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Abstract:Comparativestudiesoffourcommon-usedanodegasdiffusion
layers(A-GDLs),namelycarboncloth,carbonpaper,carbonpaperbasedon
XC-72(inshortXC-72)andGDLmadeofcarbonnanotubes(CNT)fordirect
methanolfuelcells(DMFCs)werecarriedoutanddiscussed.Theresultsof
scanningelectronmicroscope(SEM),mercuryintrusionporosimeter(MIP)

andelectrochemicaltestshowthatCNThaslargeporesizedistributioninpore
sizeof1000-3000nmandthelargesttotalporositycomparedwiththoseofthe
otherthree.CarbonpaperandXC-72showdisadvantageousinfluencesoncell
performancesathighcurrentdensity,becausecarbonpaperhasmanylarge
poreswhichareunsuitedforwatertransport,whileXC-72hasmanysmall
poreswhichareunsuitedforgastransport.Thoughcellwithcarbonclothhas
thehighestmethanoldiffusioncoefficient,itshowsalittlelowerperformance
thanthatwithCNTduetoitsthickness.Anodepolarization(AP)resultsalso
displaythatthecellwithCNThastheleastmethanolmasstransferresistance.
Asaresult,thecellwithCNTshowsthebestperformancewiththehighest
limitingcurrentdensityandpeakpowerdensityof460mA·cm-2and110
mW·cm-2,respectively.
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0 Introduction

Direct methanolfuelcells (DMFCs)are
promisingcandidatesinportablepowersources
fortheirhighenergydensity,relativelylow
operatingtemperaturesandloweremissions[1-3].
Asanimportantcomponent,anodegasdiffusion
layer (A-GDL) ensures reactants/products
effectivelytransportinto/outoftheelectrodes.
Methanolmustbetransportedthroughthegas
diffusionlayertotheanodecatalystlayer,where

itisconsumed.Carbondioxideisproducedon
thecatalystsurface,whichmustcontinuouslybe
removedtoavoidblockageofthereactionsites.
There have been many researchesinto the
materialandstructureofGDLs.Oedegaard,et
al.[4]studiedtheeffectofthediffusionlayer,
suchascarboncloth,carbonpaperandmetal
wireclothontheperformanceandmasstransfer
inadirectmethanolfuelcell.Theyfoundthat
metalwireclothissuperiortocarbonpaperand
carbon cloth for low temperature DMFC.



 Escribano,etal.[5]compareddifferenttypesof
carbon fibers-based supports and suggested
optimizingthematerials'propertiestoenhance
thecellperformance.Inaddition,differentkinds
ofcarbonpowdersusedinthemicroporouslayer
havebeenstudied,andacetylene-blackisfoundto
besuperiortoothers[6-7].

Inthispaper,comparativestudiesoffour
common-used A-GDLs for DMFCs,namely
carboncloth,carbonpaper,carbonpaperbased
onXC-72 (inshortXC-72)andGDL madeof
carbon nanotubes (CNT) will be reported.
Accordingto the characterization results of
scanningelectronmicroscope(SEM),mercury
intrusionporosimeter(MIP),gaspermeability,

water permeable pressure and single cell
performance,adetailedunderstandingofthe
effectofA-GDLonDMFCperformancecanbe
obtained,whichmightbehelpfultothefuture
structuraldesignofA-GDL.

1 Experiments

1.1 DescriptionofA-GDLs
DetailedparametersofA-GDLsareshown

in Tab.1.Carbon paperisthecommercial
Toray-060Hcarbonpaperwhichiswater-proof
with 10% PTFE; Carbon cloth is the
commercialELATcarbonclothwithoutdetailed
parameters (offeredby MTI);XC-72isthe
abovecarbonpapercoveredbyaMPLmadeof
10% PTFE and2 mg·cm-2 XC-72carbon

powder;CNTisahomemadeGDLmadeofCNT
(supplied by Tsinghua University),

polyacrylonitrile-basedcarbonfibre(PCF)and
PTFE,whichisdescribedinLit.[8].

