithanincreaseinsaturationforallthe

reconstructions.Atagivensaturation,theratioofweteffectivediffusivitytodryeffective

diffusivityweresimilarforallreconstructionsirrespectiveoftheirporosity. Thepredicted

weteffectivediffusivitieswereusedtodevelopacorrelationvalidforbothdryandweteffec-

tivediffusivityintheCLs.
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Chapter5

Ontheeffectofcatalystlayerpore
sizedistribution

Porosityandporesizedistribution(PSD)arethemostcommonlyusedmetricstocharac-

terizefuelcellporousmediamicrostructure[26,48–51,54,65,101,112,113]. Advanced

macroscalemodelshaveusedtheporesizedistributionfunctionasaclosureequationto

accountformicroscaleeffectsonthelocalsaturationinporousmedia[31,166–169].Exper-

imentalstudies[269–271]haveusedporeformerstomodifytheporosityandPSDofCLs.

Fischeretal.[269]andGamburzevandAppleby[270]showedthattheuseofporeformers

resultedinanimprovementintheperformanceduetolargerporesizeswhichreducedmass

transportlosses.Yoonetal.[271]however,showedadecreaseintheperformancewithan

increaseinporeformer. Reasonsfortheirobservationwere,unfortunately,notprovided.

Giventhecontroversies,understandingtheroleoftheCLPSDontheelectrochemicalper-

formanceisimportantforthedesignofCLs.Inthischapter,theeffectofcatalystlayer

poresizedistributionontheelectrochemicalperformanceunderdryandpartiallysaturated

conditionsisinvestigated.

Theeffectofporesizedistributionontheeffectivediffusivitywasbrieflydiscussedin

Figure4.9,whereitwasshownthatthesmallerporesizesobtainedforreconstructionswith

rd=20nmresultedinlowereffectivediffusivitiescomparedtothereconstructionswithrd

=40nmwhichhadmuchlargerporesizes(showninFigure4.5foraporosityof40%).

Effectivediffusivityistherefore,notdiscussedinthischapter.Section5.1describesthemi-

crostructuregenerationandthestatisticalcharacterizationofthegeneratedmicrostructures.

Sections5.2and5.3discusstheelectrochemicalperformanceresultsfortheCLunderdry

andpartiallysaturatedconditions.Section5.4discussestheeffectofvoxelresolutiononthe

electrochemicalperformance.
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5.1 Microstructuregenerationandstatisticalanalysis

TheoverlappingspherebasedreconstructionalgorithmdescribedinSection2.1.2wasused

togenerateCLmicrostructureswithdifferentporesizedistributions. Tochangethepore

sizedistributiontheparticleradiususedtogeneratetheCLreconstructionswaschangedto

30,40and50nm.Twodifferentporositiesof0.3and0.5wereusedforeachparticleradius.

Thegeneratedmicrostructureshaddimensionsof400nm×400nm×1500nmwithavoxel

resolutionof5nmineachdirection.Avoxelresolutionof5nmwasusedinsteadofeither

2or2.5nmbecausethefocusofthisstudywasontheelectrochemicalperformance.The

effectofthevoxelsizeontheelectrochemicalperformancepredictionisdiscussedlater.The

domainsizeinthein-planedirectionisselectedas400nmbecausethissizewasshownto

besufficienttodescribearepresentativeelementaryvolume(REV)bySabharwaletal.[51].

Thedomainsizeinthethrough-planedirectionis1500nminsteadof400nmbecauseit

wasshownbySabharwalandSecanell[272]thattheeffectoflocalsaturationontheelectro-

chemicalperformanceoftheCLcannotbecapturedonaREVdomainandamicrostructure

representativeofthethicknessoftheCLisrequired.Eventhoughathrough-planelength

of1500nmisnotthefullthicknessofacoventionalCL,itisofasimilarmagnitudetothe

lowloadingelectrodesdiscussedinShuklaetal.[38]andrepresentativeoflowloadinginkjet

printedelectrodes.

Figure5.1showstheporephaseandKnudsenradiusdistributionforreconstructionswith

aparticleradiusof30and50nmandporosityof0.3and0.5.Theporesizesincreasewith

anincreaseintheparticleradiusandporosity.Figure5.2showstheporesizedistribution

forthereconstructionswithparticleradiiof30,40and50nmandporosityof0.3and0.5.

Whentheporosityis0.3,theaverageporeradiusincreasesfrom16.2to21.2nmto29.9nm

astheparticleradiusincreasesfrom30to50nm.Anincreaseinporosityalsoresultsinan

increaseintheporesizesaswellasthefractionofporesgreaterthan100nm.Increasing

theporosityfrom0.3to0.5resultsinanincreaseintheaverageporesizefrom16.2nmto

24.1nmand29.9nmto44.4nmforreconstructionswithparticleradiusof30and50nm

respectively. Theprobabilityoffindingporeslargerthan100nmalsoincreasesfromless

than1%to5.5%andfrom19.1%to48.8%forthereconstructionswithaparticleradiusof

30and50nmrespectively.

Figure5.3showsthevoidphasetwo-pointcorrelationfunctioninthexdirectionfor

theCLreconstructions. Thestatisticalfunctionswereidenticalinthex,yandzdirec-

tion,therebyshowingthatthereconstructionisisotropic,soonlythexdirectionisshown

here. Theslopeofthetwo-pointcorrelationfunctionatr=0decreaseswithanincrease
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(a) (b)

(c) (d)

Figure5.1–PorephaseoftheCLreconstructionswith:porosityof0.3andparticleradius
ofa)30nmandb)50nm;porosityof0.5andparticleradiusofc)30nmandd)
50nm.Theporesarecoloredaccordingtotheirporeradius.

(a) (b)

Figure5.2–PoresizedistributionsfortheCLreconstructionswithdifferentparticlesizes
(rd)andporosityofa)0.3andb)0.5.
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(a) (b)

Figure5.3–Two-pointcorrelationfunctioninthexdirectionforthevoidphase(Sv2(r))for
theCLreconstructionswithdifferentparticlesizes(rd)andporosityofa)0.3and
b)0.5.

intheparticleradiushighlightingadecreaseintheinterfacialareabetweenthevoidand

non-voidphase.Foraporosityof0.3,thespecificinterfacialarea,definedastheratioof

interfacialareaperunitvolumeoftheCL,decreasesfrom4.71×105cm2/cm3to3.62×105

cm2/cm3to2.88×105cm2/cm3forreconstructionswithparticleradiusof30,40and50nm

respectively.Forreconstructionswiththesameparticleradius,theslopeofthetwo-point

correlationfunctionatr=0andconsequently,thespecificinterfacialareachangeslessthan

2.5%.

Figure5.4showsthechordlengthfunctionforthevoidphasefortheCLreconstructions.

Anincreaseintheporosityandparticleradiusresultsinahigherprobabilityoffinding

largerchordswhichindicateslargerporesizes. Bothchordlengthfunctionandporesize

distributionarerelatedtotheporesizesandtherefore,achangeintheporesizesbetween

differentCLscanbecapturedwithboththesefunctions.Table5.1showsthemeanchord

lengthscomputedusingthechordlengthfunctionandEquation(2.3)fortheCLreconstruc-

tions. Themeanchordlengthincreaseswithanincreaseintheparticlesizeandporosity.

ThemeanchordlengthhasbeenusedtomodeltheKnudsendiffusivityofCLsusingthe

Derjaguinapproximation[53,63].Therefore,anincreaseinthemeanchordlengthindicates

adecreaseintheKnudsenresistancetomasstransportintheCL.

ElectrochemicalreactionsweresimulatedintheCLreconstructionswithparticleradiiof

30,40and50nmandporosityof0.3and0.5.Tosimulatetheelectrochemicalperformance

oftheCLreconstructions,ionomerwasreconstructedasuniformfilmsatthesolid-porein-
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(a) (b)

Figure5.4–Chordlengthfunctioninthexdirectionforthevoidphase(Cv(r))fortheCL
reconstructionswithdifferentparticlesizes(rd)andporosityofa)0.3andb)0.5.

Table5.1–Meanchordlength(innm)forthereconstructionswithdifferentporosities(εV)
andparticlesizes(rd).

Reconstruction εV=0.3 εV=0.5
rd=30nm 34.28 55.48
rd=40nm 43.11 69.71
rd=50nm 52.40 83.11
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(a) (b)

Figure5.5–MeshfortheCLreconstructionswithparticleradiusof40nmandporosityof
a)0.3andb)0.5. Whiteistheionomerfilmandblackistheporespace.

terface.Sincetheobjectiveofthisstudywastostudytheeffectofporesizedistribution,

theionomerfilmswereassumedtobepartofthesolidphase,therebykeepingthepore

phaseunchanged. Theionomervolumefractionwasmaintainedconstantat0.184forall

thereconstructions. Electrochemicallyactivesurfacearea(ECSA)of65.4m2/gPtbased

onthevaluereportedbyShuklaetal.[38]foraninkjetprintedCLwith0.026mgPt/cm2

wasusedforthisstudy. Thetotalactivearea(APt)calculatedusingEquation(2.20)was

keptconstantforallthereconstructions.Thetotalactiveareawasdistributeduniformlyat

thesolid-ionomerinterfaceforeveryreconstruction. Thisresultedindifferentlocalactive

surfaceareavaluesforthedifferentreconstructionsbecausethesolid-ionomerinterfacialarea

variedbetweenreconstructions.

5.2 EffectofporesizedistributiononCLperformance

underdryconditions

Figure5.5showsthecomputationaldomainfortheCLreconstructionswithrd=40nm

andporosityof0.3and0.5.Thepercolatingporenetworkandpercolatingionomernetwork

wasextractedfortheCLreconstructionsandusedtogeneratethemesh.Inadditiontothe

materialids,themeshalsocontainedinformationaboutthelocalporeradiiwhichwasused

tocomputethelocalKnudsendiffusivityineveryporecell.

Theoperatingconditionsfortheelectrochemicalsimulationsareanabsolutepressureof

1atm,temperatureof80◦Candrelativehumidityof50%.Attheseconditions,theoxygen
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molarfractioninthechannelis0.161.TheboundaryconditionsgivenbyEquation(2.24),

i.e.,aDirichletboundaryconditionononesideandno-fluxontheothersideforboththe

protonconductionandoxygentransport,areusedforthesesimulations.Assumingnegligible

masstransportlossesinthediffusionmedia,anoxygenmolarfractionof0.161wasapplied

astheboundaryconditioninEquation(2.24).Aprotonicpotentialof0Vwasappliedonthe

oppositesidewhichassumesnegligiblekineticandohmiclossesintheanodeandmembrane.

Aconstantelectronicpotentialcorrespondingtothecellvoltagewasappliedinthedomain.

TheprotonicconductivityoftheionomerfilmwasassumedtobethatofaNafionmembrane

atthegivenoperatingconditions.Thenon-linearsystemofequationswaslinearizedusing

Picard’smethodandthelinearproblemwassolvedusingaparallelCGsolver. Thetotal

currentwascomputedattheionomer-solidinterfaceusingthekineticmodelwiththefinal

oxygenandprotonicpotentialprofilesandthennormalizedbythein-planecross-sectional

areaofthereconstructiontoobtainthecurrentdensity(A/cm2)intheCL.

Figure5.6showsthepolarizationcurvesfortheCLreconstructionswithrd=30,40and

50nmandporosityof0.3and0.5.Thereisanegligibledifferencebetweentheperformance

oftheCLreconstructionswithdifferentPSDswithamaximumdifferenceof0.09A/cm2

atacellvoltageof0.3Vforthedifferentreconstructions. Figure5.6balsoshowstheiR

freepolarizationcurveforaCLwithaPtloadingof0.026mg/cm2andNafionloadingof

30%byweightwhichhadasimilarionomervolumefraction(0.16)andporosity(0.5).The

currentdensitypredictionsfortheCLreconstructionsaresimilartothosefromShuklaet

al.[11]inthekineticregion.Since,thecurrentstudyignoresmasstransportlossesinthe

diffusionmedia,thesimulationspredictmuchhighercurrentdensitiesatlowercellvoltages.

