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Polymer Electrolyte Fuel Cells for Transportation Applications

T.E. Springer, M.S. Wilson, F. Gamon, T. A.’Zawodzinski and S. Goucsfcld

(1) Introduction

The application of the polymer clectrolym fuel ccl] (PEFC) as a primary power source in
electric vehicles has reccivcd increasing attention during tic last fcw years. This increased
aucntion has been fulcd by a combination of significant technical advances in his fdd and
by the initiation of some projects for the demonst.rat!on of a complete, PEFC-base.d power
system in a bus or in a passenger car. Such demonstration projwts reflect an increased
faith of industry in the potential of this technology fol transportation applications, or, at
Icast, in the need for a detailed evaluation of this pomntial. Ncvcrhchxs, Iargc .scalc
[rarqmfition applications of PEFCS require a con[inucd concerted cffoII of nxcarch on
catalysis, mtmxials and components, combimxl witi the engineering cffmts adkx..ing tic
complc[c power systcm. This is required to achicvc cost cfftxtivc, highly pcrfmrning
PEFC slack and power system. Wc de.scribe in this contribution some rcccnl rcsuhs of
work pw-fom~cd within the Core Rc.search PEFC Program at Los Alamos National
I.ahoramry, which has addrcs.scd (ranspowiion applications of PIXCS.

lhc prcrcquisiw for Iargc SAC tcmxhial mnspormion applications of pdymcr clcctrolytc
fuel CXIIS(PEFCS) can hc bncfly summarized as a combination of high pcrformamx and
rcliubllily and low cost. In tcrrcsuial Iransporwion, tic SOUKCof hydrogen fuel for W
PEFC can hc, in principle, a carhmmxous fuel like mc[hamd, which has to hc swam
rcfmmcd 10 prmlucc [hc hydrogcn JuxI, or hydrogcn slorcd in prc~w.wimd or hydridc form.
In tic mcthtinol fuckxl vchiclc, which has tic impi~~ni advantages of simple refueling and
Ii.wgcrrange, the PEFC optxucs (m rcfm-maLc and air. This calls for cffw[ivc answers for
[w(1 impormnl lVquircmcnL% The first is high performance O( air txhodcs, prcfcrahly
opcrwing al amhicn[ air pm.wumc or slightly prcssurizctl air, and [k .sccond is st: MC imodc
~qwratitm with vtiritihlc low ICVCIX of C() in ItWunodc f~d skon], At this poinlo [hc.w [W(J
rc[plinmwnls h:tvc 10hc answered with Pl calulysls. An cff~tivc rcpl;wl:rncnl ca[ulyst hi~~
n[~[Ixx’ri idcn[iliml m yc[, und this is n{NI(N}surprising r[msidcring [hc I(JWwnq-wri.uum [d’
Ilw c.cll ([ypic;dly W( ‘) tind IIw acidic (Prr[lu{m) sul(”(mic acid) clccmdy[c. As shown in
tulr prcvltms w{wk, (q]timimd dcsi~!n t~l”the ctii;ilys~ I:iycr WN.I(JI’ i[.i tumdin~: [t} II}(.
Inumhr:llw il(:lliCV(’S m cnh:um:mcnl 01 ltw ciltclivc ca[:llylic nt.livi[y I’r{mln ~iv~:n hxding
{)1”1)[, :11](1U lt~wcrilll: 1)1’111:1sslr;ln~pir[ Imrril’rs within lti~’[hill .I”ilm (~il[~lly!il l:ly”[” ( 1,2).
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As m tic significant prohlcrn of CO poisoning at the anode Pt catalyst, wc have
dcmonsmawd tiat it can hc cffcc~ivcly solved by tic bluding of low levels of air into lhc
fuel feed smmm (4,5). Wc report funhcr in Lhis pa~r on some rmxndy demonstrated
application of his air-hlccding approach for “rejuvenation” of PEFC’S a.ftcr long-w-m CC1l
operation.

