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Abstract

After a brief review of the kinetics of the cathodic oxygen reduction and the
anodic hydrogen oxidation reaction, a fundamental membrane electrode assem-
bly performance model is outlined, which demonstrates that a 4-10-fold re-
duced amount of platinum is required for commercially viable large-scale vehi-
cle applications. The various catalyst technology roadmaps to achieve this goal
are discussed. With the increasing number of prototype proton exchange mem-
brane fuel cell (PEMFC)-powered vehicles, catalyst durability has also become a
strong focus of academic and industrial R&D. Therefore, the key issues of plati-
num sintering/dissolution under dynamic vehicle operation and of carbon-sup-
port corrosion during PEMFC startup/shutdown are reviewed.

Keywords: electrocatalysis, platinum catalysts, catalyst degradation, carbon-sup-
port corrosion, proton exchange membrane fuel cells, fuel cell-powered vehicles,
hydrogen oxidation

1.1
Introduction

Over the past few years, significant R&D efforts have been aimed at meeting
the challenging performance and cost targets for the use of proton exchange
(PEM) fuel cells in vehicles. Catalyst development and optimization of mem-
brane electrode assemblies (MEAs) increased PEM fuel cell power densities to
levels which satisfy vehicle packaging needs (~1Wcm™) at platinum catalyst
loadings of ~0.5 mgp, cmyZga, corresponding to Pt specific power densities of
~0.5 gp kW™, which equates to ~50g of platinum in a 100 kW automotive
fuel cell stack [1]. This, together with the development of high-pressure hydro-
gen tanks (70 MPa), permitted the construction of small fuel cell vehicle test
fleets for testing under real driving conditions, leading to the demonstration by
Toyota and General Motors that a vehicle driving range of 300 miles can indeed
be met. However, as shown in an ongoing study by the United States Depart-
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ment of Energy (DoE), conducted by the National Renewable Energy Laboratory
(NREL), the durability of a significant number of fuel cell vehicles from various
companies averages only 1200 h (with a maximum of 1900 h), limited mostly by
catalyst degradation [2]. Therefore, irrespective of the questions regarding the
viability of the future generation of renewable hydrogen and the infrastructure
required for its distribution, large-scale commercialization of PEM fuel cell vehi-
cles still requires significant advances in catalyst development in order both to
reduce the amount of platinum metals required to run a fuel cell stack and to
enhance catalyst durability. Approaches to how one might reach the catalyst ac-
tivity target of <0.2 gp kW' [1] and the underlying degradation phenomena
which currently limit PEM fuel cell life in vehicles to significantly less than the
6000 h life target are discussed in this chapter.

1.2
Voltage Losses in State-of-the-Art Automotive PEM Fuel Cells

In order to determine whether a reduction in the platinum specific power den-
sity below the current value of ~0.5 gpi kW' can be achieved by further optimi-
zation of electrode, diffusion medium (DM) and MEA structures, the value of
the various voltage loss terms in state-of-the-art MEAs must be quantified.
Therefore, over many years, work at General Motors has been focused on devel-
oping methods by which the voltage losses due to catalyst kinetics and various
transport processes in an MEA could be predicted on the basis of fundamental
physical-chemical parameters, in order to provide a model of the cell voltage,
Ecan, as a function of current density, i:

Ecell = ErevA —ix (Relectronic + Rmembrane) — MHOR — |770RR‘

—ix Ryge eff. — Mix, gas (dry) — Mix, gas (wet) (1'1)