ToinvestigatethereasonforthenegligibledifferencebetweentheperformanceofCLswith

significantlydifferentporesizes,theoxygenmolarfractionandprotonicpotentialprofilesin

theCLreconstructionswereanalyzed.

Figure5.7showstheoxygenmolarfractionintheporephaseoftheCLreconstructions

withrd=40nmandporosityof0.3and0.5atacellvoltageof0.4V.Thechangeinthe

oxygenmolarfractionacrossthedomainis8%forthereconstructionwithaporosityof0.3

andonly3.7%whentheporosityis0.5.ThelowdropinoxygenconcentrationacrosstheCL

isduetotheionomerfilminterfacialresistancewhichhasbeenaccountedinthisstudyand

showntobethelimitingmasstransportresistance[51,209,211,216]. Numericalmodels

accountingfortheinterfacialionomerresistancehaveshownadropinoxygenmolarfraction

oflessthan20%fora5µmCL[168]andnearly10%forlow-loadingelectrodes[211]in

thethrough-planedirection.Significantmasstransportlosseswerehowever,observedunder

theland[31,168,211]butthesewouldrequireaverylargecomputationaldomain. An
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(a) (b)

Figure5.6–PolarizationcurveforCLswithdifferentparticlesizes(rd)andporosityofa)
0.3andb)0.5at80◦C,1atmand50%RHwithzerolocalsaturation.iRfree
polarizationcurvefromShuklaetal.[11]isshownforaCLwithPtloadingof
0.026mg/cm2and30%Nafionloadingbyweight.

(a) (b)

Figure5.7–Oxygenmolarfractionprofileat0.4VintheporephaseoftheCLreconstruction
withrd=40nmandporosityofa)0.3andb)0.5.

increaseinthesolid-ionomerinterfacialareawithadecreaseintheporesizeswouldresult

inlowerlocalfluxesandlowerinterfacialresistanceatthesolid-ionomerinterface. How-

ever,thenegligiblechangeinperformancewithPSDindicatesthatthemagnitudeofchange

oftheinterfacialareaandhence,thelocalresistanceisnotenoughtoaffecttheperformance.

Figure5.8showstheprotonicpotentialintheionomerphaseoftheCLreconstructions

atacellvoltageof0.4V.Sincetheionomervolumefractionwasthesameforalltherecon-

structions,theprotonicpotentialdropacrosstheCLwassimilarforallthereconstructions.

FortheCLreconstructionsshowninFigure5.8,theprotonicpotentialdropacrosstheCLis

16mVand25mVforaporosityof0.3and0.5respectively.Therelativelysimilarprotonic
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(a) (b)

Figure5.8–Protonicpotentialprofiles(inV)at0.4VintheionomerphaseoftheCL
reconstructionwithrd=40nmandporosityofa)0.3andb)0.5.

potentialsinthedomainwouldresultinsimilaroverpotentials(η),definedas,

η=φS−φM −E
ref, (5.1)

whereφSistheelectronicpotentialwhichwaskeptconstantinthedomainandE
refisthe

opencellvoltagecalculatedatthereferencestate.Sinceboththeoverpotentialandoxygen

molarfractionwerefoundtobesimilarthroughoutthedomainforallthereconstructions,

thetotalcurrentsandhence,thecurrentdensitiesaresimilarforthereconstructionswith

varyingporesizedistributions.

Resultsfromthecurrentstudyshowthattherearenochangesintheperformanceofthe

CLunderdryconditionswithporesizedistribution.Thisiscontrarytotheexperimental

studies[269,270]whoobservedanimprovementintheperformanceforallcellvoltageswith

theuseofporeformersandattributedittoanincreaseintheporesizes.Fischeretal.[269]

obtainedtheelectrochemicalperformanceatacelltemperatureof75◦Cand100%RHon

thecathodesidewhileGamburzevandAppleby[270]operatedthecellat50◦Canddidnot

reporttheRH.Therefore,itislikelythatathighcurrentdensitiestheCLwasfloodedandit

wouldbebettertocomparetheresultsathighcurrentdensitiestothoseforthewetperfor-

manceoftheCLinthefollowingsection.Boththesestudiesalsoobservedanimprovement

intheperformanceinthekineticregion,likelyduetoanincreaseintheECSA,whichhas

notbeentakenintoaccountinthisstudy.Thesestudies[269,270]however,didnotreport

thechangeinporosityandporesizedistributiontherefore,itisdifficulttoascertainthe

changeinporesizesduetotheuseofporeformers.Thus,anexperimentalstudyisrequired,

whichcharacterizesthechangeinporesizedistributionandconsequenteffectontheelectro-

chemicalperformanceofelectrodesfabricatedwithandwithoutporeformers.Suchastudy

wouldbeusefultoprove/disprovetheresultsfromthecurrentstudyandprovideguidance
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forfuturenumericalsimulations.

5.3 EffectofporesizedistributiononCLperformance

underpartiallysaturatedconditions

TostudytheeffectoflocalsaturationontheelectrochemicalperformanceofCLswithdif-

ferentPSDs,liquidwaterwasintrudedintothereconstructionsusingthenucleationbased

waterintrusionmethoddescribedinSection2.3.3.Tosimulatetheliquidwaterintrusion,

thesmallestpores,i.e.,poreshavingaradiusof5nm,weretreatedasnucleationsitesand

assumedtobeinitiallyfilled.Thereasonfortreatingthesmallestporesasthenucleation

siteshasbeendiscussedearlierinSection2.3.3. Thesenucleationsitesaccountforabout

7.7-7.9%and3.9-4.6%ofthetotalporosityforreconstructionswithaporosityof0.3and

0.5respectively. However,fortheCLreconstructionwithεV =0.3andrd=30nm,the

HIfractionwas12.8%.TheremainingporesintheCLsweretreatedashydrophobic(HO)

withacontactangleof93◦basedontheenvironmentscanningelectronmicroscopymea-

surementsreportedbyYuetal.[268].Asdiscussedinthepreviouschapterswhenusingthe

CFMmodel,thecontactangleonlychangesthevalueofthecapillarypressurerequiredto

intrudetheporeandnottheactualsaturationprofile.However,changingthewettabilityof

thepores,i.e.,increasingthehydrophilicfraction,wouldresultinachangeinthesaturation

profiles.

LiquidwaterintrusionwassimulatedusingtheCFMmodelandtheparametersdescribed

aboveforthedifferentCLreconstructions.Figure5.9showsthecapillarypressure-saturation

curvesforCLreconstructionswithrd=30,40and50nmandporosityof0.3and0.5.The

yinterceptonFigure5.9indicatesthehydrophilicfractionforthedifferentreconstructions.

Atagivencapillarypressure,anincreaseintheporesizesresultsinanincreaseinsaturation.

Atacapillarypressureof263kPa,thesaturationintheCLreconstructionsvariedfrom20%

to78%withanincreaseintheporesizes. ThecapillarypressurevaluesinFigure5.9are

muchhigherthantheexperimentaldatareportedbyKusogluetal.[259].However,Kusoglu

etal.[259]reportedamaximumcapillarypressureofnearly30kPa,whichwouldmean

thatminimumradiusforthehydrophobicporesintheCLis253nm.Thisislikelydueto

theirsampleshavinglargecracksandahighhydrophilicporefraction.Further,Kusogluet

al.[259]simulatedliquidwaterintrusionfromtheCLboundaryincontactwithaliquidwa-

terreservoirwhereasthisstudysimulatesanucleationbasedapproachwherewaterintrusion

occursfromwithintheCL.Since,thewettabilityoftheporesintheCLisunknown,more

experimentaldataanalyzingliquidwaterintrusionintheCLandmicroscopyreconstructions
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Figure5.9–Capillarypressure-saturationcurvesforCLreconstructionswithdifferentrdand
porosities.

atvarioussaturations,similartothoseforGDLs[55,56,60,76–79],couldbevaluableto

gaininsightintothelocalwettabilityandsaturationprofilesintheCL.

Table5.2showsthethresholdsaturation(sth),definedasthesaturationbeyondwhicha

percolatinggasnetworkdoesnotexist,forthedifferentreconstructionsusedinthisstudy.

Forthereconstructionswithaporosityof0.3,thethresholdsaturationrangesfrom73-80%.

Thethresholdsaturationincreaseswithanincreaseinporosity.Thecapillarypressurere-

quiredtoachievethethresholdsaturationdecreaseswithanincreaseintheparticleradius

foraporosityof0.3. Thisisexpectedbecauseanincreaseinparticleradiusresultsinan

increaseintheporeradiileadingtohighersaturationsatlowercapillarypressures.Fora

porosityof0.5,thecapillarypressureatsth,decreaseswhenrdincreasesfrom30to40nm

butthenincreasesforrd=50nm.

Tostudytheelectrochemicalperformance,thelocalsaturationwascomputedusingthe

CFMsimulationatagivencapillarypressure.Thepercolatingporenetwork,i.e.,gasand

liquidfilledpores,andthepercolatingionomernetworkwereextracted.Thelocalsaturation

istherefore,notcoupledtotheelectrochemicalreaction.Oxygentransportwassimulatedin

thegas(diffusivityobtainedusingEquation(2.6))andliquidfilledpores(diffusivityobtained

usingEquation(2.18))andionomerfilms(diffusivityis9.726e-6cm2/s[273])andproton
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Table5.2–Thresholdsaturation(sth)forthedifferentreconstructionusedinthisstudy.

Porosity Particleradius(nm) Thresholdsaturation(sth) Capillarypressureatsth(kPa)

0.3
30 0.774 560.6
40 0.735 449.2
50 0.792 394.4

0.5
30 0.818 462.7
40 0.855 376.7
50 0.938 449.2

(a) (b)

Figure5.10–MeshfortheCLreconstructionswithparticleradiusof40nmanda)porosity
of0.3atacapillarypressureof449kPaandsaturationof73.5%andb)porosity
of0.5atacapillarypressureof462kPaandsaturationof90.6%. Whiteisthe
ionomerfilm,blackisthegasfilledporespaceandblueistheliquidwaterfilled
porespace.

transportwassimulatedintheionomerfilms.TheKnudsenradiiforthegasfilledporeswas

recomputedassumingtheliquidwatersurfacetobeimpermeabletothegasmolecules.The

electrochemicalreactionwassimulatedattheionomer-solidinterface.Figure5.10showsthe

partiallysaturatedCLcomputationaldomainfortwocaseswithrd=40nmanddifferent

porosities.

Figure5.11ashowsthecurrentdensityasafunctionofthelocalsaturationatacell

voltageof0.4VfortheCLreconstructions.Thesameoperatingconditionsasthoseusedto

simulatethedryelectrochemicalperformanceinSection5.2wereused.Thecurrentdensity

initiallyremainsnearlyconstantwithanincreaseinsaturationandthendecreasesrapidly

withafurtherincreaseinsaturation.Thecurrentdensityisinitiallyconstantbecauseatlow

saturationsthegastransportmainlytakesplacethroughthegasfilledpores(by-passingany

liquidfilledpores),therebytheoxygenconcentrationinthedomainremainsnearlyconstant.

Afurtherincreaseinsaturation(beyond50%forεV =0.3and70%forεV =0.5)leadsto
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(a) (b)

Figure5.11–a)CurrentdensityforCLswithdifferentparticlesizes(rd)andporositiesata
cellvoltageof0.4VasafunctionoftheaveragesaturationintheCL.b)Current
densityforCLswithdifferentparticlesizes(rd)andporositiesatacellvoltageof
0.4Vasafunctionofthecapillarypressure.Theoperatingconditionswere80◦C,
1atmabsolutepressureandanoxygenmolarfractionof0.161attheCL-diffusion
mediainterface.

adecreaseintheperformance.Finallyatsaturationhigherthanthethresholdsaturation,

thereisarapiddecreaseincurrentdensityduetomasstransportlossesasaresultofthe

liquidfilledporesformingbottlenecksforoxygentransport.Thecurrentdensityatagiven

saturationincreaseswithanincreaseinporesizesbecauseofthehigherKnudsendiffusivity

(andhenceoverallgasphasediffusivity)andlowermasstransportlossesforCLswithlarger

poresizes.