Rcmrning [o the chal]cngc of an cffcc[ivc fiir cmhodc, lhc rclalivc contribution of tiis
cornponcn( m Io.sses in PEFCS may need sornc funhcr clarification hxw.w pw amdy.scs
have sm...scd ionomwic mcm!mnc 10S.SCS.In rcali[y, ionomcric membranes 1(N ~m [hick.
or lhinncr, enable an overall anml PEFC rcsislancc as low as ().08 ohm cm2, pofiicularly
when LIWquivalcnt wcigh[ of tic iwmrncr has hccn lowered LO900, or lc-M(.scc figure 1).
Fuflhcrmorc, with such hwtcr membranes, [hc PEFC resistance in well hcmidificd c-ells
dots no! incrcasc with the ccl] currcnl even at currcn~ densities as high as 3 A/cm* (.SCC
iigurc 1). Mcmhranc properties rquircd 10 achicvc such behavior have km quantified hy
dcmilcd modeling (6). It .sccms, thcmforc, that lhc icmomcnc membrane iL$df is no Iongcr
[hc major ban-ix for achieving higher CCI1pcrfmrmncc, at least not in PEFCS operating on
air ralhcr than neat oxygen. The significant cffcc[ of air cathodes cm [hc overall
pcrformana of PtlFCs can hc apprcciiucd from figure 1, which dcmonswatcs dw rcsulLs of
iR-comcction (R mcasumd lypically at I(1kHz at each currunt density) in dw case of oxygen
and of air PEFC calhodcs. The figure highlights tic Iargc cent.rihu~ion of mas,, Uansport
limitations in [hc air caL$odc (figure 1b) to [hc ovcmll loss in lhc PEW. In contrast, in dw
CASCt~f ciuhodc operation on nca[ oxygen (figure la), cadmdc Uansp Irt Io.sscs arc much
Icss significant in tic .samc currcnl density riingc. Consequently, good understanding of
[hc na[urc 01 los.scs in [hc PEFC iiii ca[hodc, hiiscd on detailed cxpcrimcnttition and
mtdcling. is a kcy for cnhimcing Ihc p. -formancc of such CCIISunder comii[ions rclcvtin[
[t) Iranspotilion tipplications. Wc q-tort in tic Im[ part of his paper on k dcvclt]pmcnt of
cl”fcc[ivc diagnostics for [hc PEW cti(h(dc, hascd on comhincd mm.kling and cxpo-imcnt.
#1’coffer Some conclusions (m possihk fmlhcr improvcmcnLs of p]~l<’ air calhodcs.

(2) Experimental



(3) Results: Single Cell Life Testing

(3a) Thin-film catalysts for the PEFC - Enhanced 10,, ‘xrm pfonnancc slahilily of cells
with ultra low Pt loadings