where E,., is the reversible thermodynamic potential depending on temperature
and gas partial pressure and Rejectronic are the electronic resistances in an MEA
(mostly the contact resistance between the DM and the bipolar plate flow-field
[3]). Whereas these terms are independent of current density, all other terms vary
with current density: Ryembrane i the relative humidity (RH)-dependent proton
conduction resistance of the membrane [4], #uor is the overpotential loss for
the hydrogen oxidation reaction (HOR) [5], #orr is the overpotential loss for the
oxygen reduction reaction (OOR) [3], Ry . is the effective RH-dependent proton
conduction resistance in the anode and the cathode electrode [6, 7], i, gas (dry) 1S
the gas diffusion overpotential mostly controlled by the diffusion of oxygen in
air through the diffusion medium and the cathode electrode in the absence of lig-
uid water (in the case of PEM fuel cell operation with pure hydrogen, voltage
losses from hydrogen diffusion are essentially negligible) [8], and 7y, gas (wey are
additional gas diffusion overpotential losses caused by the presence of liquid water
in the diffusion media and the electrodes.
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Using independently measured physical-chemical parameters for the various
terms in Equation 1.1, a quasi-two-dimensional down-the-channel model was
developed (normal to the MEA surface and along the flow-field channel) to de-
scribe the various voltage loss terms as a function of current density for typical
automotive operating conditions. This is shown in Figure 1.1, illustrating the
well-known fact that the slow ORR kinetics on a state-of-the-art carbon-sup-
ported platinum catalyst (Pt/C) are responsible for about two-thirds of the over-
all voltage losses at high current density, evidenced by comparing the ORR ki-
netics-limited performance (top line in Figure 1.1) with the actual performance
of a full active area PEM fuel cell short-stack (lowest line in Figure 1.1, with error
bars indicating the standard deviation in cell voltage for all MEAs in the stack).
The voltage losses due to the hydrogen oxidation reaction at the anode are negli-
gible under the conditions shown in Figure 1.1 (<5 mV at 1.5 A cm™) [5, 8]. The
ohmic losses at the highest current density of 1.5 A cm™ are ~90 mV and are
mostly due to electronic contact resistances (~60mV), with only ~30mV
losses caused by the proton conduction resistance of the membrane; clearly, the
development of low-resistance bonding between the bipolar plate flow-field and
the diffusion medium could result in up to 5% efficiency gains at 1.5 A cm™.
The remaining voltage loss terms from proton conduction resistances in the
electrodes and from oxygen diffusion resistances through a nominally dry diffu-
sion medium and electrode are small, adding up to only ~40 mV at 1.5 A cm™,
It should be mentioned that the last term in Equation 1.1 cannot be determined
from measurable materials properties and thus represents the difference be-
tween the predicted losses (short dashed line in Figure 1.1) and the measured
cell voltage (lowest line in Figure 1.1). The reason why this difference is very
small (~20 mV at 1.5 A cm™) is that the maximum local RH in the MEA barely
reaches 100% at the highest current density [8], so that blocking of electrode
and DM pores by liquid water is not a strong factor under automotive operating
conditions characterized by low RH conditions for reasons of systems simplifi-
cation [9]. It should be noted that the model predictions shown in Figure 1.1
are consistent with the measured high-frequency resistance and were also vali-
dated by comparing the predicted current distribution along the flow-field chan-
nels with current distribution measurements in full active area hardware [8].

Given the fact that the voltage losses due to electronic, proton, and gas trans-
port resistances are rather small, it is clear that significant increases in the plati-
num specific power density can only be achieved by reducing the catalyst load-
ings on both the anode and the cathode electrode. This, however, would lead to
lower cell voltages and therefore to lower fuel cell efficiencies, which cannot be
tolerated as it would sacrifice the promised high energy efficiency of fuel cell
vehicles and would also lead to additional engineering challenges with regards
to heat rejection via the vehicle radiator [9].
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Fig. 1.1 Voltage loss terms in state-of-the-art (i) at low current density, Pinee=110 kPa,,

H,-air PEM fuel cell full active area short- Teoolant, out=72 °C, RHiniet=30/45% (anode/
stack (~20 cells) operated under represen- cathode), and H,-air feeds at s=2/5.5

tative automotive conditions. MEAs: (anode/cathode); (ii) at high current density,
0.2/0.3 mgp, cm™ (anode/cathode) coated Pinier=155 + 20 kPa,, Teoolant, out=80°C,

on an 18 um thick perfluorosulfonic acid RHiniet ~ 30/60% (anode/cathode), and
membrane and sandwiched between 200 pm H,-air feeds at s=2/1.8 (anode/cathode). For
thick diffusion media (SGL 25BC) on both details, see [8]. Reproduced from W. Gu et al.
the anode and cathode sides. Operating [8], with permission from John Wiley & Sons,
conditions vary with current density: Ltd.