AlthoughFigure5.11acomparestheelectrochemicalperformanceofthedifferentCLs

asafunctionofthelocalsaturation,itmustbenotedthatthelocalsaturationintheCL

isgovernedbythecapillarypressurewhichinturndependsontheadjacentlayerssuchas

MPLorGDL.Figure5.11bshowsthecurrentdensityasafunctionofthecapillarypressure

forthedifferentCLs. Thecurrentdensityinitiallyremainsnearlyconstantwithcapillary

pressureandthendecreasesrapidlywithanincreaseincapillarypressure.Adecreaseinthe

CLporesizeresultsinahighercurrentdensityatagivencapillarypressure.Thisisbecause

ofthehigherliquidpressureneededtointrudethesmallerporesizesintheCL.

Figure5.12showstheoxygenmolarfractionintheporephaseoftheCLreconstruction

withrd=40nmandporosityof0.3and0.5atacapillarypressureof449kPa(saturation

of73.5%)and462kPa(saturationof90.6%)respectively.Unlikethedrycase,muchhigher

masstransportlossesareobservedattheporescalewithamaximumconcentrationdropof
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(a) (b)

Figure5.12–Oxygenmolarfractionprofileat0.4VintheporephaseoftheCLreconstruction
withrd=40nmanda)porosityof0.3atacapillarypressureof449kPaand
saturationof73.5%andb)porosityof0.5atacapillarypressureof462kPaand
saturationof90.6%.

44.5%and52.6%forthereconstructionswithporosityof0.3and0.5andacapillarypres-

sureof449and462kParespectivelyandcellvoltageof0.4V.Thesignificantlyhighermass

transportlossesobservedinFigure5.12,comparedtoFigure5.7forthedrycaseatthesame

cellvoltage,areduetotheliquidwaterfilledporeswhichhavea3to4ordersofmagnitude

loweroxygendiffusivitythanthemolecularoxygendiffusivityinair.Theliquidwaterfilled

poresformbottlenecksintheporespace,therebyresultinginsignificantmasstransport

losses. Therefore,thecurrentdensityfortheCLreconstructionshowninFigure5.12ais

21.7%higherthanthereconstructioninFigure5.12b.

Figure5.13showstheprotonicpotentialintheionomerfilmsforthesameCLreconstruc-

tionsasFigure5.12. TheprotonicpotentialgradientacrosstheCLis14mVand21mV

fortheCLreconstructionsshowninFigures5.13aand5.13brespectively.Therelativelylow

changeintheprotonicpotentialsindicatesthattheionomerfilmshavenegligibleimpacton

thecurrentdensityforthisstudy.Thisisconsistentwiththemotivationofthisstudytoiso-

lateandstudytheeffectoftheCLporesizedistributionontheelectrochemicalperformance.

Theresultsfromthecurrentstudysuggestthatsignificantcapillarypressures(greater

than300kPa)arerequiredforthePSDtohaveaneffectontheperformanceoftheCL.

Experimentalstudies[274–277]havereportedbreakthroughcapillarypressuresof4-8kPa

forcommercialGDLswith MPL.Atthesecapillarypressures,thelocalsaturationinthe

CLsusedinthisstudyisbetween3-12%.Attheselowsaturations,thereisnegligiblechange

intheelectrochemicalperformanceoftheCLthereby,indicatingthattheCLPSDhasno

impactontheelectrochemicalperformance.

However,theexperimentalstudieshavetheentire MPL/GDLsurfaceincontactwith
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(a) (b)

Figure5.13–Protonicpotentialprofiles(inV)at0.4VintheionomerphaseoftheCL
reconstructionwithrd=40nmanda)porosityof0.3atacapillarypressureof
449kPaandsaturationof73.5%andb)porosityof0.5atacapillarypressureof
462kPaandsaturationof90.6%.

liquidwaterwhichmightnotbethecaseforliquidwatertransportattheCL-MPLinterface.

Figure5.14showstheprobabilityoffindingliquidwaterattheCL-MPLinterfaceforthe

differentreconstructionsusedinthisstudy.Theprobability(F(Liquid,MPL))wascalculated

as,

F(Liquid,MPL)=
Aw
Apores

εV (5.2)

whereAwistheareaofliquidwaterontheCL-MPLinterfaceandAporesisthetotalarea

ofporesattheCL-MPLinterface.Itcanbeseenthatforasaturationof40%theproba-

bilityoffindingliquidwateratCL-MPLinterfaceislessthan0.2forreconstructionswith

εV=0.3andlessthan0.3forreconstructionswithεV=0.5.Therefore,thebreakthrough

capillarypressureforliquidwaterfromCL-MPLwoulddependontheprobabilityofhaving

liquidwaterattheCL-MPLinterfaceandacrackintheMPLatthesamelocation,which

wouldbeevenlowerthantheprobabilityreportedinFigure5.14.Itmustalsobenotedthat

thecapillarypressurereportedinthisstudywouldalsobeaffectedbythehydrophilicpore

fractionasanincreaseinthehydrophilicporevolumewouldresultinhighersaturationsat

lowercapillarypressures.

5.4 Effectofvoxelsizeontheelectrochemicalperfor-

manceofCL

TostudytheeffectofvoxelsizeontheelectrochemicalperformanceoftheCL,electrochem-

icalsimulationswerecarriedoutonastochasticCLreconstructionwithaporosityof0.4,a

uniformionomerfilmofthickness7.5nm(3voxels),i.e.,anionomervolumefractionof0.16,

anddimensionsof400nm×400nm×1500nm(160×160×600voxels).Voxelresolution
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Figure5.14–ProbabilityoffindingliquidwaterattheCL-MPLinterfaceasafunctionof
saturationintheCLforreconstructionswithrd=30,40and50nmandporosity
of0.3and0.5.

waseither2.5nmineachdirectionor5nm,whereforthelattercasethevoxelresolutionwas

decreasedbyafactorof2usinganearestneighborinterpolation[68]. Auniformionomer

filmofthickness7.5nm(3voxels)wasgeneratedtogetanionomervolumefractionof0.16.

LiquidwaterwasintrudedintheCLmicrostructureusingthenucleationbasedwaterin-

jectionalgorithmdescribedearlier.Forwaterintrusion,thesmallestporeshavingaradius

of2.5nmwereassumedtobethehydrophilicnucleationsitesandwereinitiallyflooded.

Thisresultedinahydrophilicpercentageof3.8%intheCL.Allotherporesweretreatedas

hydrophobicwithacontactangleof93◦[268].Electrochemicalsimulationswerecarriedout

ontheCLatsaturationof0%(drycase),25%and59%.

Table5.3showsthechangeinporosity,percolatingporevolumefraction,ionomervolume

fractionandpercolatingionomervolumefractionduetocoarseningofthevoxelresolution.

Thereisnegligiblechangeintheporeandionomernetworkswhenthevoxelresolutionis

changedfrom2.5to5nm.Furthercoarseningofthevoxelresolutionto10nmleadtoa

drasticdecreaseinthepercolatingionomervolumefractionto0.02.Thelatterwasexpected

becausetheionomerthicknesswasassumedtobeuniformat7.5nmwhichisbelowthe10

nmvoxelresolution.

Tosimulatetheelectrochemicalreactions,thelocalactivesurfaceareawassetto0.2cm2

CL/cm2ionomer-solidinterface[51].Theoperatingconditionswere80◦C,1atmabsolute

pressureand50%RH.Similartothesimulationsabove,anoxygenmolarfractionof0.161

andprotonicpotentialof0VwereusedasDirichletboundaryconditionsinEquation(2.24).

Theelectronicpotentialwasmaintainedconstantinthedomainatthecellvoltageof0.4V.
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Table5.3–Effectofvoxelresolutionontheporosityandionomervolumefractionofthe
stochasticreconstruction.

Coarseningfactor Voxelresolution εV Percolatingpore εN Percolatingionomer
[nm] network[%] network[%]

None 2.5 0.4 99.8 0.159 98.6
2X 5 0.4 99.9 0.157 99.9

Table5.4–Variationincurrentdensityatacellvoltageof0.4Vatdifferentsaturationswith
changeinvoxelresolution.

Coarseningfactor Voxelresolution s=0% s=25% s=59%
[nm] i[A/cm2] i[A/cm2] i[A/cm2]

None 2.5 1.49 1.48 1.44
2X 5 1.46(-1.75%) 1.46(-1.75%) 1.42(-1.6%)

Table5.4showsthecurrentdensityatthegivenconditionsfordifferentsaturationsatthe

twovoxelresolutions.Itcanbeseenthatcoarseningthevoxelresolutionleadstoadecrease

inthecurrentdensityoflessthan2%,howeveritresultsinareductioninthenumberof

degreesoffreedomfrom9.4millionto1.28million,therebydecreasingthecomputational

timefrom4.7hoursto1.1houraswellasreducingRAMrequirements.Therelativelysmall

changeinthecurrentdensityanddecreaseinresourcerequirementsjustifiestheuseof5nm

voxelresolutiontoanalyzetheelectrochemicalperformanceatdifferentsaturationsforCLs.

5.5 Conclusions

Stochasticreconstructionswithdifferentparticlesizesandporositieswereusedtogenerate

CLreconstructionswithdifferentporesizedistributions.Anincreaseintheparticleradius

andporosityresultedinanincreaseintheaverageporesize,themeanvoidchordlengthand

thevolumefractionofporesgreaterthan100nmindiameterandadecreaseinthespecific

interfacialarea.

Numericalsimulationswereperformedonthestochasticreconstructionstostudythe

effectofporesizedistributionontheelectrochemicalperformanceatdryconditions. Po-

larizationcurvesforCLswithdifferentporesizedistributionsunderdryconditionsshowed

negligibledifferences. Thiswasduetoalessthan10%dropintheoxygenmolarfraction

acrosstheCLatacellvoltageof0.4Vwhichindicatedthattheinterfacialresistancedueto

114



theionomerfilmwasthedominantmasstransportresistance.Thiswasconsistentwiththe

through-planeoxygenprofilesobservedinotherstudieswhichhadaccountedforthisresis-

tance.Theresultswerecontradictorytoexperimentalstudieswhichshowedanimprovement

inperformancewiththeuseofporeformers.However,thesestudieslackedanymicrostruc-

turecharacterization. Therefore,experimentalstudieswhichcombineelectrochemicaland

microstructurecharacterization,usingimagingtechniquesandmercuryintrusionporosime-

try,arerequiredtoguidethenumericalsimulations.

LiquidwaterintrusionintotheCLreconstructionswassimulatedusinganucleationbased

waterintrusionalgorithmtostudytheeffectoflocalsaturationontheelectrochemicalper-

formanceofCLreconstructionswithdifferentPSDs.ThepartiallysaturatedCLswereused

tosimulatetheelectrochemicalperformancewhichaccountedforoxygentransportinthegas

andliquidwaterfilledporesandionomerfilmsandprotontransportintheionomerfilms.