Wc begin our report with rcccnl improvcmcnL% in the proptmics O( the thin-film cauilyfl
Iaycrs dcvclopcd by us rucndy (1-3). The.sc improvcmcnL% have enabled a significant
extension in tic useful Iifc of our PEFC. Wc have previously rcportml on the fabricati(m of
catalyzd membranes with ultra low Pt loudings, hascd on lhc pmpariition of an “ink” with
general composition PL/C + dis..olvcd ionomcr + glycerol, whirh can hc either iipplicd
directly to the membrane or prc-dried on a “blank” and then hot-pressed onto the
membrane. In our previous contributions, wc rcpm-wd on tic ionomcric component of tic
ink in either the H+ ( I) or Na+ (2) form. (TIM ionomer is always rcprotonatcd hcforc
introduction of the cataly7d membrane into k fuel cdl). Wc nqmrt here on tic cnhanccd
Iong-tcnn pcrfmrnancc stahilily of PEFCS which employ tiin-film ciualyst Iaycm prepared
w;:h [hc thermoplastic, tctrahutylammonium (TBA) form of the (pcrfluormndfonatc)
ionomcr. Figure 2 gives a comparison I-nxwccn the Icmg-term lows oh.served with catalyst
Iaycrs prepared from the Na+ fomn of [hc ionomcr and [ho,sc ohcrvw.1 witi] catalyst Iaycrs
prepared from the TBA form of [hc iormmcr. Ilc cxpcrimcnt 10 I1owwJCCIIcurmn[ at a
cons[am cell voltage of ().5V. l%lk~wing [hc first gr:idual curmnl dw:ay, oh,scm’cd in idi lhc
CCIISduring the first I(M) hours of continuous ccl] opcra[itm, the. performance of the CCIIS
prepared w~[h the TBA fw-rn of the iom)mcr has stilbiliid at shout 70%1of tic ini[ial lCVCI
(SCCsection 3C ft~r further cvaluwion of this ini[idl pcrforrnancc loss). In comras[, CCIIS
with ctim?ys[ Itiycrs p-cpurlxl with [hc NiI+ ((mm (]I [hc iommwr cxhihi[ li~[~r in [heir Iifc a
furthrr. rather s[r:mg fall in pcrforrrmw. This l“urthcr performance I(NS is complctciy
climirmtcd in (wr newer CCIISprepared wi[h the [hcrmoplaslic form of the ionomcr. Il]is
improvement m apparcn[ly achicvcxl [hunks [(} cnhxnccd rolmsmcs~ of cuudyst Iaycrs
prepared wi[h [hc thcrmoplus[ic form ~~1[hc i(morncr. The Ilow (II’ [ht. ionorncric
c[mlponcn[ during ho[-pm~k, t.niitkd by the proplly (d [hcnnoplastici[y, muy cnhwwc. :hc
in[cqmrticulwc bonding wi[hin Ow ~itt~lyst liiy~r, Al,so, tic higher WmWra[urc cmph)ycd in
ciIliIlyst prcfmriuion wi[h thu ‘I”IIA ((mm cnahlcs Iwllcr unncaling, and, Ihus, hctlcr
crys[:llinity of [hc ionomcr (’(m.srqucntly, cxccssivc swelling {J!’Ihc (Sil[illyst Itiycr. which
c(~tlld h’ rcsponsihlc ((w (Jxygcn litinspm limil:~liims within tin “iI~Ing” Ci]lho(h.mcululysl
l:ly~l, is ;Ippw-vntly It w .~VtSRSill [h{’~ii,u’(~t’L;II;IlySI I;lyt.rs pmpnnxl wi[l} 1111*“111Atimn ()!’
Ihr i(}ll(ml~*r, I;urthl’r sl;lhiliz,illitm 01”II](’ I(}IIL1(.1”111p~l’li)l”lllilIIUL” (II’ such I)lil;(’s is
[li,s.cmllss~”(lill s(’c-litlllk.
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However, experimental cvidencc to support such arguments has not been previously
provided. We repcm here on the measurement of Pt catalyst ripening in PEFCS based on
ultra low Pt loadings, which operated continuously for 2500 hours at a cdl voltage of 0.5V
on pressuri7d hydrogen and air. The cathode catalysts in such cells were analyzfid with x-
ray diffraction (XRD) techniques which did not require removal of the catalyst from the
ionomeric membrane substrate. This enabled direct XRD measurements on catalysts of
CCIISdisa.ssemblcd following a long @od of continuous operation. ‘Nw catalyst particle
sim distribution could be analy7~d from lhc shape and width of tie XRD intensity peaks.
Rtxults are given in figure 3 for the cathode calitlyst . The results show that slow catalyst
ripening does take place in these PEFCS. The typical degree of ripening can bc
summarized as a decrease of R surface area from an initial value of 100 m2/gr to 70 m2/gr
after lfMO hours and to 40 m2/gr after 25(X) hours. Such a surface area loss suggcsm that
the calalytic axivity should &line by about 60% between the begiming and the cnd of dw
Iifc test. This should be refkted by a decrease of the measured current density by the
same factor around 0.9V. where the performance is controlled only by catalytic activity,
However, in reality the long-tmn perfomancc losses obsemed in dmse PEFCS seem to be
t-mtfincd to the voltage domain associated with larger current densities (W figures 5,6).
Long-tcrrn effects okrvcd at 0.9V between beginning and end of the life test are, in most
cases, much less pronounced than the cxpectcd 60% current dccrcase. Onc likc!y
explanation is provided hy the results described in another report to this ECS meeting (8).
Wc show there the loss of Pt surface area could IN compensated hy a higher specific
activity pcr unit surface area of the larger catalyst particles. We cortcludc that [his ralhcr
substantial Pi catalysl ripening phenomenon, observed in PEFC cathr)dc, PtiC cahiysL%

following long term cell operation, prolmldy does nor contribute significantly m the long
lcrrn performance Iosscs olxervcd in our PEFCS. Further support for this conclusion is
hmugh[ in .scction k.