1.3

Catalyst Development Needs and Approaches

Based on the above-outlined considerations, either non-platinum catalysts or
more active platinum-based catalysts must be developed, so that the required
amount of platinum can be reduced without loss of power density and effi-
ciency. Although significant advances have been made in the area of non-Pt
cathode catalysts [10], Pt-based catalysts are currently still the most promising
option to provide the high power densities required for vehicle applications.
The activity gains that would have to be realized by advanced platinum-based
catalysts in order to lower the Pt specific power densities are shown in Table
1.1, considering that the platinum loadings on the anode electrode can be low-
ered to 0.05 mgp, cm™? without losses in fuel cell performance in the case of
fuel cell operation with pure hydrogen [5].

Table 1.1 shows that the total amount of Pt in the MEA can be reduced signif-
icantly without performance loss by lowering the anode Pt loading and by im-
plementation of carbon-supported Pt-alloy catalysts (e.g., Pt;Co/C [1, 11]) with
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Table 1.1 Effect of lowering platinum loadings on the anode
(Lanode) and the cathode (Lcathode) ON the platinum specific
power density, Pp, by assuming that the current high current
density performance of the MEA can be maintained at the
level shown in Figure 1.1 (i.e., 0.62 V at 1.5 A cm™, corre-
sponding to 0.93 W cm™): this requires advanced cathode
catalysts for the ORR which have improved mass activity over
currently used state-of-the-art Pt/C.

Lanode Lecathode Ppt Cathode catalyst technology
(mgpe cm ™) (mgp: cm™?) (e kW)
0.20 0.30 0.54 Conventional Pt/C,

see Figure 1.1
0.05 0.20 0.27 “2x” conventional Pt alloy/C
0.05 0.10 0.16 “4x” Pt-based cathode catalyst
0.05 0.05 0.10 “10x” Pt-based cathode catalyst

demonstrated close to twofold higher Pt mass activity (in units of A mgp; at a
given potential; see below) compared with Pt/C. Implementation of this near-
term “2x” cathode catalyst technology is expected to lead to Pt specific power
densities of Pp, ~ 0.27 gp, kW', closely approaching the initially announced tar-
get of <0.2 gp, kW™ [1]. Conceptually, the latter can be reached by the recently
developed dealloyed Pt alloy catalysts (third row in Table 1.1), which have shown
fourfold higher mass activities compared with Pt/C [12, 13]. Although this con-
cept must still be proven for its long-term stability in operating PEM fuel cells,
it is a promising path towards reaching the initial <0.2 gp, kW™ goal. However,
considering the significant constraint on world-wide platinum resources, large-
scale PEM fuel cell vehicle commercialization really necessitates a reduction in
the platinum content per vehicle to the order to 10 gpy, i.e., Ppy~ 0.1 gpy KW
for a 100 kW PEM fuel cell vehicle. As shown in Table 1.1 (bottom row), this
would require novel Pt-based cathode catalysts with 10-fold higher mass activity
compared with conventional Pt/C.

In principle, there are two possible pathways towards platinum-based cathode
catalysts with “10x” higher Pt mass activity, im.ov) (in A mgf)%), which is com-
monly defined at a potential of 0.9 V versus the reversible hydrogen electrode
(RHE) potential at an oxygen partial pressure of 100 kPa, [3]. This is best illu-
strated by considering that the Pt mass activity for the ORR depends on both
the specific activity of a Pt-based catalyst, iso9v) (in PA cmpy), and its specific
surface area, Ap, (in mp, gpy):

im(0.9v) [A Mgp] = is09v) (A cmp?] X Apfmip, gpy'] x 1077 (1.2)
where the specific activity represents the intrinsic activity of a platinum catalyst

surface (directly proportional to the so-called turnover frequency in hetero-
geneous catalysis), while the specific surface area is a measure of the exposed
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platinum surface area per unit platinum mass (also referred to as platinum dis-
persion). Hence there are two different pathways to increase platinum mass ac-
tivity, via [14]: (i) core-shell concepts where a platinum monolayer is supported
on a non-platinum nanoparticle leading to very high platinum specific surface
areas and, consequently, to high mass activity [15] and also ultra-thin platinum
(alloy) coatings supported on nanostructured supports [16]; and/or (ii) increased
specific activity through alloying of platinum with transition metals [12, 17, 18],
or the extraordinarily high specific activity observed for the (111) surface planes
of Pt alloys [17, 19].

