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Polymer Electrolyte Fuel Cells for Transportation Applications
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(1) Introduction

The application of the polymer clectrolyte fuel cell (PEFC) as a primary powcr source in
clectric vehicles has received increasing atiention during the last few years. This increased
atiention has been fueled by a combination of significant technical advances in this ficld and
by the initiation of some projects for the decmonstration of a complete, PEFC-based power
systcm in a bus or in a passenger car. Such demonstration projects reflect an increased
faith of industry in the potential of this technology for transportation applications, or, at
Icast, in the need for a detailed cvaluation of this potential. Nevertheless, large scale
transportation applications of PEFCs requirc a continued conceried effort of rescarch on
<atalysis, mawerials and componcnts, combined with the engincering cfforts addressing the
complete power system. This is required to achicve cost cffective, highly performing
PEFC siack and power system. We describe in this contribution some recent results of
work performed within the Core Rescarch PEFC Program at Los Alamos National
Laboratory, which has addressed transportation applications of PEFCs.

The prerequisite for large scale temestrial transportation applications of polymer clectrolyte
fucl cells (PEFCs) can be briefly summarized as a combination of high performance and
rcliability and low cost. In terrestrial transportation, the source of hydrogen fucl for the
PEFC can be, in principle, a carbonaccous fuel like methanol, which has to be steam
reformed to produce the hydrogen feed, or hydrogen stored in pressunzed or hydride form.
In the methanol fucled vehicle, which has the importani advantages of simple refucling and
larger range, the PEFC operates on reformate and air. This calls for effective answers for
two important requirements.  The first is high performance of air cathodes, preferably
operating at ambicnt air pressure or slightly pressurized air, and the sccond is ste ble anode
operation with variable low levels of CO in the anode feed stream, At this point, these two
requirements have to be answered with Pt catalysts. An effective replacement catalyst has
not been identificd as yet, and this is not too surprising considering the low temperature of
the cell (typicatly 80°C) and the acidic (perfluoro sulfonic acid) electrolyte. As shown in
our previous work, optimized design of the catalyst layer and of 11y bonding 1o the
membrane achieves an enhancement of the effective catalytic activity from a given loading
of Pt and a lowering of mass transport barriers within the thin-fitm catalyst layer (1,2).
The later feature is particulatly important for the air cathode. This has resulied in high
prrformance of Hyfair PEECs, utilizing ultra low Pt loadings corresponding to about
0.2 p/kW. Furthermore, these PEFCs are based on cataly zed membranes fabncated by a
process of poad potential for effective seale up (1 3), The sipnilicanee in terms of
materids costand manutacturabihty of such caialyzed membranes is substantial - We repaont
ity paper onrecent tests of siple cells based on these tin bilme catalvat Livers, wlich
demornstiate stabily of pertornamee on g tme seale of thousands of howes Thas stable
fong enm petformance furthes demonstiates the viabihity of our cataly zed membranes as
one aniportant component of o PEYC wechaolopy wineh combaines Tower cont, hiprh
pettonmance and haphorchabaliny



As 10 the significant problem of CO poisoning at the anode Pt catalyst, we have
demonstrated that it can be effectively solved by the blecding of low levels of air into the
fucl feed sircam (4,5). We report further in this paper on some recently demonstrated
application of this air-bleeding approach for "rcjuvenation” of PEFC's after long-term cell
operation.

Returning 1o the challenge of an cffective air cathode, the relative contribution of this
component 10 losses in PEFCs may need some further clanification because past analyses
have stressed ionomeric membrane losses. In reality, ionomeric membrancs 100 pm thick.
or thinner, enable an overall an:al PEFC resistance as low as (0.08 ohm cm2, particularly
when the equivalent weight of the innomer has been lowcered to 900, or less (see figure 1).
Furthermore, with such better membranes, the PEFC resistance in well hemidified cells
does not increase with the celi current even at current densitics as high as 3 A/cm? (sce
{igure 1). Membrane propertics required to achicve such behavior have been quantified by
dctailed modeling (6). It seems, therefore, that the ionomeric membrane itself is no longer
the major bamier for achicving higher cell performance, at least not in PEFCs opcrating on
air rather than ncat oxygen. The significant effect of air cathodes on the overall
performance of PEFCs can be appreciated from figure 1, which demonstrates the results of
iR-correction (R mcasured typically at 10) kHz at cach current density) in the case of oxygen
and of air PEFC cathodes. The figure highlights the large contribution of mass transport
limitations in the air cathode (figure 1b) to the overall loss in the PEFC. In contrast, in the
case of cathode operation on neat oxygen (figure 1a), cathode transport losses are much
less significant in the same current density range. Consequently, good understanding of
the nature of losses in the PEFC air cathode, based on detailed experimentation and
madeling. is a key for enhancing the pr.formance of such cells under conditions relevant
lo transportation applications. We report in the last part of this paper on the development of
cffective diagnostics for the PEFC cathode, based on combined modceling and experiment.
We offer some conclusions on possible further inprovements of PERC air cathodes.