(W) IAmg-Tm-rn perfornmncc l~~wcs in PEFCS - Ilc (lmtrihutian of The Anoclc

As tcsls of CCIISwi[h TBA-ha.scd, thin-film catalyst Iaycrs con[inucd, wc have di.scovww.l
thm a Iargc part of the M ~rfm-martcc loss recorded during the first IO(K)hours of CCIIIifc
could, in fwI, m-iginatc from increased Ios,s.csat the CCIIanode. This C:UTICas somcwhut (I(
a surpri, sc, having susputcd all along mainly cnhanccd los,ses in thu cc!] cathode. our
di.wovcry was made during the study of cffccL%of low Icvcls of C() in the fuel fud stream,
and [heir po~sihlc remcdiiltion nccording to [hc approach developed hy us previously (4,5).
Additions of 10--I(N) ppm of C() to lhc hydrogen feed struam of a life wstcd cdl Inqyn ;n
(mc CM(I NH)() hours into Ihr Iifc 11ss[.As cxpxhxl, such ~() tidtli[i[]ns hrtmgh[ ahtmt
kigl]ifiuiln[ k)w~.ring in c~.11prrlilrm:m{-c tind oxygen Mccding into tk fuel f~wl s[rcam, ill n

Icvrl m~l cxucm!ing 4%, W:ISiipplid [() rl.rnm.li:ur [hc cutulyst p[~is(ming. Surprisingly,
li~lltlwi[lg tht~u(ltlitit)ll ()( ( )2 I(}[Iw I“[iclItcd s[rcam, not (rely wils Ihc*dl-lctcti(ms ~llici (JI
(‘( ) c~):nplclcly lc[n(~vcd. hu~ [Ilt- pl.rlormancc of [hc ~ull WLIS :IcIutilly (.[lhiiil~~d
sil:nificnn[lv ;Il}t}vt.[hilt rcc[)rd(’d p[i(m It) [hr additi(ms (if (’( ) t ( )? it) IIW un[d(~ fc~’d
slrr;lm. Th;s is sh~~wn in I.igurc’4. l;ipum 4 dtws nt~t shtnv Ih(’ drops in c(. IIturn’nt WIN*II
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loss of orrly 10%, mcmurcc! from the on.set of t-k Iifc test. This can be achieved by treating
accumulated anode impurity effects by the blc.cding of oxygen into the anode feed stream.
Consequently, it carr also hc concluded that the long-term integrity of thin-film catalysts
bmcd on r-he thermoplastic form of the ionomer (TBA) is, in fact, very good. Further
support for this conclusion is shown in figures 5 and 6. These figures show that,
following the cleansing of the anode catalyst by oxygen Mccding 3000 hours into the lifc-
LCSI, there is practically no dctcctcd variation in ~hc CCII’S OZ/HZ polarization curve
compucd wit-h the very first day of the life tcs[, whereas only a small performance loss hi
high current density can he sum for air/H~ operation. The.sc pohu-iz.ation curves suggest
only minor los-ses in the transpcm properties within the cathode catalyst layer and/or within
tic cafl~ode backing after 3700 hours of continuous CCII operation (SW figure 6), whereas
Ios.scs in catalytic activity after this long-la-m operation arc apparently negligible (W figure
5).

Finally, it r-cmains m explain the nature of the long-tcmn anode catalyst deactivation
which takes place during the first l(KKI hours of cell operation ( see figures 2 and 4), and
which could Ix corrected by oxygen bleeding into the fuel feed st.rwrn. The two most Iikcly
possibilities are (i) very low Icvcls of CXl in the “pure” Hz fmd u.scd in the life test, and,
(ii) some other contaminant which forms within the CC1l at the anode catalys[ by a slow
process of chemical reduction or clectrorcduction. The Iattcr process may be a slow
ruiuction of oxidind sulfur moieties (e.g., sulfonatc from the ionomcr) to sulfur or to
sulfide spccics, both of which arc known to spccilically adsorb on J Pt catalyst surface and
poison il. oxidativc rlvnoval O( such surface impuntics by oxygen hlccding is conccivahlc.