Figure 1.2a shows the specific activity gains observed for polycrystalline bulk
platinum alloys, with Pt;Co, Pt3Ni, and Pt;Fe yielding two- to threefold higher spe-
cific activity over pure platinum, consistent with what was observed for high sur-
face area carbon-supported Pt alloys [1, 11, 20]. Specific activities depend not only
on the actual transition metal, but also on the surface structure of the Pt alloy [17]:
(i) skeleton structures are produced by removal of the acid-soluble transition metal
from the Pt alloy surface during acid leaching or contact with the acidic electrolyte
(aqueous or ionomeric); (ii) Pt skin structures are produced by platinum surface
segregation during high-temperature annealing in vacuum or inert gas. It was
shown recently that the same structures and a similar effect on specific activity
are observed for high surface area carbon-supported Pt alloy catalysts [21].

Specific activity: i, @ 0.9V (mA cm2,,)
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Fig. 1.2 Relationship between experimentally
measured specific activities for the ORR on
Pt;M surfaces in 0.1 M HCIO, at 0.9 V ver-
sus RHE and 60°C versus the d-band center
position. (a) Experimental specific activities,
is0.9 vy, for Pt alloy skin and skeleton

type surfaces. (b) Activities and d-band
center positions calculated by DFT for (111)
oriented skin surfaces. Reproduced from
V.R. Stamenkovic and N.M. Markovic [17],
with permission from John Wiley & Sons,
Ltd.
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In addition, Figure 1.2a also shows the extraordinarily high specific activity
observed for the (111) surface planes of Pt;Ni(111) single crystals [17, 19]. As
shown in Figure 1.2b, the activity enhancement by alloying of Pt with transition
metals can be understood on the basis of ab initio density functional theory
(DFT) molecular models, which relate the transition metal-induced shift of the
d-band center energy with the binding strength of adsorbed oxygen intermedi-
ates, thereby affecting the oxygen reduction activity [18, 22]. While the alloying-
induced variation in specific activity for the ORR is well described by DFT (see
Figure 1.2D), the large differences observed between various low-index surface
planes of Pt skin-terminated Pt;Ni single crystals has been surprising, showing
roughly four- and eightfold higher specific activity of Pt;Ni(111) compared with
Pt3Ni(110) and Pt3Ni(100), respectively [19]. Even though these activities were
measured in aqueous perchloric acid electrolyte using the rotating disk electrode
(RDE) method, it was shown in the past that the activity of carbon-supported Pt
and Pt alloy catalysts obtained by RDE measurements is in good quantitative
agreement with their ORR activity in MEAs tested in fuel cells under compar-
able conditions [1, 23].

Considering the excellent correspondence between ORR activities measured
in MEAs and by RDE in conjunction with the extremely high specific activity
obtained on Pt3Ni(111) surfaces, it is tempting to raise the question of whether
one could envision its incorporation into MEAs. One possibility would be the
shape-controlled synthesis of large-nano octahedral Pt;Ni particles which would
be terminated by (111) surface planes [14], similarly to what had been demon-
strated for Pt;Fe alloys [24]. In this case, however, the size of the Pt;Ni octahe-
dra would have to be large in order to provide large enough (111) surface planes
which then might exhibit the same high specific activity as that found on bulk
Pt3Ni(111) single crystals. Based on Equation 1.1, however, the low platinum
specific surface area, Ap,, of large-nano octahedra would compromise the achiev-
able mass activity, which of course is the ultimate figure of merit for catalyst
activity in fuel cells. The latter may be estimated using Equation 1.1 in
combination with the measured specific activity of ig.9 vy=18 000 pA cmp? for
Pt3Ni(111) (see Figure 1.2a) and the approximate platinum specific surface area
of Api ~ 250 m$, gpt X (dp(,ni [nm]) ™" based on simple geometric arguments. The
results are shown in Figure 1.3.