(2) Experimental

Single cell wsting tor PEFCs prepared with membranes coated by the thin- film catalyst
(1.2) has been carricd out under complete control of temperature, pressure and
humidification conditions. Humidification conditions have been sct by the control of the
temperature i stainless steel humidification bottles upstream the cell, equipped with glass
bubblers. Automatic control and safety features enable continuous operation at elevated
temperature and pressare for the long duration of the life-test. Polarization curves were
collected automatnicaily with a systeny employing an clectronic load (HP 6060) and a
Labview progriun (National Instruments) in conjunction with a Maclntosh PC. The high
frequency resistance was measured (with a Volieeh TH2000 frequency response analyzer)
as funcuion of cell current, by applymg an ac perturbation through the electronic load and
mcasuring the amphtudes of the ac voltage across the cell and of the ac current through the
small senes esistor employed for eell current measurements. Details of the preparation of
the thin film catlyst and its banding o the membrne are given in references 13 X ray
dithiacuon (XRD) measmements were pettormed on a Sicmens DSMKO X ray
dittractomerer and analvzed with the Wanren Averbach propram proveded with the
mstranent



(3) Results: Single Cell Life Testing

(3a) Thin-film catalysts for the PEFC - Enbhanced lo..  wrm performance stability of cells
with ultra low Pt loadings

We begin our report with recent improvements in the properties of the thin-film cawaly«t
layers developed by us recently (1-3). These improvements have cnabled a significant
cxtension in the useful life of our PEFC. We have previously reported on the fabrication of
catalyzed membranes with ultra low Pt loadings, based on the preparation of an "ink™ with
gencral composition PUC + dissolved ionomer + glycerol, which can be either applied
directly to thc membrane or pre-dricd on a "blank” and then hot-pressed onto the
membrane. In our previous contributions, we reporied on the ionomeric component of the
ink in cither the H* (1) or Na* (2) form. (The ionomer is always reprotonated hefore
introduction of the catalyzed membrane into the fucl cell). We report here on the enhanced
long-term performance stability of PEFCs which employ thin-film catalyst layers prepared
with the thermoplastic, tetrabutylammonium (TBA) form of the (perfluorosulfonate)
ionomer. Figure 2 gives a comparison between the long-term losses observed with catalyst
layers prepared from the Na* form of the ionomer and those observed with catalyst layers
prepared from the TBA form of the ionomer. The experiment followed ccll current at a
constant cell voltage of 0.5V, Following the first gradual current decay, observed in all the
cells during the first 10 hours of continuous cell operation, the performance of the cells
prepared with the TBA form of the ionomer has stabilized at about 709 of the initial level
(see section 3¢ for further evaluation of this initial performance loss). In contrast, cells
with catalyst layers preparcd with the Na* form of the ionomer exhibit later in their life a
further, rather strong fall in performance. This further performance loss is completely
climinated in our newer cells prepared with the thermoplastic forin of the ionomer. This
improvement s apparently achicved thanks to enhanced robustnese of catalyst layers
preparcd with the thermoplastic form of the ionomer.  The flow of the ionomeric
component during hot-press, enabled by the property of thermoplasticity, may enhance the
interparticulate bonding within the catalyst layer. Also, the higher emperature cmployed in
catalyst preparation with the TBA form enables betier anncaling, and, thus, better
crystalinity of the ionomer  Consequently, excessive swelling of the catalyst layer, which
could be responsible for oxygen tiansport imitations within an "agimg” cathode catalyst
Layer, is apparcntly loss severe in the case of catalyst Layers prepared with the ‘TBA form of
the 1onomer. Further stabilization of the long term performance of such PEFCS s
discussed in section 3.

(3H) Preatalyst Apglomeranon Does it contribute to long term performance losses
m the PERCT?