(4) PEFC Modeling and Diagnostics
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opcralcd on mixtures of oxygen and nitrogen is not .w[ by the partial prcssum of oxygen,

which is vu-y similar, if not identical, in all three ca.ws of 0#N2 mixtures employed.
Rather, at constant 02 partial pressure, the currm Iiinila[ion is .wm to drop wi(h incrmscd
N2 partial pressure. This poinL% immediately to the significant effect of translmrt in the gas
phase, rat-her Umn in any condcnscd domain of the Syscm. mC U.SCof such dilu~d @, gas
mixtures for fuel ccl] diagnostics has hccn suggested by Cutlip and coworkers (13j. Other
than dcmonstrak quali[ativcly LIW signillcancc of mass transpofl limitation in [hc g~wxms
domain of [he cadmdc, such poiari~.ation CUI-VCSUI1OW a quantita[ivc cvaluution of the kcy
paramclcr of lhc backing, i.e., it’s cffcctivc porosily. The compukr fitux.1cuwcs in figur:
7 have he-en obtained witi a mode] for Lhc cathode backing Ixwcd on he Stcfan-Maxwell,
multi -componcrit gm diffusion equations, yielding an cffcctivc porosity for [hc backing

which drops linearly with current density from 0.22 at J=() to 0.14 a[ ;= 1.5 A/cm2. This
drop in cfftztivc porosi[y of Lhc hacking could hc caused by a buildup of liquid water
which incrca.scs with cdl currcnt-

Anolhcr diagnostic feature of I%FC characteristics olmctvcd al Iowcr cell polannlions, is
the ratio of the currents measured at the same (iR-comcctcd) Potcnlial with an 02 and an air
cathode of the same total pressure. 4s figure 7 shows, it is significantly smaller than 5:1.
At suct~ low CCII polari~ations the tiifcct of the hacking is small, and this dcvia[ion of [hc
currcm ratio from 5:1 highlights [hc effect.s of the Iimitcd ionic conductivity and gas
pcrrrmabili[y wi[hin the catalyst Iaycr ( 12).. Figure 7 dcmonstraws that computer-fit(ing of
the 02 and air (iR-comcctcd) pcrforrnanccs of [hc same CCII could hc achicvcd i-)y assuming
a significant ionic rcsis[ivity ft~r [hc composik Iaycr ~~f[hc catalyst, which contains only
uh(ml 25% by volume O( k ionorncr ( 1-3)

(5) (’occlusions

( I ) Wc have dcmonstru[cd Pcrf[wmullcc stabili[y in III-C lCSIS lasting 40(N) hours ft)r II#tiir

F’EFCS hascd on ultr~ low pla[inum Itxdings (().12 mg/cn]2/clccstrt) de). An impormn[
ingrcdicnl for a low-~ :)st, highly pcrf~~rming and r~liiibl~ PEFC tcchnt~lt~gy for
[ransptmtali~m hLL\ thus htx”n established.
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Figure la. Cell voltage, high frequency CCI1impdancc and iR-cm-rcctcd
ccl] vol[agc as functions of ccl] current density for the case of
pressurized oxygcrdhydrogcn. The CCII is t)ascd on Mcmlwanc C
(Chlorine Engineers) caulymd hy a thin film catalyst layer of 0.12
m@t/cm%latrodc.

Figure 1b. Same ccl] and mcasurcmcnL$ as in figure 1a. for the cases of
prmsurizcd mr/hydrogen and of 1 at.m air/hydrogen.

Figure 2. Comparison of LImlong-term stability of CCI1performance for
cells with 0.12 mgPt/cm2, where the thin-film catalyst layer was

prcpamd with tic iommrwr in either the Na+ or the thcrrnoplastic, ‘rBA
form.

Figure 3. Variations in size distribution of carbon-supported Pt particles
as a result 0! continuous life testing al cell voltage of ().5V. Cell
lcmpcraturc WM kept w 8(WC and gas pressures were 5 atm air, 3atm
Hz. (Both gas swcams were humidified).

Figure 4. (ladual IOS.WSand performance rccovcry in a PEFC opxatcd

at cons[ant voltage of ().5V on 5atm air/3aun Hz at 8(K, Performance
rccovq af[cr 30(H)hours wm achicvcd following intcrmi[tcnt bleeding
of lt~w ICVCISof air inm tic fuel feed sream.

Figure 5. Poliinn[ion curves, rccordcd for diagnostics with with an 02
cfithodc, at diffcrcn[ times in the life of (hc ccl] di.scus.wd in [Igurc 4.
Anode ca[alyst cleansing was pmformwi tit t=3000 hours.

}:i~urc 6, S;lmc us iigum 5, for cell oIwralion on Uirfl{z.
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