Tab.1 ParametersofA-GDLs

Type
Substrate
PTFE/%

MPL
PTFE/%

MPLcarbon
powderloading/
(mg·cm-2)

Thickness/

μm

Carbonpaper
Carboncloth
XC-72
CNT

10
-
10
10

0
-
10
0

0
-
2
0

210
360
224
120

The cathode GDLs are all made of
Toray-060Hcarbonpaper(with10% PTFE),

coveredbya MPL madeof60% PTFEand
2mg·cm-2XC-72carbonpowder.

1.2 PreparationofCCMandsinglecell
Thecatalystcoatedmembrane(CCM)was

preparedusingacommondecalmethod[9].The
5.25mg·cm-2Pt-Rublack(JohnsonMatthey
Company,Hispec6000)andthe2mg·cm-2Pt
60% Pt/C(JohnsonMattheyCompany,Hispec
9100)wereloadedontheanodeandcathode,

respectively.
ThetailoredanodeandcathodeGDLs(2cm×

2cm)wereplacedontothecorrespondingsides
ofthe CCMs and sandwiched between two

punctualstainlesssteelflowfieldplateswithan
effectiveareaof4cm2forelectrochemicaltests.
1.3 Characterizationmethods

Thesurface morphologiesofGDLs were
examined by SEM (JSM 6360LV)and the

porositiesof GDLs were examined by MIP
(QuantachromeCorp.).

Thegaspermeabilityandwaterpermeable

pressureofGDLswereobtainedbyhomemade
apparatusasshowninLit.[10].

PerformancesofDMFCswereobtainedby
using a Fuel Cell Test System (Arbin
InstrumentCorp.USA).Theanodepolarization
curvesandmethanolcrossovercurrentdensities
were measured by EG&G PAR 273A

potentiostat/galvanostatat60℃.Withthecell
resistance,theIR-correctedanodepolarization
curvescouldbecalculated[11].Dependingonthe
IR-corrected anode polarization results,the
macroscopicmethanoltransportcoefficientcould
becalculatedaccordingtoEq.(1)[4]:

DMeOH =ilim·l
nFci

(1)

InwhichDMeOHisthediffusioncoefficientof

methanolinGDL(m2·s-1),ilimisthelimiting
currentdensityofanodepolarization(A·m-2),

listhethickness of GDL (m),n isthe

292 大 连 理 工 大 学 学 报 第54卷 



stoichiometricnumberofelectronsinvolvedinan
electrodereaction,FistheFaraday'sconstant
(96 485 C · mol-1),ci is the methanol
concentrationsuppliedtotheanode(mol·L-1).

Theanodedifferentialpressuresbetween
the inlet and outlet were recorded by a
homemade manometer, when the cell was
operatingat100mA·cm-2.

2 Resultsanddiscussion

2.1 Structuralcharacterization
The surface morphologies of the four

A-GDLsareobserved,andtheimagesareshown
inFig.1.ItcanbeseenfromFig.1thatcarbon
paperconsistsoflongcarbonfiberswithpore
sizeof10-20μm.XC-72is madeofcarbon
powderandPTFEmixture,whichhasaplatand
compact surface without carbon fibers
appearing.Therearelargecrackswith2-3μm
widthsappearing onthesurface of XC-72.
Commercialcarbonclothshowsacoarseand
poroussurfacebut withoutapparentcracks.
CNT has fluffy appearance with abundant
porosity.