TheelectrochemicalperformanceofallCLsinitiallyremainedconstantwithanincreasein

capillarypressureandthendecreasedrapidlywithafurtherincrease.Thesignificantdrop

incurrentdensitywasduetoblockageofthegasfilledporenetwork,resultinginmuchlarger

masstransportlossesduetoloweroxygendiffusivityinliquidwater.ItwasfoundthatCLs

withsmallerporesizesresultedinlowersaturationsatagivencapillarypressureandhence,

itisspeculatedthattheywouldresultinlowerlossesintheelectrochemicalperformance

sincethebreakthroughpressureintotheMPLwouldcontrolliquidpressureintheCL.At

thesamesaturations,CLswiththelargerporesizeshadbetterperformanceduetohigher

Knudsendiffusivityinthepores.Experimentalstudiesarerequiredtodetermine:a)liquid

waterintrusioncurvesforCLs;andb)thebreakthroughcapillarypressuresforaCLand

MPLassembly.Suchstudiesshouldbecomplementedwithmicrostructuralcharacterization

usingimagingtechniquesandnumericalmodelingtoimprovetheunderstandingofthese

phenomena.
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Chapter6

Ontheeffectofionomerdistribution

Ionomeristheprotonconductingphaseinthecatalystlayer.Increasingtheionomercon-

tentprovidesmoreprotonconductingnetworkinthecatalystlayerhowever,anincrease

intheionomercontentleadstoadecreaseintheporositywhichimpedesgasandliquid

transport.Experimentalstudies[38,39,120–122,278–280]haveproposedtheexistenceof

optimalionomerloadingsforPEMFCcatalystlayers.Severalstudies[219,220,281,282]

havehypothesizedthatmodificationoftheionomerdistributioncouldalsoleadtoanincrease

intheperformance. Microstructuralmodelingstudies[4,63,67,86,104–106,149]havere-

constructedionomerfilmstosimulateprotontransportintheCLtostudyelectrochemical

simulations.Recentstudiesonionomerthinfilms[12,251–256]showthattheconductivity

ofionomerthinfilmsisdifferentfromthoseofthebulkmembranepreviouslyusedinnumer-

icalstudies[4,63,67,104–106,149]anddependonthefilmthickness,temperature,relative

humidity,heattreatmentandsubstrateonwhichtheionomerfilmswerestudied.

Inthischapter,theeffectofionomerdistributionandcontentontheeffectivetransport

propertiesandtheelectrochemicalperformanceoftheCLisdiscussed. Thethinfilmde-

pendentconductivityreportedinrecentexperimentalstudiesisusedtomodeltheproton

transportinthereconstructedionomerthinfilms.Section6.1describesthereconstruction

algorithmusedtogeneratetheionomerfilms.Section6.2showsthestatisticalfunctions

forthereconstructionswithvaryingionomerdistributionsandcontent.Sections6.3and6.4

discusstheresultsofthenumericalsimulationsusedtocomputetheeffectivetransportprop-

ertiesandelectrochemicalperformanceforthedifferentionomercontentsanddistributions.
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Figure6.1–Solidphase(carbonandplatinum)ofthebasemicrostructureusedtostudy
differentionomerdistributions.Thedimensionsofthereconstructionare600nm
×600nm×600nmwithavoxelresolutionof2nmineachdirectionandasolid
volumefractionof0.25.

6.1 Microstructuregeneration

Forthisstudy,thebasemicrostructurewasgeneratedusingtheoverlappingspherealgo-

rithmdescribedinSection2.1.2withmultipleparticlesizesandfreeoverlap(ψ=1).The

microstructurewasgeneratedusingparticleswithradiiof20,30and40nmhavingaproba-

bilityof0.25,0.5and0.25respectively.Thesolidvolumefraction,i.e.,carbonandplatinum,

wasfixedat0.25.Figure6.1showsthesolidphaseofthegeneratedbasestructurewithdi-

mensionsof600nm×600nm×600nmwithavoxelresolutionof2nmineachdirection.

Avoxelresolutionof2nmischosenforthisstudybecausetheobjectiveofthischapteristo

studytheeffectoftheionomerfilmdistributionandtherefore,usingahighervoxelsizewould

providelessflexibilityinvaryingtheionomerfilmdistributionswhichhavebeenreportedto

haveathicknessof4-16nm[283].Eventhoughaminimumthicknessof4nmwasfoundin

thetomographicreconstruction[283],aresolutionof2nmischosentoprovidebettercontrol

overthefilmthicknesswhileensuringthattheminimumthicknesswas2voxelsor4nm.

Thedomainsizeof600nminthex,yandzdirectionswasshowntobearepresentative

elementaryvolume(REV)tostudythestatisticalfunctionsandeffectivediffusivity[51,284]

andtherefore,itisassumedtobesufficienttopredicttheeffectiveprotonicconductivity.

Thesamesolidstructureisusedtostudydifferentionomerdistributionsbygeneratingthe

ionomerfilmsonthesolidstructure.Thiswasdonetoeliminateanyeffectoftheunderlying

solidstructureonthestatisticalandfunctionalcharacterizationandlimitallchangestothe

effectofionomerfilmdistributions.Theionomerfilmreconstructionalgorithmisdescribed

inthefollowingsection.
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6.1.1 Ionomerreconstructionalgorithm

Ionomerthinfilmsweredigitallyreconstructedusingastochasticalgorithmbasedonan

inputprobabilityoftheionomerfilmdistribution. Figure6.2showsaschematicofthe

ionomerreconstructionalgorithm. Theionomerisgeneratedinthevoidphase. Thiswas

usedtogeneratetheuniformionomerfilminthepreviouschapterstoensurethatthepore

networkwasunaffectedbythegenerationoftheionomerfilms.Thestepsofthealgorithm

aredescribedbelow,

1.A3Dbinarystructure(Figure6.2a)withsolidandvoidphaseisprovidedasaninput

tothealgorithm.Theionomerfilmsaregeneratedeitherinthevoidphase(i.e.,coated

onthesolidphase)oftheinputmicrostructure.

2.Thedistancetransformismeasuredonthephaseinwhichtheionomeristobede-

posited.Thedistancetransformdiscretizesthephaseofinterestintolayersbasedon

thedistancefromthesolid-voidinterface. Thus,eachuniquevalueofthedistance

transformindicatesalayer. AnexampleofthisisshowninFigure6.2bwherethe

distancetransformiscomputedinthevoidphaseandthevalueincreasesfromblack

towhitewithblackbeingavalueofzero.

3.Theinputprobability(p(x))oftheionomerdistancefromthesolid-voidinterfaceis

read.Thisgivestheprobabilityoffindinganionomervoxelatadistancexfromthe

solid-voidinterface.p(x)isconvertedintoanequivalentnumberofcellstobedeposited

intoeachlayerofthedistancetransformdiscretizedphasebasedonthedesiredionomer

volumefractionandthetotalvolumeofthemicrostructure. Theinputdistribution

controlsthenatureofthegeneratedionomerfilms. Forexample,auniforminput

distributionwouldresultinuniformionomerfilmswhereasnon-uniformorrandom

distributionswouldresultinpatchyionomernetworks.

4.Thenextstepinthealgorithmisthelayer-by-layerdepositionoftherequirednumberof

cellstoeachlayerofthediscretizedphase(givendistancefromthesolid-voidinterface)

startingwiththelayerclosesttothesolid-voidinterface,i.e.,distanceofzerofromthe

solid-voidinterface. Togeneratetheionomercellsinthelayeratadistancexfrom

thesolid-voidinterface,aprobabilityarrayiscreatedtostoretheprobabilityofall

viablelocationswhichareadistancexfromthesolid-voidinterface.Aviablelocation

isdefinedasanylocationwhichisanon-ionomervoxelinthediscretizedphase.In

ordertoensureconnectivityoftheionomerfilms,theprobabilityofaviablelocationis

scaledbyasmoothingfactorifitisadjacenttoanexistingionomercellinthecurrent

(distancex)orprevious(distancex−1)layer. Figure6.2cshowstheprobability
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distributionatoneoftheiterations. Whitecoloredcellshavethehighestprobability

inFigure6.2c.

5.Theprobabilityarrayisthenusedtopickrandomlocationswhereionomercellscanbe

placed.Inordertoimproveefficiencyofthecode,groups(morethanonecellatatime)

ofionomercellsareplacedrandomlywithinthestructuresimultaneouslyaccordingto

theexistingprobabilityarray. Figure6.2dshowsthemultipleionomercellsplaced

duringasingleiteration.

6.Steps3-5arerepeateduntiltheappropriatenumberofcellshavebeenplacedineach

layertosatisfytheinputdistributionandachievethedesiredvolumefraction.Fig-

ures6.2eand6.2fshowtheevolutionoftheionomerfilmgenerationatdifferentdis-

tancesfromthesolid-voidinterface.

Thealgorithmforionomergenerationwasimplementedinpythonasapartoftheopen-

sourcepackagepyFCST.

Theinputstotheionomerreconstructionalgorithmdescribedaboveare:a)initialmi-

crostructure,b)probabilityoftheionomerdistributionandc)smoothingfactor. Themi-

crostructureshowninFigure6.1isprovidedastheinitialmicrostructure.Theionomerfilms

aregrownonthesolidsurface,thereforeionomerdistributionaffectstheporosityandpore

sizes.Thesmoothingfactorissetto100,therebymakingit100timesmoreprobablethat

newionomercellsareplacedadjacenttoexistingionomercells.

Togeneratedifferentionomerdistributions,theprobabilitiesfortheionomerdistribu-

tionswereobtainedfromanormaldistributionwithameanofzeroanddifferentstandard

deviations.Theinputdistributionswereobtainedbymodifyingthestandarddeviation(σ)

forthenormaldistributionsandobtainingtheprobabilitiesusing,

f(x)=F(x+1)−F(x), (6.1)

wheref(x)istheprobabilityoffindinganionomervoxelatadistancexfromthesolid-void

interface,F(x)isthecumulativedistributionfunctionforanormaldistributiondefinedas,

F(x)=
1

2
1+erf

x−µ

σ
√
2

, (6.2)

whereµiszeroanderfistheerrorfunction.Itmustbenotedthatonlythepositivehalf

ofthenormaldistributionfunctionisusedtogeneratetheinputprobabilityfortheionomer

filmreconstructions.f(x)wascomputedforallintegerdistancesupto3σfromthesolid-void
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(a) (b) (c)

(d) (e) (f)

Figure6.2–Schematicoftheionomerreconstructionalgorithmappliedtogeneratingionomer
filmsinthesolidphaseofthemicrostructure.a)3Dinputmicrostructurewith
solidinwhiteandporeinblack;b)Distancetransforminthevoidphase(distance
increasesfromblacktowhite);c)Probabilityofcellstobeselectedforionomer
placement;d)Multipleionomercellsplacedfromrandomlyselectedcells;and,e)
andf)Growingtheionomerfilmonelayeratatimefromthesolid-voidinterface.
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(a) (b)

(c) (d)

Figure6.3–Probabilityfunctionsfortheionomerdistributionsforreconstructionswith
ionomervolumefractionofa)0.122,b)0.17,c)0.20and,d)0.26.

interfaceandthennormalizedsothatthesumofprobabilitieswas1(comparedto0.4985

sincehalfthenormaldistributionupto3σwasused). Additionally,toensurethatthere-

quiredionomervolumefractionismetespeciallyforlowerσvalues,theprobabilitieswere

re-adjustedtofartherdistancesbecausethelayersclosetosolidsurfacewere100%filledand

couldnotsatisfythehighprobabilityvalueobtainedfromthenormaldistribution.

Figure6.3showstheinputprobabilitytogeneratedifferentionomerdistributionsforan

ionomervolumefractionof0.122,0.17,0.2and0.26correspondingtoanI/Cratioof0.53,

0.74,0.87and1.13respectivelybasedonthesolidvolumefractionforadoctorbladeCL

reportedbyZhouetal.[168].Anincreaseinσofthenormaldistributionfunctionleadsto

higherprobabilitiesoffindingionomercellsfartherfromthesolid-voidinterface. Asmen-

tionedearlier,forlowσvaluestheprobabilitieswerere-adjustedtoensurethatthedesired

121



volumefractionwasachieved. Thisre-adjustmentcanbeobservedforσ=2forallcases

wheretheprobabilityoffindingafilmonthesurfaceislowerthanfindingit2-5nmaway

whichisuncharacteristicofanormaldistributionwithzeromeanbutinlinewithanincrease

ofavailableoptionsduetothelargerradius.