One sprcton as o the o of loong werme losses e such PERCS has been diected
towands the phenomenon ol cataivst appelomeration o catalsst npenmyy - I can be
undertood why thies mechameam ot petformanee Toss wonld be ol pattcakin concern fon
cellvemployving such altra los Prloadge The phicnomenon ot PUcatads staceplomenation,
or upemny, has been well documented tor the cae ol the phosphone acd eell ()
Arpmments lor lower vates ob apetomeranen i PETC S lase been sappested hased on the
mach fower tomperature ot the PEEC ] the more benrpn minuaee of the eler troly e



However, experimental evidence to support such arguments has not been previously
provided. We report here on the measurement of Pt catalyst ripecning in PEFCs bascd on
ultra low Pt loadings, which opecrated continuously for 2500 hours at a ccll vollage of 0.5V
on pressurized hydrogen and air. The cathode catalysts in such cells were analyzed 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
cclls disassemblcd following a long penod of continuous operation. The catalyst particle
size distribution could be analyzed from the shape and width of the XRD intcnsity peaks.
Results are given in figure 3 for the cathode catalyst . The results show that slow catalyst
ripcning does take placc in these PEFCs. The typical degrec of ripening can be
summarized as a decrease of Pt surface arca from an initial value of 100 m2/gr to 70 m%/gr

after 1000 hours and to 40 m2/gr after 2500 hours. Such a surface area loss suggests that
the catalytic activity should decline by about 60% between the beginning and the end of the
life test. This should be reflected 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-term performance losses observed in these PEFCs seem to be
¢anfined to the voltage domain associated with larger current densitics (sec figures 5,6).
Long-tcrm effects observed at 0.9V between beginning and end of the life test are, in most
cases, much less pronounced than the expected 60% current decrcase. One likely
cxplanation is provided by the results described in another report to this ECS mecting (8).
We show there the loss of Pt surface arca could be compensated by a higher specific
activity per unit surface arca of the larger catalyst particles. We conclude that this rather
substantial Pt catalyst ripening phenomenon, observed in PEFC cathode PUC catalysts
following long term cell operation, probably does not contribute significantly to the long -
term performance losses observed in our PEFCs. Further support for this conclusion is
brought in section 3c.

(3C) Long-Term Performance Losses in PEFCs - The Contribution of The Anode

As tests of cells with TBA-based, thin-film catalyst layers continued, we have discovered
that a large part of the cell performance loss recorded during the first 1000 hours of cell life
could, in fact, originate from increased losses at the cell anode. This came as somewhat of
a surprisc, having suspected all along mainly cnhanced losses in the cell cathode. Our
discovery was made dunng the study of effects of low levels of CO in the fuel feed stream,
and their possible remediation according to the approach developed by us previously (4,5).
Additions of 10-100 ppm of CO to the hydrogen feed stream of a lifc wsted cell began in
one case XN hours into the life twest. As expected, such CO additions brought about
significant lowerning in cell performance and oxygen bleeding into the fucl feed stream, at i
level not exceeding 4%, was applied to remediate the catalyst poisoning. Surprisingly,
following the addition of O7 to the fucl feed stream, not only was the deleterious effect of
CO complewely removed, but the performance of the cell was actually enhanced
sipnificantly above that recorded prior to the additions of CO + () to the anode feed
stream, This is shown in figure 4. Figure 4 does not skow the drops in cell curnent when
only CO was added to the Hy feed stream; it shows only the overall performanee
cnhancements twice observed followmg air imecton o the CO contiminated fuel feed
stream The lapher perlormance level of the "repvenated™ cetl could be subsequently
marntuned by imterottient beedmy of tow levels of e mto the tael feed sieam

The conclustons from the vesults shown m frpaee 4 on the Tong e perfomuance stabihiy
of our PERCs e impovtant - Fopure 4 demonstrates that PEFCS based on thim bilm
catalysty ot abse low Prloadimps canactidly operate foe G000 hours with o pertonmen e



loss of only 10%, measured from the onset of the life test. This can be achieved by treating
accumulated anode impurity effects by the bleeding of oxygen into the anode feed stream.
Consequently, it can also be concluded that the long-term integnity of thin-film catalysts
based on the thermoplastic form of the ionomer (TBA) is, in fact, very good. Further
support for this concluston is shown in figures 5 and 6. These figures show that,
following the cleansing of the anode catalyst by oxygen bleeding 3000 hours into the life-
test, there is practically no detected variation 1n the cell's O2/Hz polarization curve
compared with the very first day of the lifc test, whereas only a small performance loss at
high current density can be seen for air/Hy operation. These polanzation curves suggest
only minor losses in the transport properties within the cathode catalyst layer and/or within
the cathode backing after 3700 hours of continuous cell operation (see figure 6), whereas
losses in catalytic activity after this long-term operation are apparently negligible (sce figure
5).