Clearly, Figure 1.3 suggests that the mass activity even of 30 nm large Pt;Ni
octahedra would be 10 times larger than that of a state-of-the-art Pt/C catalyst
[im(.9 V)=0.16Amgf)1] [14], corresponding to the long sought for “10x” ORR
catalyst mentioned in Table 1.1. The future will show whether this concept can
indeed be realized, in which case one of the major hurdles for fuel cell commer-
cialization could be resolved.
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1.4
Catalyst Degradation via Platinum Dissolution

Catalyst degradation in operating PEM fuel cells occurs mostly under transient
conditions, leading both to dissolution of the active catalyst components (i.e., Pt
and Pt alloys) [25-27]) and also to carbon-support corrosion (i.e., decomposition
into CO,) [28, 29]. The former is caused by the finite solubility of platinum at
the cathode potentials in acidic electrolytes [25], particularly under voltage-
cycling conditions (produced by power or load cycling under vehicle operation)
[30, 31], since the formation of more dissolution-resistant platinum oxide is a ki-
netically slow process [32]. Platinum dissolution leads to a loss of active surface
area during extended voltage cycling by two different mechanisms [25]: (i) diffu-
sion of dissolved platinum species towards the membrane and platinum precipi-
tation in the membrane phase due to reaction with hydrogen permeating
through the membrane from the anode side, leading to a loss of electrically con-
nected platinum surface area; and (ii) Ostwald ripening of platinum inside the
cathode electrode, particularly near the cathode/DM interface, leading to a loss
of platinum surface area due to nanoparticle growth. The same phenomenon is
observed with Pt alloys, with the difference that the dissolved transition metals
will remain in the ionomer phase as their reduction potential is below that of
hydrogen [26]; if significant amounts of transition metal are dissolved, fuel cell
performance is compromised, particularly at high current densities [33]. Since
platinum nanoparticle solubility decreases with increasing particle size, follow-
ing the Gibbs-Thomson relationship, larger particles are more stable towards
voltage cycling [34, 35], which gives some hope that large-nano Pt alloys might
display improved durability in addition to improved ORR activity [14].
Unfortunately, platinum surface area loss leads to a decrease in platinum
mass activity, particularly during voltage cycling. This is shown in Figure 1.4,
where 30 000 accelerated voltage cycles lead to a two- to threefold loss in mass
activity in the case of both pure platinum and Pt alloy catalysts. Nevertheless,
the mass activity advantage of Pt alloys of over pure Pt is maintained during
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and ambient pressure. Open symbols repre- permission from John Wiley & Sons, Ltd.

these experiments; similar behavior was observed for dealloyed Pt-Cu/C cata-
lysts [13]. Owing to the strongly degrading effect of voltage cycling, automotive
fuel cell systems are generally hybridized with batteries to reduce the number
of voltage cycles during fuel cell operation.

1.5
Carbon-Support Corrosion

Under steady-state fuel cell operation, carbon-support corrosion is a minor con-
tributor to voltage degradation. However, carbon-support corrosion is signifi-
cantly accelerated during start/stop cycles, due to the simultaneous but spatially
separated presence of hydrogen and oxygen (air) in the anode flow field, form-
ing a so-called hydrogen-air front: (i) when stopping a fuel cell system, the hy-
drogen supply to the anode is turned off, and air will leak slowly into the anode
compartment; (ii) after a long shut-down, the anode compartment will be filled
with air via leaks to the environment, which will be replaced by hydrogen when
starting the fuel cell. This effect was first discussed by Reiser et al. [29], and is
depicted in Figure 1.5.

Owing to the high electronic conductivity of the bipolar plates, hydrogen elec-
trooxidation in the anode compartment (lower left corner of Figure 1.5) leads to
the reduction of spatially separated oxygen in the anode compartment (upper
left corner of Figure 1.5). Since the effective proton conduction resistance along
the proton-conducting membrane is very high over millimeter length distances,
the protons for the oxygen reduction reaction in the anode compartment are

n
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to carbon-support corrosion during either anode side effectively leads to the phenome-
fuel cell start/stop transients or during local non that an Hyp—air fuel cell drives a current
hydrogen starvation. The simultaneous through an air—air electrolytic cell (see the
presence of spatially separated regions of right-hand side).

supplied by the opposing cathode compartment, leading to an increase in the
local cathode potential until oxygen evolution or carbon corrosion occurs. This
can be understood more easily by the sketch on the right-hand side of Figure
1.5, conceptually splitting the stack into an H,-air fuel cell (lower part) which is
electrically short-circuited with an electrolytically driven air-air cell. Using the
known kinetics for the various reactions (HOR, ORR, oxygen evolution, and car-
bon corrosion), the start/stop-induced carbon-support corrosion rates can be
modeled very accurately [28, 29, 37-39].