6.2 Statisticalcharacterization

TheprobabilityfunctionsshowninFigure6.3wereusedtogenerateionomerdistributions

withdifferentvolumefractions.Foreveryσvalue,onereconstructionwasgeneratedbecause

thedomainsizeof600nmineachdirectionwasshowntobestatisticallyrepresentative.This

wasdemonstratedbythenegligiblevariationinstatisticalfunctionsandeffectivediffusivities

fromtheresultsinChapter4andapreviousstudy[51].Figure6.4showstheionomerdistri-

butionatthesamelocationforreconstructionswithanionomervolumefractionof0.17and

σvaluesrangingfrom2to6. Withanincreaseinσ,theionomerdistributionbecomesmore

irregularwithlargerdifferencesinlocalionomerthickness.Further,withanincreaseinσ,

thecoverage,definedasthefractionofthesolidsurfacecoveredbyionomer,alsodecreases

whichcanbeseenclearlyinFigures6.4dand6.4e.

Figures6.5a-cshow2Dslicesoftheionomerdistributionat25%,50%and75%ofthe

depthinthezdirectionforanionomervolumefractionof0.122andσ=2.Atalowσvalue,

theionomerdistributionisuniformandanincreaseintheionomervolumefractionresultsin

auniformincreaseintheionomerfilmthickness.ThisisshowninFigures6.6a-c,6.7a-cand

6.8a-cforI/Cratiosof0.74,0.87and1.13withuniformdistributionforσvaluesbetween

2to3.Figures6.5d-f,6.6d-f,6.7d-fand6.8d-fshow2Dslicesoftheionomerdistribution

at25%,50%and75%ofthedepthinthezdirectionfordifferentionomervolumefractions

(εI)withanon-uniformionomerdistribution(σ=5forI/C=0.53,σ=6forI/C=0.74,σ

=5forI/C=0.87andσ=6forI/C=1.13).Anincreaseinσleadstomorenon-uniform

ionomerdistributionsandalossofcoverageespeciallyatlowerionomercontents(I/C=0.53

and0.74).Theeffectofσislesspronouncedforhigherionomercontents(εI=0.2and0.26)

wheretheionomerfilmsclosetothesolidsurfaceremainuniformduetothehighionomer

volumefraction.

Figure6.9showsthetwo-pointcorrelationfunctioninthexdirectionfortheionomer

phase(Si2(r))fordifferentionomerdistributionsandI/Cratios.Forthestatisticalfunctions,

onlythefunctionsinonedirection,xinthiscase,areshownbecausethefunctionshadiden-

ticalvaluesinthex,yandzdirectionsindicatinganisotropicstructure.Anincreaseinσ
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(a) (b) (c)

(d) (e)

Figure6.4–Ionomerdistributionatthesamelocationforaionomervolumefractionof0.17
withσofa)2,b)3,c)4,d)5ande)6.Ionomerisshowninwhite,poresaregrey
andsolidisblack.
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(a) (b) (c)

(d) (e) (f)

Figure6.5–Ionomerdistributionat:a)25%,b)50%andc)75%zdepthforI/C=0.53with
σ=2andd)25%,e)50%andf)75%zdepthforI/C=0.53withσ=5.Ionomer
isshowninwhite,poresaregreyandsolidisblack.
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(a) (b) (c)

(d) (e) (f)

Figure6.6–Ionomerdistributionat:a)25%,b)50%andc)75%zdepthforI/C=0.74with
σ=2andd)25%,e)50%andf)75%zdepthforI/C=0.74withσ=6.Ionomer
isshowninwhite,poresaregreyandsolidisblack.
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(a) (b) (c)

(d) (e) (f)

Figure6.7–Ionomerdistributionat:a)25%,b)50%andc)75%zdepthforI/C=0.87
withσ=2.1andd)25%,e)50%andf)75%zdepthforI/C=0.87withσ=5.
Ionomerisshowninwhite,poresaregreyandsolidisblack.
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(a) (b) (c)

(d) (e) (f)

Figure6.8–Ionomerdistributionat:a)25%,b)50%andc)75%zdepthforI/C=1.13with
σ=3andd)25%,e)50%andf)75%zdepthforI/C=1.13withσ=6.Ionomer
isshowninwhite,poresaregreyandsolidisblack.
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(a) (b)

(c) (d)

Figure6.9–Two-pointcorrelationfunctioninthexdirectionfortheionomerphasefor
differentionomerdistributionswithanI/Cratioof:a)0.53,b)0.74,c)0.87and
d)1.13.

leadstoanincreaseintheslopeofthetwo-pointcorrelationfunctionatr=0.Thiscanbe

clearlyseenforI/Cratiosof0.87and1.13.Anincreaseintheslopeofthetwo-pointcorrela-

tionfunctionindicatesanincreaseintheinterfacialareabetweentheionomerandthepores

(assumingfullionomercoverage).Thisisexpectedasanincreaseinσleadstonon-uniform

ionomerdistributionsandhence,moreoftheionomersurfacesareexposedtoporeandsolid.

Figure6.10showsthechordlengthfunctionfortheionomerphase(Ci(r))fordiffer-

entionomerdistributionsandI/Cratios.Atlowσvalues(2-3forI/Cratiosof0.53,0.74

and0.87and3-4forI/Cratioof1.13),thechordlengthfunctionshowsdistinctmaxima

indicatingthatthereisamaximumprobabilityoffindingchordsofthatlength. Thisis

expectedforauniformionomerdistribution.Forhigherσvalues,thechordlengthfunction

monotonicallydecreaseswithanincreaseinthechordlength,thereforeindicatingamore
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(a) (b)

(c) (d)

Figure6.10–Chordlengthfunctioninthexdirectionfortheionomerphasefordifferent
ionomerdistributionswithanI/Cratioof:a)0.53,b)0.74,c)0.87andd)1.13.

randomionomerdistribution.Also,anincreaseintheI/Cratioleadstoanincreaseinthe

probabilityoffindinglongerchordsduetoanincreaseinthefilmthickness.

Figure6.11showsthe3Dreconstructionsoftheionomerfilmswithdifferentσvaluesfor

I/Cratiosof0.53and1.13withtheionomerfilmscoloredbylocalthickness.Thelocalthick-

nessoftheionomerfilmsiscomputedusingtheminimumchordlengths.Foreveryionomer

voxelatthesolid-ionomerinterface,theminimumlengthofalinewithintheionomerphase

connectingtheionomer-solidinterfacetoanotherionomerinterface,inanyoftheCartesian

directionsisusedasthethicknessoftheionomerfilm.Theminimumchordlengthinthe

Cartesiandirectionsischosentocharacterizethefilmthicknessbecauseitrepresentsthe

constrictionsintheprotonconductingnetworkforthenumericalsimulationstoevaluate

effectiveprotonicconductivityandelectrochemicalreactions.Theaveragethicknessisthen
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(a) (b)

(c) (d)

Figure6.11–3Dionomerreconstructionswithlocalthicknessoftheionomerfilmsfor:I/C
ratioof0.53witha)σ=2andb)σ=5;I/Cratioof1.13withc)σ=3andd)σ
=6.
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Figure6.12–Averagethicknessoftheionomerfilmsreconstructedusingdistributionswith
differentσvaluesanddifferentI/Cratios. Theerrorbarsonthethicknessvalue
indicate±0.25×standarddeviationinthelocalfilmthickness.

computedastheaverageofthethicknessvalueforallionomervoxelsatthesolid-ionomer

interface.

Figure6.12showstheaveragethicknessoftheionomerfilmsreconstructedusingdistri-

butionswithdifferentσvaluesfordifferentI/Cratios. AnincreaseintheI/Cratiofrom

0.53to1.13leadstoanincreaseintheaveragethicknessfroma3.5-4.5nmrangetoa6.6

-7.6nmrange.Theeffectofthedistributionparameterσontheaveragethicknessdepends

ontheionomercontent.Atlowionomercontents,anincreaseinσresultsinanincreasein

theaveragethicknessbecauseanincreaseinσresultsinastackingupoftheionomervoxels

toformthickerfilmswhilereducingtheionomercoverageasshowninFigures6.5and6.6.

Athigherionomercontents,anincreaseinσresultsinadecreaseintheaveragethickness

becausetheminimumchordlengthisreducedduetomorefingerlikegeometriesforming

withanincreaseinthenon-uniformityasshowninFigures6.11c-deventhoughthecoverage

remainsconstant.

Figure6.12alsoshowsthestandarddeviationinthelocalthicknessoftheionomerfilms

astheerrorbarsforeveryσvalue.Thestandarddeviationofthelocalthicknessofionomer

filmsisstronglydependentonthedistributionparameterσ.Anincreaseinσresultsinan

increaseinthestandarddeviationofthelocalthicknessandtheincreaseismorepronounced

atlowerionomercontents.

Figure6.13showstheionomerfilmcoverageonthesolidsurfacefordifferentionomer

distributionsandionomercontents.AtlowI/Cratios,anincreaseinσleadstoadecrease

intheionomercoverage.ForhigherI/Cratioshowever,thecoverageremainscloseto100%
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Figure6.13–Ionomerfilmcoverageonthesolidsurfaceasafunctionofσvaluefordifferent
reconstructions.

evenforrelativelyhighσvalues.Thisislikelyduetothemethodusedinthisstudytodis-

tributetheionomerwhichbasedonimagingstudies[283]assumesionomerformsthinfilms.

Theionomerstructurewoulddependonthetypeofsolvent,ionomercontentandprepara-

tionmethod[281,282,285]andmightformaggregateswhichhavenotbeenaccountedfor

inthereconstructionalgorithm.

Figure6.14showsthevoidphasetwo-pointcorrelationfunction(Sv2(r))inthexdirection

fordifferentionomerdistributionsandI/Cratios.TheyinterceptonFigures6.14a-dshows

theporosityofthereconstructions.AnincreaseintheI/Cratiofrom0.53to1.13leadsto

adecreaseintheporosityfrom0.63to0.49.Similartothetwo-pointcorrelationforthe

ionomerphase,theslopeofthetwo-pointcorrelationforthevoidphaseincreaseswithan

increaseinσindicatingahigherinterfacialareabetweenthevoidandnon-void(ionomer

andsolid)phase.Figure6.15showsthevoidphasechordlengthfunction(Cv(r))fordiffer-

entionomerdistributionsandI/Cratios.Unlikethechordlengthfunctionfortheionomer

phase,nomaximaareobservedinthevoidphasechordlengthfunction.Anincreaseinthe

ionomerdistributionparameterσleadstoanincreaseinthechordlengthfunctionforr <

10nmindicatingadecreaseintheporesize.Thedecreaseintheporesizewithanincrease

inσisfurtherevidentwhenanalyzingtheporesizedistributioninFigure6.16.

Figure6.16showsthechangesinporesizedistributionwiththeionomerdistribution

parameterσandI/Cratio. Anincreaseinσleadstoadecreaseintheporesizesforall

I/Cratios. Themeanporeradius,definedastheweightedarithmeticmeanofthelocal

poreradii(Equation(4.5)),decreasesfrom35.2nmto26.8nmandfrom30.2nmto22.6

nmforthetwoextremeσvaluesforanI/Cratioof0.53and1.13respectively.Therefore,
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(a) (b)

(c) (d)

Figure6.14–Two-pointcorrelationfunctioninthexdirectionforthevoidphasefordifferent
ionomerdistributionswithanI/Cratioof:a)0.53,b)0.74,c)0.87andd)1.13.
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(a) (b)

(c) (d)

Figure6.15–Chordlengthfunctioninthexdirectionforthevoidphasefordifferentionomer
distributionswithanI/Cratioof:a)0.53,b)0.74,c)0.87andd)1.13.
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(a) (b)

(c) (d)

Figure6.16–Poresizedistributionforthereconstructionswithdifferentionomerdistributions
withanI/Cratioof:a)0.53,b)0.74,c)0.87andd)1.13.

theionomerdistributioncanhaveasignificantimpactontheporestructureevenforsame

ionomerloadings.Further,anincreaseintheI/Cratioalsoleadstoadecreaseintheaverage

poresizeduetoadecreaseintheporosity.