Finally, it remains to explain the nature of the long-term anode catalyst deactivation

which takes place duning the first 1000 hours of cell operation ( see figures 2 and 4), and
which could be corrected by oxygen bleeding into the fuel feed stream. The two most likcly
possibilities are (1) very low levels of CO in the "pure” Hj feed used in the life test, and,
(1) some other contaminant which forms within the cell at the anode catalyst by a slow
process of chemical reduction or electroreduction.  The latter process may be a slow
reduction of oxidized sulfur moietics (e.g., sulfonate from the ionomer) to sulfur or to
sulfide species, both of which are known to speciflically adsorb on a Pt catalyst surface and
poison it. Oxidauve removal of such surface impuritics by oxygen bleeding is conceivable.

(4) PEFC Modecling and Diagnostics

Several recent contributions have been made to the modeling of the PEFC (3,6,9-12).
Perhaps the most important result of such modceling should be a set of diagnostic
experiments which, with the aid of the model, would cnable an clfective identification of
the origin and magnitude of losses in the operating cell. To develop effective PEFC
diagnostics, one would start with a combination of (i) observed pauems in the poladzation
charactenstics of these cells (e.g., effects of oxygen partial pressure, of total gas pressure,
of humidification levels at the cathode and at the anode), (ii) experimental denvaton of
interfacial kinctics and of transport parameters for the component parts of the cell, and (iii)
a model for the complete cell which deseribes the complete polanvzaton characieristic,
including the enhanced fall in cell vollage associated with mass-transport limitations in the
air cathode. The maodel has to atilize, to the largest extent possible, experimentally derved
key parameters (see, e.g., ref. 6 as an example for the case of membrane modeling). We
desenbe here only a segment of our recent modeling work which highlights two important
sources of PEFC losses: the "nitrogen blanket” i the backing layer of the cathode, and the
cffects of himited 1onic conductivity and gas permeability within the catalyst layer.
Mathemadcal treatments of these two aspects were deseribed in previous contributions
(1 12), and will not be repeated here for the sake of brevity, All of the experimental
results shown here, and fitted 1o our model, are 1R corrected. The high frequency
resistonee of the cell and s vanation wath external water supply and with cell cureent have
been modeled by us before (6

A stated abose gt would be imporant teopeont e to elear quahitanve indecatons trom
PEEC behinvor winch show that mass tansg oo iontations i the cathode backing and/on i
the cathade catalyst Laver are indeed of aabstantal sipimhicance i determimang cell
chotactensies Fapawre 2 demonstaates cloarly the effect of tanspoit limtations me the
Backin ofthe an cathode teshoses that the ctiecnve Timitaton oncthe cnnent i cathoder,



operated on mixtures of oxygen and nitrogen is not set by the partial pressure of oxygen,
which is very similar, if not identical, in all three cases of O2/N2 mixtures employed.
Rather, at constant O3 partial pressure, the current limitation is seen to drop with increased
N> partial pressure. This points immediately to the significant effect of transport in the gas
phase, rather than in any condensed domain of the system. The usc of such diluted Oy pas
mixtures for fuel cell diagnostics has been suggested by Cutlip and coworkers (13). Other
than demonstrate qualitatively the significance of mass transport limitation in the gaseous
domain of the cathode, such polarization curves allow a quantitative evaluation of the key
parameter of the backing, i.c., it's effective porosity. The computer fitted curves in figure
7 have been obtained with a model for the cathode backing based on the Stefan-Maxwell,
multi-component gas diffusion cquations, yiclding an cffective porosity for the backing
which drops linearly with current density from (.22 at J=0 t0 0.14 at ;= 1.5 A/cm?2. This
drop in effective porosity of the backing could be caused by a buildup of liquid water
which increases witk cell current.

Another diagnostic feature of PEFC characteristics observed at lowcer cell polarizations, is
the ratio of the currents mcasured at the same (iR-corrceted) potential with an (), and an air
cathode of the same total pressure. As figure 7 shows, it is significantly smaller than 5:1.
At such low cell polarizations the eifect of the backing is small, and this deviauon of the
current ratio from 5:1 highlights the effects of the limited ionic conductivity and gas
permeability within the catalyst layer (12).. Figure 7 demonstrates that computer-fitting of
the O and air (iR-corrected) performances of the same cell could be achicved by assuming
a significant ionic resistivity for the composite layer of the catalyst, which contains only
about 25% by volume ol the 1onomer (1-3).