An analysis of the detailed start/stop mechanism shows that its effect can be
mitigated by both materials and systems solutions. Of course, the most straight-
forward mitigation strategy is to minimize the residence time of the H,-air
front in the anode compartment, which can be done most effectively for the
startup procedure [28, 38]; other system controls-related mitigation strategies
were discussed in detail by Perry et al. [40]. On the materials side, start/stop
degradation can be reduced by replacing conventional carbon supports (e.g.,
Vulcan XC72 or Ketjen black) with either acetylene blacks or fully graphitized
carbon supports [28, 38]. Also, since the rate of oxygen reduction in the anode
compartment determines the rate of carbon corrosion on the opposing cathode
electrode, lowering of the platinum loading on the anode electrode leads to low-
er start/stop degradation, one of the rare instances where lowering the platinum
loading actually improves durability without affecting performance due to the
very high HOR activity of Pt/C [5].

The phenomenon of localized hydrogen starvation is closely related to that of
start/stop degradation. In the former, oxygen permeation through the mem-
brane from the cathode side in regions of the anode flow field with poor or in-
terrupted hydrogen supply (e.g., by water droplets blocking anode flow field
channels) again leads to oxygen reduction on the anode and to an increase in
the local cathode potential to where carbon corrosion can occur [28, 39, 41].
Compared with start/stop degradation, the degradation rates are slower in this
case, since carbon corrosion rates are limited by the permeation rate of oxygen
through the membrane [28]. The materials-related mitigation strategies, natu-
rally, are the same as in the case of start/stop degradation [28].
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in epoxy) that spans regions that were non-starved region; (c) cathode electrode
starved (right-hand side) and not starved after aging in the H,-starved region. Note
(left-hand side) of hydrogen. The cathode that SEM analysis was done on separate
electrode is outlined with dotted white lines samples that were not mounted in epoxy.
for clarity. Scanning electron micrograph Reproduced from R.N. Carter et al. [37], with
(SEM) images of freeze-fractured sections permission from John Wiley & Sons, Ltd.

of the MEA showing the cathode electrode

Voltage losses from start/stop degradation or local hydrogen starvation are
most apparent at high current densities [38], pointing to increased mass trans-
port resistances. This can be understood by the observation that the associated
carbon-support corrosion leads to so-called cathode thinning, caused by a loss of
cathode electrode void volume, which in turn increases oxygen diffusion resis-
tances. This is illustrated in Figure 1.6, showing the thinning of the cathode
electrode over hydrogen-starved regions of the anode flow field (a), leading to a
loss of cathode electrode void volume in the thinned regions (c) compared with
the non-corroded regions (b).

Considering the rapid degradation which can be produced by H,-air fronts oc-
curring during fuel cell startup and shutdown processes, leading to unaccepta-
bly large performance losses after only 100 slow H,-air front events [38], it be-
comes apparent that the fuel cell control system must be extremely rugged to
permit long-term durability. Although this can be approached at the systems de-
sign level, it would of course be desirable in the long term to develop and im-
plement more durable cathode catalyst support materials based on graphitized
carbon supports or more resistant non-carbon supports such as the nanostruc-

13
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tured supports developed by 3M [16]. Alternatively, anode catalysts which have
no activity for the oxygen reduction reaction would provide a materials-based
solution to improve start/stop robustness.

1.6
Conclusion

The current major challenges for developing commercially viable PEM fuel cell
vehicles are the need to lower the platinum loading of the MEA without loss of
performance and to improve the stability of the catalyst with respect to plati-
num dissolution and carbon-support corrosion. Based on catalyst development
advances in the past few years, several promising concepts exist, which might
eventually permit commercially viable platinum loadings [dealloyed Pt alloys,
thin Pt (alloy) films on nanostructured supports, large-nano shape-controlled Pt
alloys]. Start/stop degradation can to a large extent be mitigated by system con-
trols, but advanced support and catalyst materials to improve system robustness
are desired.
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