6.3 Effectofionomercontentanddistributionontrans-

portproperties

Reconstructionswithdifferentionomercontentanddistributionwereusedtosimulateproton

conductionintheionomerphaseandoxygendiffusionintheporephaseandtocomputethe

effectiveprotonicconductivityandeffectivediffusivityforthereconstructions.Asdiscussed

earlier,theconductivityofthinfilmsdependsonthethickness,temperatureandrelative
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Table6.1–Valueoffittingparametersusedtopredictthebulkprotonicconductivityof
Nafionthinfilmsasafunctionofthickness.

Parameter 60◦Cand80%RH 30◦Cand20%RH
a 1.12×10−3 5.99×10−3

b −1.84 −6.78

Figure6.17–Ionomerfilmconductivityasafunctionoffilmthicknessfromexperimental
datareportedbyPauletal.[12].ThenumericalfitisgivenbyEquation(6.3).

humidity[12,251–256].Pauletal.[12]haveshownthattheconductivityofionomerthin

filmsisstronglyaffectedbyconfinementeffectsandthus,thickness(asshowninFigure6.17).

Therefore,alocalionomerthicknessdependentbulkprotonicconductivity(σbulk)wasused.

ThenumericalfitinFigure6.17isestimatedusinganexponentialrelationshipbetweenthe

filmconductivity(σbulk)andthickness(t)whichcanbeexpressedas:

log10(σ
bulk)=at+b, (6.3)

whereaandbarefittingparameterswhichdependonthetemperatureandRH.Table6.1

showsthevaluesofthefittingparametersaandbforthetwoconditionsusedinthisstudy.

Togeneratethemeshestostudytheprotonconductioninthereconstructedionomerfilms,

firstthepercolatingionomernetworkwasextractedandthenthelocalthicknessofthe

ionomerfilmswascomputed.Thelocalthicknesswaspassedasfielddataforeveryvoxelin

theVTKmesh.

Figure6.18ashowstheeffectiveprotonicconductivityasafunctionofI/Cratiofor

theuniformionomerdistributionsusingthethicknessdependentlocalconductivity. An

increaseintheionomervolumefractionleadstoanincreaseintheprotonicconductivity.

Figures6.18bshowstheratiooftheeffectiveprotonicconductivity(σeffM )fornon-uniform

ionomerreconstructionstotheeffectiveprotonicconductivityofauniformionomerrecon-
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(a) (b)

Figure6.18–a)EffectiveprotonicconductivityasafunctionoftheI/Cratioforreconstruc-
tionswithuniformionomerdistribution(σ=2forI/C=0.53and0.74,σ=2.1
forI/C=0.87andσ=3forI/C=1.13).b)Ratioofeffectiveprotonicconductiv-
itytotheeffectiveprotonicconductivityforauniformionomerdistributionusing
conductivityasafunctionoffilmthicknessat60◦Cand80%RH.

struction((σuniformM )withthesamevolumefractionat60◦Cand80%RH.Thevariationof
σeffM

σuniformM

withσwasidenticalat30◦Cand20%RHsoitisnotshownhere.AtlowI/Cratios,

anincreaseintheσresultsinadecreaseintheeffectiveprotonicconductivity. Athigh

I/Cratios,thechangeinionomerdistributionhasnegligibleeffectontheeffectiveprotonic

conductivityoftheCL.Thereasonforthechangeintheeffectiveprotonicconductivityat

lowI/Cratioscouldbedueto:a)variationinlocalionomerthickness;andb)changein

tortuosityoftheionomernetwork.

Tostudytheeffectofthelocalionomerthickness,anewsimulationwithconstantfilm

conductivitywasperformed.Figure6.19showsthe
σeffM

σuniformM

forthesesimulations. Ascan

beobserved,Figure6.18band6.19haveidenticalvaluesdemonstratinglocalconductivity

changesdonothaveanimpactontheoverallprotonicconductivity. AtlowI/Cratios,a

decreaseintheratioof
σeffM

σuniformM

alsoindicatesanincreaseinthetortuosityoftheionomernet-

workforthenon-uniformionomerdistributionsbecausethebulkconductivityandionomer

volumefractionwereconstant.

Figure6.20showsacomparisonoftheexperimentallydeterminedeffectiveprotoniccon-

ductivitiesforpseudo-catalystlayers(withoutplatinum)tothoseobtainedinthisstudy.The

averageeffectiveconductivityat60◦Cand80%RHwascomputedusinganArrheniusequa-

tionwithEareportedbyPauletal.[12].Thesimulatedeffectiveconductivitiesareroughly
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Figure6.19–Ratioofeffectiveprotonicconductivitytotheeffectiveprotonicconductivity
forauniformionomerdistributionusingaconstantbulkconductivity.

anorderofmagnitudelowerthanthevaluesreportedbyIdenetal.[13].Thisdiscrepancy

mightbeattributedtotheinteractionsbetweentheionomerfilmsandsubstrate.Thepro-

tonicconductivityofthinfilmsusedforthisstudywasbasedonthinfilmsself-assembledon

SiO2whereastheIdenetal.[13]usedalayerwithcarbon.Shimetal.[253]showedthatthe

wateruptakeinionomerthinfilmswasdependentonthesubstrate.Additionalexperimental

dataisthereforerequiredtoaccuratelydescribetheionomerthinfilmnetworkintheCL.

ReconstructionswithdifferentionomerdistributionsandI/Cratioswerealsousedto

studytheeffectivediffusivityoftheCL.Tocomputetheeffectivediffusivitythepercolat-

ingporenetworkisextractedformeshgenerationandusedforsimulation. Thediffusion

inionomerphaseisignoredforthiscaseduetotherelativelylowsolubilityofoxygenin

ionomer(Henry’sconstantof3.1664×1010Pacm3/molforNafionmembrane)andmuch

lowerbulkdiffusioncoefficient(3to4ordersofmagnitudesmallerforNafionmembrane)

whichwouldhavenegligibleeffectonthetotaloxygenfluxwhenaconstantconcentration

gradientisapplied.

Figure6.21ashowsthegasphaseformationfactor,definedastheratioofeffectivediffu-

sivitytobulkdiffusivity,asafunctionoftheionomerdistributionparameterσfordifferent

I/Cratios.TheeffectiveoxygendiffusivitydecreaseswithanincreaseintheI/Cratiodueto

adecreaseinporosityandporesizes.Theeffectivediffusivityalsodecreaseswithanincrease

inσduetoadecreaseintheporesizesasshowninFigure6.16.

Figure6.21bshowsacomparisonoftheaverageeffectivediffusivityvaluesfromthis

studytothosemeasuredbyYuetal.[9]. Yuetal.[9]measuredtheeffectivediffusivity
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Figure6.20–Comparisonofexperimentally measuredCLeffectiveprotonicconductivity
(σeffM )byIdenetal.[13]atdifferentionomervolumefractions(εI)totheaverage
effectiveconductivity(errorbarsdenotethestandarddeviation)predictedinthis
study.TheexperimentaldatabyIdenetal.[13]wasmeasuredat80◦Cand80%
RHforKetjenBlack(KB)andGraphitizedKetjenBlack(GKB)pseudocatalyst
layers. Arrheniusequationwiththeactivationenergy(Ea)reportedbyPaulet
al.[12]wasusedtocomputetheeffectiveconductivitiesat80◦Cand80%RHfrom
thevaluesat60◦Cand80%RH.

forCLswithdifferentI/Cratiosfortwodifferentcatalysts,i.e.,platinumonamorphous

carbon(Pt/VA)andplatinumongraphitizedcarbon(Pt/VG).Similartrendsareobserved,

howevertheaverageformationfactorspredictedinthisstudyarehigherbecauseofthe

higherporosityoftheCLreconstructionsinthisstudy.Forexample,theporosityoftheCL

withI/Cof0.53inthisstudywas0.628whereastheporosityoftheCLs(measuredusing

MIP)withI/Cof0.5fromYuetal.[9]was0.498and0.524forPt/VAandPt/VGrespec-

tively.Theaverageformationfactorof0.050forthereconstructionswithanI/Cratioof1.13

andaporosityof0.49issimilartothevalueof0.055fromYuetal.[9]foraporosityof0.498.

6.4 Effectofionomercontentanddistributiononelec-

trochemicalperformance

ElectrochemicalreactionsweresimulatedusingthemodeldescribedinSection2.3.4tostudy

theeffectoftheionomerdistributionandcontentontheelectrochemicalperformanceofthe

CL.Fortheelectrochemicalstudy,reconstructionswithdimensions400nm×400nm×

1200nmwithavoxelresolutionof2nmineachdirectionwereused. Thethrough-plane

thicknessoftheCLwasincreasedto1200nmtoaccountforoxygenandprotonicpotential

gradientsacrossaCLandtheboundaryconditionsgivenbyEquation(2.24)wereused.The

in-planethicknesswasfixedat400nmwhichwasfoundtobeasufficientcross-sectional
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(a) (b)

Figure6.21–a)Gasphaseformationfactorasafunctionofionomerdistributionsfordifferent
I/Cratios.b)Comparisonoftheaverageformationfactorvaluesfromthisstudy
toexperimentaleffectivediffusivitymeasurementsbyYuetal.[9].

areaforstatisticalrepresentativenessbySabharwaletal.[51].Thebasereconstructionwas

generatedusingthesameparametersasearlier,i.e.,solid(carbonandplatinum)volume

fractionof0.25,sphericalparticleswithradii20,30and40nmwithaprobabilityof0.25,

0.5and0.25respectivelyandfreeoverlap.Theionomerwascoatedonthemicrostructure

withavolumefractionof0.122,0.17,0.20,0.26and0.30correspondingtoI/Cratioof0.53,

0.74,0.87,1.13and1.30respectively.Foreachionomervolumefraction,auniformionomer

distribution(lowσvalueof2or3)andanon-uniformionomerdistribution(highσvalueof

5or6)wereused.

Theelectrochemicalsimulationswerecarriedoutassuming10%oxygeninnitrogenmix-

tureat80◦C,1atmpressureand50%RH.Attheseconditions,theoxygenmolarfractionin

thechannelis0.0768.ThiswasdirectlyappliedasaboundaryconditioninEquation(2.24),

therebyignoringanymasstransportlossesinthechannelanddiffusionmedia.Thecurrent

densitywascomputedatacellvoltageof0.3Vwhichwasappliedasaconstantelectronic

potentialintheCL.TheprotonicpotentialattheCL-Membraneinterfacewasassumedto

be0V,therebyignoringanyohmiclossesfromtheanodeCLandmembrane. Theelec-

trochemicallyactivesurfacearea(ECSA)wasdistributeduniformlyonthesolidsurfaceof

thereconstruction. However,onlythesolidsurfaceincontactwiththeionomerwascon-

sideredactive,therebyaccountingfortheeffectofionomercoverageonthesolidsurface.

Theprotonicconductivityintheionomerfilmwaskeptconstantat0.08S/cm(maximum

conductivityof10nmfilmsreportedbyPauletal.[12])duetothenegligiblechangein

effectiveprotonicconductivitywithlocalionomerthickness.
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Figure6.22–Currentdensityat0.3VfordifferentI/Cratiosin10%oxygeninairat80◦C
and1atmabsolutepressure.ForagivenI/Cratio,auniform(σ1)andnon-uniform
(σ2)ionomerdistributionwasusedandσ2>σ1.