Fig.1 ThesurfaceSEMimagesofcarbonpaper,XC-72,carbonclothandCNT

Theporesize distributionsin thefour
A-GDLsmeasuredbyMIPareshowninFig.2.
Heretheporescouldbedividedintotwoscales.
Porositybetween30-300nmisnotedassmall

pores,whileporositybetween300-5000nmis
notedaslargepores.Theresultsshowthat
carbonpaperhasfewporesinthetestrange,

whichalsoprovethattheporesizesofcarbon

paperarealmostlargerthan5μm,asshownin
Fig.1(a).TheporesinXC-72aremainlysmall

pores,whilecarbonclothhasbothlargeand
smallporesinacertainratio.CNThasabundant
micro-nanoporesandthelargesttotalporosity.

During DMFC practicaloperating,gas/

liquidconvectionoccursintheanodeandaGDL
with bifunctional mass transfer channelsis
needed.Mostresearchersthoughtthatlarge

poresaremainlyusedasgaschannelsandsmall

poresasliquidchannels[4].Carbonpaperwith
only large pores may be suitable for gas
transport, but disadvantageous for liquid
transport.XC-72hasonlysmallporesthrough

       

Fig.2 PorositymeasurementsofA-GDLs

which both methanoland CO2 need to be

transportedandthenacompetitionarises.As
mentionedabove,carbonclothandCNTshow
the most clear gas/liquid mass transfer
channels,in whichsmallporesareusedfor

methanoltransfer and large poresfor CO2
ejecting.TheporosityofGDLisveryimportant
fortheperformanceofDMFCasitsignificantly
affectsthereactants/productstransportinthe
electrodes. Thus,the micro-nano complex
structure of CNT maybe produces so-called
multi-scale effect offering proper gas/liquid
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transferchannelsandimprovingthesinglecell

performance.
TotalporosityrofA-GDLsistestedand

showninFig.3.XC-72,carbonclothandcarbon

paperhavethesimilartotalpores(about70%),

whileCNThasthehighestvalue(upto93%),

whichisconsistentwiththeresultsofFig.2.
Abundantpores may be helpfulto offering
respective gas/liquid transfer channels and
improvingthe masstransferabilityforcells'
longtimestability.

Fig.3 TotalporosityofA-GDLs

2.2 Masstransferanalysis
Appropriategaspermeabilitycouldensure

CO2flowoutofanodecontinuouslyandimprove

thecellperformance.Thegaspermeabilitiesof
A-GDLsinthethrough-planedirectionaretested
andshowninFig.4.Itcouldbeseenthatthe

gasflowratesoffourA-GDLsallincreasewith
theincreasingofpressuredifference.Thegas

permeabilitycoefficientofcarbonpaperishigher
thanthoseoftheotherthree.CNTwithmany
poresinporesizerangeof0.3-5.0μmhasagas

permeabilitycoefficientof4.16×10-12m2closely
nexttothatofcarbonpaper.Socarbonpaper

andCNThavethepredominanceofCO2ejecting.

Carboncloth withlargethicknessand XC-72
withcompact microstructure mightblockgas
transmitting in the GDL, so their gas

permeabilitycoefficientsarelower,whichcould
depressthecellperformances.

Fig.4 GaspermeabilityofA-GDLs

Fig.5demonstratestheresultsof water

permeablepressure.Itdenotesthepressurethe
waterneedstoflowthroughtheporewiththe
smallestresistance,namelytheliquidtransfer
ability.InfourA-GDLs,XC-72hasthemost
compactstructure,soithasthehighestwater
permeablepressure (about13kPa)andliquid
transferresistance.Carbonclothandcarbon

paperfollowdecreasing.CNTshowsthelowest
waterpermeablepressureofonly0.5kPa,which
maybeattributedtoitsabundantsmallpores
facilitatingtheliquidtransport.