(5) Conclusions

(1) We have demonstrated performance stability in life tests lasting 4000 hours for Ha/air
PEI:Cs bascd on ultra low platinum loadings (0.12 mg/cm?/clectrode).  An important
ingredient for a low-cost, highly performing and reliable PEFC technology for
transportation has thus been established.

(2) Catalyst deactivation at the PEFC anode, caused by internally generated and/or feed
stream trace impurities, brings zbout a slow loss of PEFC perfarmance. This performance
loss could he simply and effectively recovered after long-term cell operation by intenmittent
bleeding of Tow levels of oxygen, or air, into the fuel feed stream.

() Sipnificant catalyst agplomeration takes place inthe PYC cathode catalyst of the PERC,
but apparently has no sipnuficnt elfect on eell performance.

(1) Detaled diagnostic experimentanon combined wiile comprehensive modeling for the
PEEC shows that oxvpen permeabihity losses  the cathode backig are very sipgnificant for
vperation on pressurized atr, whercas eftects of imued conductivity and gas wransport
within the thin fillm catatyst Layer alvo contribute to the coll losses The mprovements
required o achieve better pertormance tor PEEC operation on low e pressares mcehade
cnhanced niss transport e the cathiede backmy and monmunzed Gome) resstive lossom the
catalvar Linve
Achaowledpgement:
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Figure 1a. Cell voltage, high frequency cell impedance and iR-correcued
cell veoltage as funcuons of cell current density for the case of
pressurized oxygen/hydrogen. The cell is based on Membrane C
(Chlorne Engincers) catalyzed by a thin film catalyst layer of 0.12
mgPt/cm?2/clectrode.

Figure 1b. Same cell and measurcments as in figure la, for the cases of
pressurized air/hydrogen and of 1 atm air/hydrogen.

Figure 2. Comparison of the long-term stability of cell performance for
cells with 0.12 mgPUcm?2, where the thin-film catalyst layer was

prepared with the ionoiner in either the Nat or the thermoplastic, TBA
form.

Figurc 3. Variations in size distribution of carbon-supported Pt particles
as a result of continuous life testing at cell voltage of 0.5V. Cell
temperature was kept at 800C and gas pressures were 5 atm air, 3atm
Hy. (Both gas streams were humidified).

Figure 4. Gradual losses and performance recovery in a PEFC operated
at constant voltage of 0.5V on Satm air/3atm Hj at 80°C. Performance
recovery alter XXX hours was achicved following intermittent bleeding
of low levels of air into the fucl feed stream.

Figure S. Polarization curves, recorded for diagnostics with with an ()
cathode, at different times in the life of the cell discussed in figure 4.
Anode catalyst cleansing was performed at t=3000 hours.

Figure 6. Same as figure S, for cell operation on air/Hj.

Figure 7. Expernimental ( 1R-corrected) results and the model (it
performed simultancously for all four cases shown, consisting of
cathodes of ihe same cell operated on (1op o botom): Satm (),
Satmowr, 13% Ozin an Ox+ Ny mixture with Pigg= 2 atm, 5% 7 in
an 2+ No mixture with Py Saim. The best fit was obtained with the
tollowmg paramcters: Cathode backing thickness - 300 pm with an
clfective porosity vacying linearly between 229% at zero current and 14%,
at

Frs Aem?and cathode catalyst Taver thickness 7.5 pm with an
ctiectne protone conductvity 007140 S/em and effective ovyvpen
difusion cocthicrent S 10 em/see
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Figure 3. Vanations in size distiibution of carbon-supponted Pt panticles as a
result of continuous hife tesung at cell voltage of 0.5V Cell temiperature was
reptat 8OOC and gas pressures were S atm e, 3amm o (Both gas streams

were humidified).
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Figure 4. Gradual losses and performance recovery in a PEFC operated at
constant voltage of 0.5V on 5atm air/3atm Hj at 80°C. Performance recovery
after 3000 hours was achieved following intermittent bleeding of low levels of
air into the fuel feed stream.
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Frgure 5. Polanization curves, recorded for diagnosucs with with an
cathode, at different tmes i the life of the cell discussed in figure 4 Anade
catadyst cleansig was pertformed att 3000 hours.
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Figure 6. Same as figure S, for cell operation on air/Hj.
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Frgure 7. Experimental (1R corrected) results and the model fit perforined
simultancously for all four cases shown, consisting of cathodes of the same cell
operated on Gop 1o bottorm) Saum o, Satmar, 13% Onanan O+ N nuxture
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