Figure6.22showsthecurrentdensityat0.3VforCLreconstructionswithdifferentI/C

ratiosandionomerdistributions.Theaveragecurrentdensityincreaseswithanincreasein

theI/Cratioupto1.13.FurtherincreaseintheI/Cratioresultsinaslightdecreaseof10

mA/cm2.AtlowI/Cratios,thecurrentdensitydecreaseswithanincreaseintheionomer

distributionparameterσ. Thedropincurrentdensitywithanincreaseinσisdueto:i)

adecreaseinthecoveragethereby,resultinginadecreaseintheactivearea;ii)adecrease

intheeffectiveprotonicconductivityanddiffusivity;iii)increasedlocalfluxesresultingin

higherinterfacialresistance;andiv)anincreaseinpercolatingionomervolumefraction.For

higherI/Cratios,thereislessthan2.5%changeinthecurrentdensitywithσ. Tobet-

terunderstandthereasonforthevariationincurrentdensitywithI/Cratioandionomer

distribution(andlackthereofathighI/Cratios),theprotonicpotentialandoxygenmolar

fractionprofilesareanalyzed.

Figure6.23showstheoxygenmolarfractionintheCLreconstructionswithI/Cratioof

0.53,1.13and1.30withdifferentionomerdistributions.Therearenomasstransportlosses

observedintheCLevenatthehighestI/Cratioof1.30wherethedropinoxygenmolar

fractionacrossthedomainislessthan1.5%. Thereasonforthelackofmasstransport

lossesintheCLunderdryconditionswerediscussedinSection5.2. Therearenomass

transportlossesobservedinthecurrentstudyforanI/Cratioof1.30whichcorresponds

toaNafionloadingof41%. ThisisconsistentwiththeresultsfromShuklaetal.[38]for
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thinlowloadingelectrodes,whoobservedaplateauintheperformanceforNafionloadings

from20-40%.Shuklaetal.[38]reportedadropinperformancewithafurtherincreasein

theNafionloadingto50%byweightwhichresultedinaporosityoflessthan0.3.Forthe

CLreconstructions,theporositiesaremuchhigherwithavalueof0.45atanI/Cratioof1.3.

Figure6.24showstheprotonicpotentialprofileintheCLs. AnincreaseintheNafion

loadingresultsinadecreaseintheprotonicpotentialdropacrosstheCL.CLreconstruc-

tionswithanI/Cratioof0.53,whichhadthelowesteffectiveprotonicconductivity,show

thelargestdropinprotonicpotentialacrosstheCL.Asaresult,CLreconstructionswith

I/Cratioof0.53hadthelowestcurrentdensityduetoloweroverpotentials(Equation(5.1))

inthedomain,giventhattheoxygenmolarfractionprofilesforallthecaseswerenearly

identical.ComparisonoftheprotonicpotentialprofilesinFigures6.23aand6.24balsoin-

dicatesanincreaseinthelocalfluxesatthesolid-ionomerinterfaceduetoanincreasein

theoverpotentialwithadecreaseincoverage. AthigherI/Cratios,theeffectiveprotonic

conductivityincreases,therebyresultinginlowerohmiclossesandhence,anincreaseinthe

currentdensity.

Severalexperimentalstudies[38,39,120–122,278–280]haveshownanoptimalNafion

loadingof30-40%byweightforconventionalandlowloadingelectrodes,theformerbeing

morerepresentativeofthesesimulationsduetothelowerlayerthickness.Forthecurrent

study,theoptimalNafionloadingwasfoundtobe38%byweight,i.e.,anI/Cratioof1.13.

However,experimentalstudiesshowasignificantdropintheelectrochemicalperformance

forhigherI/Cratioswhichisnotseenintheresultsfromthecurrentstudy.

6.5 Conclusions

Stochasticreconstructionswereusedtostudytheeffectofionomerloadingandionomer

distributionontheCLmorphology,transportpropertiesandelectrochemicalperformance.

Thesolidphaseofthereconstructionswasgeneratedusingtheoverlappingspherealgorithm

withdifferentparticlesizes.Ionomerfilmswerereconstructedonthesolidphaseusingafilm

basedreconstructionalgorithmwhichallowedcontrolovertheionomerdistributionusingan

inputprobabilityfunction.

Statisticalfunctionswereusedtocharacterizethechangeinionomerfilmsandporesin

theCLreconstructionswithachangeinionomerdistributionandvolumefraction.Chang-

ingtheionomerdistributionfromuniformtonon-uniformresultedinanincreaseinthe
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(a) (b)

(c) (d)

(e) (f)

Figure6.23–Oxygenmolarfractionprofilesat0.3VintheporephaseoftheCLreconstruc-
tionwith:I/Cratioof0.53anda)σ=2andb)σ=5;I/Cratioof1.13andc)σ
=3andd)σ=5;I/Cratioof1.30ande)σ=3andf)σ=6.
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(a) (b)

(c) (d)

(e) (f)

Figure6.24–Protonicpotentialprofiles(inV)at0.3VintheionomerphaseoftheCL
reconstructionwith:I/Cratioof0.53anda)σ=2andb)σ=5;I/Cratioof1.13
andc)σ=3andd)σ=5;I/Cratioof1.30ande)σ=3andf)σ=6.
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specificinterfacialarea,largerchordsintheionomerphaseanddecreaseincoverage.Uni-

formionomerfilmsshoweddistinctpeaksinthechordlengthfunctionfortheionomerphase

whilefornon-uniformionomerdistributions,thechordlengthfunctiondecreasedmonoton-

icallywithanincreaseinchordlengths.Varyingtheionomerdistributionandcontentalso

resultedinamodificationoftheporemorphologyintheCLreconstructions.Increasein

ionomercontentandnon-uniformionomerdistributionsresultedinsmallerporesizeswhich

alsoresultedinsmallerchordsintheporephase.

Numericalsimulationswereusedtocomputetheeffectiveprotonicconductivityandef-

fectivediffusivityoftheCLswithdifferentionomercontentanddistribution. Anionomer

thicknessdependentlocalbulkprotonicconductivitywasusedtocomputetheeffectivepro-

tonicconductivityoftheCLs.Theeffectiveprotonicconductivityincreasedwithanincrease

intheionomervolumefraction. AtlowI/Cratios,theeffectiveprotonicconductivityde-

creasedfornon-uniformionomerfilmsduetoanincreaseinthegeometrictortuosityfactor

oftheionomernetworkandachangeinthelocalionomerthicknesshadnegligibleeffect.

ForhigherI/Cratios,theeffectiveprotonicconductivityshowednegligiblechangewiththe

ionomerdistribution. Theeffectivediffusivitydecreasedwithanincreaseintheionomer

volumefractionandnon-uniformityoftheionomerdistributionbecauseofadecreaseinthe

poresizes.

ElectrochemicalsimulationswereperformedontheCLswithdifferentI/Cratiosand

ionomerdistributions. AnincreaseintheI/Cratioresultedinanincreaseinthecurrent

densityat0.3VuptoanI/Cratioof1.13,beyondwhichthecurrentdensityremainednearly

constant.Theincreaseincurrentdensitywasduetoanincreaseintheprotonicconductivity

andcoverageintheCL.AtlowI/Cratios,achangeintheionomerdistributionfromuniform

tonon-uniformresultedinadecreaseinthecurrentdensityduetoadecreaseinthecover-

ageandhigherionomerfilminterfacialresistance.ForhighI/Cratios,ionomerdistribution

hadnegligibleeffectonthecurrentdensity.Theresultsfromthecurrentstudyshowthat

theionomerdistributionhasasignificantimpactontheeffectivetransportpropertiesand

electrochemicalperformanceatlowI/Cratios.
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Chapter7

Conclusionsandfuturework

Advancementsinmicroscopytechniquesareenablingthevisualizationandreconstruction

offuelcellporousmediamicrostructures. Microscopytechniquesprovidelargedatasets

describingtheactualmorphologyoftheporousmedia;however,extractionofmeaningful

informationfromthesedatasetsusingimageanalysisremainsachallenge. Theaimof

thisworkwastodevelopanumericalframeworktoanalyzemicroscopyimagesandstudy

physicalandelectrochemicalprocessesintheobtainedmicrostructures.Suchanumerical

frameworkcombinedwithimagingtechniquesiscriticaltoanalyzetheeffectoftheporous

mediafabricationonitsmorphologyandfunctionality.Abetterunderstandingofthecor-

relationsbetweenfabrication, microstructureandfunctionality(transportpropertiesand

electrochemicalperformance)couldaidinthedesignofoptimalporousmediaforfuelcell

applications.

Thisthesispresentsaunifiedopen-sourcenumericalframeworktogofrommicroscopy

imagestotransportpropertiesandperformance.Imageprocessingroutinestoperformimage

registration,enhancementandsegmentationweredevelopedtobinarizemicroscopyimages.

Statisticalfunctions,suchastwo-pointcorrelationfunction,chordlengthfunctionandpore

sizedistribution,wereusedtocharacterizetheporousmediamicrostructure.Avoxelbased

meshingalgorithmwiththeabilitytoinputlocalinformationaboutthestructurewasde-

velopedtoconvert3Dimagesofmicrostructurestocomputationaldomainsfornumerical

simulations. Numericalmodelsweredevelopedtosimulateliquidwaterintrusion,gasand

chargetransport,andelectrochemicalreactionsinthemicrostructures. Toovercomethe

shortcomingsofthepreviouslyreportedmodelsinliterature,theelectrochemicalmodelwas

improvedtoaccountfortheeffectofionomerthinfilmsonthegastransport,multi-step

ORRkinetics,interfacialreactionintheCLandgastransportinliquidwater.Thenumeri-

calframeworkwasdevelopedaspartoftheopen-sourcepackageOpenFCST[229].
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Tosimulatetheliquidwaterintrusioninthefuelcellporousmedia,aclusterbasedfull

morphology(CFM)algorithmwasdeveloped. TheCFMalgorithmwasvalidatedagainst

µ-CTimagesofapartiallysaturatedGDLsample[154]bycomparing:a)capillarypressure-

saturationcurves;b)liquidwaterdistributions;andc)effectivediffusivityinpartiallysat-

uratedGDLsobtainedfromtheCFMalgorithmandµ-CTimages.Itwasfoundthatthe

capillarypressure-saturationcurvesfromµ-CTimagesandCFMsimulationsweresimilarat

lowcapillarypressuresbutdifferedathighercapillarypressures.Theliquidwaterdistribu-

tionsfromµ-CTimageswerecomparedtothosefromCFMsimulationsatsimilarsaturations

andshowntohavegoodagreement.ThepartiallysaturatedGDLreconstructionsfromµ-

CTimagesandCFMsimulationswereusedtocomputetheeffectivediffusivityasafunction

ofsaturation. ComparisonoftheeffectivediffusivitiviesinthepartiallysaturatedGDL

reconstructionsfromµ-CTimagesandCFMsimulationsshowedgoodagreement.Thedis-

agreementbetweentheliquiddistributionsfromtheµ-CTimagesandCFMsimulationswas

attributedto:a)thelimitationsoftheCFMapproach,whichusessphericalpores,b)lackof

knowledgeoflocalcontactanglesintheGDL,andc)errorsassociatedwiththeexperiment.

ThiscomparisonshowedthattheCFMalgorithmhadsufficientaccuracytodescribethe

liquidwaterintrusioninthefuelcellporousmedia.

ThedevelopednumericalframeworkwasusedtoanalyzeFIBSEMimagesofaCL[51].