Fig.5 WaterpermeablepressuresofA-GDLs

2.3 Theperformancesofsinglecells
Fig.6 presents the IR-corrected anode

polarizationcurvesofthecellsconstructedwith
differentA-GDLs.Whentheanodeisfedwith
0.5mol/Lmethanolat60℃,itcanbeseenthat
theanodepotentialsarealmostidenticalatlow
currentdensities(<100mA·cm-2)andthe
differenceis mainly shown at high current
densities. XC-72 with the poorest gas
permeability hasaserious methanoltransfer
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resistanceandshowsalimitingcurrentdensity
atearly150mA·cm-2.Carbonpaperwithmany
largeporeshasadisorderedgas/liquidtransfer
processand alow limiting currentdensity.
Carbonclothhasbetterporositythanthatofthe
former two, which could harmonize the

gas/liquidtransferissueinthehighcurrent
densityregion.Andthelimitingcurrentdensity
appearsat200mA·cm-2.CNTwithsuitable

porosity showsthe highestlimiting current
densityof323mA·cm-2.Theanodelimiting
currentdensity presentsthecurrentdensity
when methanol arriving at the triple-phase
interfaceis completely oxidized. When the
current densityincreases,CO2 produced by
methanol oxidation also increases and the
obviousgas/liquidconvectionoccurs.Atthis
time,themasstransfercircumstanceinanode
would influence the cell performance
significantly.The perfect anode polarization

performanceofthecellwithCNTcouldincrease
thewholecellperformanceespeciallyathigh
currentdensity.

Anodeoperationconditions:0.5mol/Lmethanol

at1mL·min-1.Cathodeoperationconditions:

ambientpressureH2at40mL·min-1

Fig.6 IR-correctedanodepolarizationcurvesof

the cells constructed with different

A-GDLsat60℃

Depending upon the IR-corrected anode

polarization results,the methanol diffusion
coefficientsarecalculatedandshowninFig.7.
Carbonclothshowsthebestmethanoldiffusion
ability.Butduetoitslargethickness,carbon

clothhaslongermethanoltransferchannelsthan
other A-GDLs,which meansa bigger mass
transfer resistance. Next is CNT with
appropriate methanol transfer channels and
minormasstransferresistance.Carbonpaper
with manylargeporesandXC-72 with many
smallporesmaybeunsuitableformethanol/CO2
transferand show lower methanoldiffusion
coefficients.

Fig.7 MethanoldiffusioncoefficientsofA-GDLs

A-GDLshavethefunctionsofmasstransfer
andredistributingthefuelofmethanol.The
microstructuresofA-GDLscontrolthemethanol
concentrations arriving at the catalyst
triple-phase interfaces. A low methanol
concentration would cause an earlier mass
transferpolarizationandalowercorresponding
singlecellperformance.Whileahighmethanol
concentrationwouldcauseaserious methanol
crossover problem and decrease the cell
performanceandthefuelefficiency.Withthe
converse ejection of CO2 during the cell
operation,the anode has a much serious
requirementfortheA-GDLs.Theperformances
ofDMFCswithdifferentA-GDLsareshownin
Fig.8.ItcanbeseenthatdifferentA-GDLs
haveobviousinfluencesoncellperformances,

especiallyinthelatterhigh currentdensity
region which is mainly controlled by mass
transferpolarization.ThecellwithXC-72shows
thelowestperformanceandthehighestpower
densityisonly52.4mW·cm-2.Carbonpaper
withmanylargeporesisalsodisadvantageous
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formethanoltransferathighcurrentdensity,

andthehighestpowerdensityis58.7 mW·

cm-2.Thecellwithcarbonclothshowsbetter
performancesthanthoseofXC-72andcarbon
paperforitshighmethanoltransferability.At
60℃,thecellconstructedwithCNTshowsa
limitingcurrentdensityof460mA·cm-2,which
ishigherthan230mA·cm-2ofcarboncloth,

169mA·cm-2ofcarbonpaperand140mA·

cm-2 of XC-72.Itisshownthatthe mass
transferabilitiesofCNTismuchbetterthan
thoseoftheotherthreeandtheperformanceof
singlecellisnotonlyrelatedtothecathodemass
transferability,butalsoaffectedbytheanode
structures.The cell with CNT has proper
gas/liquidtransferchannelsthroughwhichthere
wouldbeenough methanoldiffusionintothe
reactionsitesevenatthehighcurrentdensity
andtheperformancecouldbeimproved.