StatisticalanalysisofthebinarizedFIBSEMimagesshowedthatthelossofresolutioninthe

FIBslicingdirectionresultedinartificialanisotropyintheCLmicrostructure. Numerical

simulationswereperformedontheCLreconstructiontostudythegastransportandelectro-

chemicalperformanceoftheCLunderdryconditions.Theeffectivediffusivitycomputedfor

theCLreconstructionwasdominatedbyKnudseneffectsandfoundtobesimilartoprevi-

ouslyreportedliteraturedata.TheartificialanisotropyintheFIBslicingdirectionresulted

inamuchhighereffectivediffusivityinthatdirectionduetoalowertortuosityduetolackof

morphologicalinformation.Additionally,itwasfoundthatforadomainsizebelow400nm

therewashighvariabilityinthelocaleffectivediffusivity.Aparametricstudywasperformed

toanalyzetheeffectinterfacialresistanceoftheionomerfilmtomasstransport. Results

oftheelectrochemicalsimulationsshowedthattheinterfacialresistanceduetotheionomer

filmwasthelimitingmasstransportresistancefortheORR.Anovelnucleationbasedwater

intrusionalgorithmwasusedtosimulatewaterintrusionintheFIBSEMCLreconstruction

andstudytheelectrochemicalperformanceasafunctionoflocalsaturation[272].Itwas

foundthattherewerenegligibleelectrochemicallosseswithsaturationwhenconsideringa

CLrepresentativeelementaryvolume(REV)ofdimensionsof400nm.However,masstrans-

portlosseswereobservedinCLreconstructionswiththeentirethrough-planethicknessat

differentsaturations.Thus,itwasconcludedthatalargethrough-planethicknessoftheCL
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mustbeusedtostudytheelectrochemicalperformanceofpartiallysaturatedCLs.

Theobjectiveofdevelopingthenumericalframeworkformicrostructuralanalysisand

modelingoffuelcellporousmediawastounderstandthecorrelationsbetweenthemicrostruc-

ture,transportpropertiesandelectrochemicalperformanceforfuelcellCLs,especiallyunder

partiallysaturatedconditionswhichwasmissinginliterature.Therefore,severalparametric

studieswereperformedtoelucidatetherelationshipbetweenthemicrostructure,transport

propertiesandelectrochemicalperformanceofCLs.

StochasticreconstructionswereusedtostudytheeffectivediffusivityofCLsasafunction

ofporosityandlocalsaturation[284].Anoverlappingspherebasedreconstructionalgorithm

wasusedtogeneratetheCLreconstructionswithdifferentporosities.Comparisonofstatis-

ticalfunctionsbetweenthestochasticreconstructionswithdifferentparticleradiiandaCL

reconstructionobtainedusingFIBSEMwasusedtodeterminetheparameterstogenerate

statisticallyrepresentativeCLreconstructions. GastransportwassimulatedinCLrecon-

structionswithdifferentporositiesunderdryconditionstoobtainacorrelationforeffective

diffusivitybasedonpercolationtheory.TheeffectivediffusivitiesfortheCLswithdifferent

porositieswerefoundtobeinagreementwithliteraturedata. Anucleationbasedwater

intrusionalgorithmwasusedtoobtainpartiallysaturatedCLreconstructionswithdifferent

dryporosities.Effectivediffusivitieswerecomputedforthesereconstructionstoobtainthe

functionaldependenceoftheeffectivediffusivityonthelocalsaturationintheCL.Itwas

foundthatapercolationtheorybasedcorrelationfunctionwhichwasdependentontheef-

fectiveporosityoftheCLwassufficienttopredictthedryandweteffectivediffusivityofthe

CLs.

Theoverlappingspherebasedreconstructionalgorithmwasalsousedtostudytheeffect

ofCLporesizedistribution(PSD)ontheelectrochemicalperformanceoftheCLunderdry

andwetconditions.ThePSDofCLswaschangedbymodifyingtheparticleradiususedto

generatethereconstructionsandporosityoftheCL.Areductionintheporesizesresulted

inanincreaseintheslopeofthetwo-pointcorrelationtherebyindicatinganincreaseinthe

interfacialarea.Thechordlengthfunctionalsoshowedahigherprobabilityoffindinglarger

chordlengthswithanincreaseintheporesizes.Electrochemicalsimulationswereperformed

ontheCLreconstructionswithdifferentPSDsandporositiesunderdryconditions.Itwas

foundthatthechangeinPSDhadnegligibleeffectonthedryperformanceoftheCL.This

wasduetothelackofmasstransportlossesintheCLwiththeinterfacialresistancedueto

theionomerfilmbeingthelimitingmasstransportresistance.Further,itwasnotedthat

themasstransportlossesinthediffusionmediaandland-channeleffectswereignoredin
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thecurrentsimulationswhichmightcontributetoperformanceoftheCL.Thenucleation

basedwaterintrusionalgorithmwasusedtosimulateliquidwaterintrusionintheCLre-

constructions.Electrochemicalperformanceinitiallyremainedconstantandthendecreased

rapidlywithanincreaseincapillarypressureduetothemasstransportlossesfromoxygen

transportinliquidfilledpores.Adecreaseintheporesizesresultedinbetterperformance

duetolowersaturationsatagivencapillarypressure.

Theeffectofionomercontentanddistributiononthetransportpropertiesandelectro-

chemicalperformanceoftheCLwasalsoanalyzed.Theionomerfilmswerereconstructed

onthesolidsurfaceusingastochasticalgorithmwhichgeneratedtheionomerfilmslayer-

by-layer.Theionomerfilmdistributionwascontrolledusinganinputprobabilityfunction

whichwasusedtovarytheionomerdistributionsfromuniformtonon-uniform.Statistical

functionswerecomputedontheionomerandvoidphasetocharacterizethemicrostructure.

Changingtheionomerdistributionfromuniformtonon-uniformresultedinanincreasein

thespecificinterfacialareaforboththeionomerandvoidphaseandadecreaseinthepore

sizes.Fortheuniformionomerdistributions,peakswereobservedinthechordlengthdistri-

butionindicatingamaximumprobabilityofobtainingchordsofacertainlength.Effective

protonicconductivitywascalculatedforthereconstructionsusingafilmconductivitywhich

wasdependentonthefilmthickness,temperatureandRH.Theeffectiveprotonicconductiv-

itywasfoundtobedependentontheionomerfilmtortuosityandshowednegligiblechanges

withthechangeinlocalionomerfilmthickness. Theeffectivediffusivityintheporeswas

foundtodecreasewithanincreaseinthevolumefractionandnon-uniformityoftheionomer

films.ElectrochemicalsimulationswereperformedontheCLreconstructionswithdifferent

ionomervolumefractionsanddistributions. AnoptimalI/Cratioof1.13wasfoundfrom

theelectrochemicalsimulationswhichwasconsistentwithexperimentaldatafromlitera-

ture.AtlowI/Cratios,electrochemicalperformanceoftheCLdecreasedfornon-uniform

ionomerfilmsduetoalossincoverageandhigherionomerfilminterfacialresistance.The

resultsofthecurrentstudyshowedthattheionomerdistributionisanimportantparameter

whichaffectsthetransportpropertiesandelectrochemicalperformanceespeciallywhenthe

ionomercontentislow.

Basedontheresultsoftheelectrochemicalsimulationsforthin,lowloadingelectrodes,

theidealelectrodeshouldhaveanI/Cratioof1.13andshouldhavesmallporesizestodelay

floodingoftheCL.

Theopen-sourcenumericalframeworkdevelopedinthisstudycanalsobeusedtoanalyze

microstructuresforotherapplicationssuchastransportinsoil[196,286,287]androcks[288],
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lithiumionbatteries[289–292],solidoxidefuelcells[293],electrolyzers[294]andporousme-

diafordrugdelivery[295].Theframeworkalsoprovidesabaselineforfuturestudiesinthe

areaofmicrostructuralmodelingwhichcanbuilduponit.Thefollowingsectionshighlight

thecontributionsofthisthesisandprovideanoutlookforfuturework.

7.1 Contributions

Intermsofnovelnumericalmethodsinliterature,thecontributionsofthisworkare:

1.developingastochasticmethodtoreconstructPEMFCporousmediaandionomerfilms

forCLs;

2.developinganimageprocessingframeworktoseamlesslyobtainacomputationalmesh

andalistofstatisticalcorrelationfunctionsfromeithermicroscopyorreconstructed

images;

3.developingnumericaltoolstoperformliquidwaterintrusioninporousmedia;

4.developingnumericaltoolstostudygasandchargetransport,andelectrochemical

performanceinmicrostructuresunderdryandwetconditions;

Thetoolsdevelopedinthisstudyarepartofanopen-sourceframeworkcalledOpen-

FCST[229]andwerevalidatedwithexperimentaldata. Thesetoolstherefore,providea

benchmarkforfuturestudiesonfuelcellmicrostructurebasedmodeling.

Intheareaofadvancingtheknowledgeofthefield,thekeycontributionsofthiswork

are:

1.proposinganovelcorrelationtopredicttheeffectivediffusivityofCLsunderdryand

wetconditions;

2.demonstratingtheeffectofCLporesizedistributiononthetransportpropertiesand

electrochemicalperformanceunderdryandwetconditions;

3.demonstratingtheeffectoflocalionomerdistributionandcontentontheelectrochem-

icalperformanceofCLs;

Thisstudyisthefirstattemptatasystematicapproachtoanalyzingthemicrostructure

ofaCLusingstatisticalfunctionsandcorrelatingthechangestotransportpropertiesand

electrochemicalperformance,especiallyunderwetconditions.Inadditiontothestudies
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discussedinthisthesis,thedevelopednumericalframeworkwasalsousedtoanalyzethe

morphologyofdifferentCLsusingFIBSEM[51,225,296]andstudytransport[51,225]and

electrochemicalreactionsinthesereconstructionsunderdry[51]andwetconditions[272].

7.2 Futurework

Asdiscussedbefore,thenumericaltoolsdevelopedinthisstudyprovideaframeworkformor-

phologicalanalysisandstudyofphysicalandelectrochemicalprocessesforfuelcellporous

mediamicrostructure.Futurestudiesshouldtrytobuilduponthestrengthsofthisframe-

workandimprovethemodelsbyaccountingforadditionalphysics.Inthisregard,accounting

forthefollowingphysicalprocessescouldbeuseful:

1.Evaporationintheporousmedia[78,80];

2.Contactresistanceforelectronictransport[61];

Thomasetal.[30]andZhouetal.[31]attributedtheimprovementofperformanceinafuel

cellwithMPLunderwetconditionstohigherevaporationcausedbytheMPLduetoits

lowthermalconductivity. Therefore,analysisofevaporationinthefuelcellporousmedia

isimportantinunderstandingtheroleofthe MPLandGDLunderwetconditions. Few

studiesinliterature[78,80]havemodeledevaporationusingFick’slawwithsaturationpres-

sureboundaryconditionatthegas-liquidinterface. Thesestudiesaregoodtorepresent

theex-situexperimentsforliquidwaterevaporationinaGDLbuttounderstandthein-situ

evaporationinMPLsandGDLs,thethermaltransportequationmustbecoupledwithvapor

transport.Suchanevaporationmodelwouldbeusefultobetterunderstandtheroleofthe

MPLinPEMFCsunderwetconditions.

Moststudiesinliterature,includingthisone,ignoretheeffectcontactresistanceonelec-

tronictransport. Kotakaetal.[61]showedthatfor MPLstheexperimentallymeasured

electronicconductivitywas39timeslowerthanthesimulatedeffectiveelectronicconduc-

tivitywhencontactresistancewasignored. Microstructuralsimulationscombinedwiththe

imageprocessingtoolsdevelopedinthisstudycouldbeusedtodevelopamodelforthe

contactresistancewithinthefuelcellporousmedia.Thiscouldalsoprovideinsightintothe

lowthermalconductivityofMPLsbecausebothelectronicandthermaltransportoccurin

thesolidphaseoftheMPL.

ElectrochemicalsimulationresultsinChapters5and6showedthattherewerenomass

transportlossesintheCLunderdryconditions.Thiswasattributedtothemasstransport
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lossesinthediffusionmediaandland-channeleffectsthatwereignoredinthecurrentstudy.

Toaccountfortheseeffectsthemicrostructuresimulationsneedtobecoupledtomacroscale

models[31,40,167,188,189]whichcanbeusedtosimulatethephysicalandelectrochemical

processesattheMEAlevel.Suchacouplingbetweenthetwoscalescouldbeimportantto

translateinformationfromthemicroscalesimulationstoexperimentallymeasurablequan-

titiesatthePEMFCscaleandalso,tooptimizetheoverallfuelcellperformancefroma

microstructureperspective.
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