Anodeoperationconditions:0.5mol/Lmethanolat

1 mL · min-1. Cathode operation conditions:

ambientpressurepureairat80mL·min-1

Fig.8 Performancesofsinglecellswithdifferent

A-GDLsat60℃

Fig.9 presents the anode differential
pressures between the inlet and outlet at
constantcurrentdensityof100 mA·cm-2.
Carbonclothhasthelargestdifferentialpressure
ofabout0.28kPa.Theotherthreehavethe
similardifferentialpressuresofabout0.1kPa.
Acertaindifferentialpressurecouldintensifythe
masstransferandhelp methanol/CO2 diffuse
into/out of the anode. Then, the cell
performance and stability could also be

improved. However, a larger differential

pressuremaybepresentsalargermasstransfer
resistanceandaproperdifferentialpressureis
neededto maintainthecelloperatingstably.
CombinedwiththeresultsofFig.8,CNTwith
ananodedifferentialpressureof0.1 kPais
suitablefor masstransferandshowsbetter

performancesthanthoseoftheotherthree.

Anodeoperationconditions:0.5mol·L-1methanol

at1 mL· min-1.Cathodeoperationconditions:

ambientpressurepureairat80mL·min-1

Fig.9 Anode differentialpressure between the

inletandoutletatconstantcurrentdensity

of100mA·cm-2at60℃

3 Conclusion

Differentmicrostructure-designsofA-GDLs
werecomparedandcharacterizedbySEM,MIP
andsinglecellperformance.Carbonpaperand
XC-72showdisadvantageousinfluencesoncell

performances,becausecarbonpaperhasmany
large pores which are unsuited for water
transfer,while XC-72has manysmallpores
whichareunsuitedforgastransfer.Thecell
withCNThastheleastmethanolmasstransfer
resistance for its proper porosity. Though
carbonclothhasthehighestmethanoldiffusion
coefficient,thecellwithcarbonclothshowsa
lowerperformancethanthatwithCNTduetoits
thickness.Asaresult,theCNTissuitablefor
DMFCanodeforitsoptimalporosityandmass
transferability.ThecellwithCNTshowsthe
highestlimitingcurrentdensityandpeakpower
densityof460mA·cm-2and110mW·cm-2,
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respectively.
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直接甲醇燃料电池阳极扩散层比较研究
高  妍*1, 王 素 力2, 侯 宏 英3, 赵  亮2

(1.金州新区价格认证中心,辽宁 大连 116600;

2.中国科学院大连化学物理研究所,辽宁 大连 116023;

3.昆明理工大学 材料科学与工程学院,云南 昆明 650093)

摘要:采用扫描电子显微镜(SEM)、汞注入孔隙计(MIP)和电化学方法考察了4种常用的

阳极扩散层———碳布、碳纸、XC-72碳粉修饰的碳纸(以下简称XC-72)、碳纳米管扩散层———
对直接甲醇燃料电池性能的影响.结果表明:碳纳米管扩散层在1000~3000nm具有丰富

的孔径分布和最大孔隙率;碳纸和XC-72扩散层组装的单电池在大电流密度下分别由于孔

径大不利于输水和孔径小不利于输气而使得电池性能较差;碳布扩散层组装的单电池虽然具

有最大的甲醇扩散系数,但是由于其厚度问题使得性能稍差于碳纳米管扩散层电池.阳极极

化结果也表明碳纳米管扩散层电池具有最小的甲醇传质阻力.因此碳纳米管扩散层组装的单

电池具有最优性能,最大电流密度为460mA·cm-2,最大功率密度为110mW·cm-2.

关键词:直接甲醇燃料电池(DMFCs);气体扩散层(GDL);孔隙率;传质;甲醇

扩散系数
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