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Activity and stability of electrodes with Pt and PtCo alloy catalysts supported on high surface area carbon, hereafter to as a-Pt/C
and d-PtCo/C, were evaluated for heavy-duty applications. Both catalysts had nearly identical Pt loading (50-wt% Pt on carbon and
0.25 mgPt cm

−2) and had undergone thermal treatment to stabilize them by growing the average particle size to 4–5 nm. Both were
subjected to 90,000 (90 k) standard accelerated stress tests (AST) cycles consisting of 0.6–0.95 V square wave potentials, 3-s hold
at upper and lower potential limits in H2/N2 at 1.5 atm, 80 °C and 100% RH. Test protocols were developed to monitor the
performance losses and characterize them in terms of activity for the oxygen reduction reaction (ORR), oxygen transport in the
electrode and proton transport in the membrane and cathode catalyst layer. Despite the nearly double initial ORR activity, the PtCo/
C electrode degraded faster due to the leaching of Co from the catalyst that had started even before the imposition of the AST
potential cycles. Commensurate with Co leaching, Co poisoning of ionomer is responsible for the inferior performance of d-PtCo/C
electrode at high current densities both before and after AST.
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List of Symbols

APt ECSA
CO2 oxygen concentration in flow channels
E cell voltage
Ec cathode potential
EN Nernst potential
F Faraday constant, 96485 C mol−1

i current density
i0 exchange current density
i0r exchange current density at reference conditions
iL limiting current density
ix crossover current density
LPt Pt loading
P pressure
PO2 oxygen partial pressure
R gas constant, 8.314 J mol−1.K
Rgd pressure-dependent mass transfer resistance in flow chan-

nels and GDL
Rm mass transfer resistance
RO2 pressure-independent local oxygen transfer resistance in

CCL
Ra

Ω anode electrode effective Ohmic resistance
Rc

Ω cathode electrode effective Ohmic resistance
Rm

Ω proton resistance, membrane plus contact
Rs

Ω CCL sheet resistance
Rcf film resistance
SPt roughness factor
T temperature, Tr = 353 K
X(O2) oxygen molar fraction
αc ORR symmetry factor, 0.5
β ORR RH dependence
γ ORR P(O2) dependence
θ platinum oxide coverage
ηm mass transfer overpotential, ηMl = 400 mV

s
aη anode surface overpotential

s
cη cathode surface overpotential

σi ionic conductivity in CCL
Φ relative humidity
ω activation energy of PtOx effect

Hs
cΔ ORR activation energy

Compared to proton exchange membrane fuel cell (PEMFC)
powered light-duty vehicles (LDVs), heavy-duty vehicles (HDVs)
have more predicable routes and thus require less hydrogen-related
infrastructure investment, which makes them better suited for wide
commercialization. However, HDVs also require longer mileage and
lifetime than LDVs, which exerts significant challenges in terms of
fuel cell system durability. The United States Department of Energy
(DOE) recently set durability target for PEMFC powered HDV to be
30,000 h, or equivalently 1 million miles of vehicle lifetime range.1

Understanding the PEMFC system durability, especially under
prolonged operating conditions, becomes critical.

State-of-the-art PEMFC cathode catalyst usually contains Pt or Pt
alloy (with transition metal elements such as Co, Ni, etc.) catalyst
with low or high surface area carbon (LSC or HSC) support. The
alloyed catalyst can achieve higher initial oxygen reduction reaction
(ORR) activity due to lattice strain effect.2 However, the transition
metal can get leached out during fuel cell operations and affect the
overall fuel cell performance. It has been shown that the leached
transition metal cation can contaminate the Nafion ionomer in the
cathode catalyst layer, leading to lower ionic conductivity and higher
O2 transport resistance in the ionomer phase. For Pt and Pt alloy
catalyst, another aspect of degradation comes from the Pt mass loss
and particle coarsening. During dynamic operations, the Pt solubility
becomes high at high electrode potentials up until 1.1 V.3,4 The
dissolved Pt cation can migrate to the membrane phase and get
reduced by hydrogen to form “Pt band” within the membrane.5,6

Dissolved Pt cation can also get redeposited to nearby Pt particles,
results in particle size growth.7 Studies have shown that HSC
supported catalyst nanoparticles have a lower chance to coalesce
compared to LSC supported nanoparticles.8,9

In this study, we examined the performance of two state-of-the-
art catalysts with high surface area carbon support, a-Pt/C and d-
PtCo/C, and electrodes for heavy-duty applications. The two werezE-mail: walia@anl.gov
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selected as they are relatively mature materials and are suitable
candidates to serve as baseline for measuring performance and
stability of other emerging catalyst systems. Both have similar initial
Pt loading and particle size and were tested on 90,000 (90k) catalyst
specific AST cycles in H2/N2 environment.10,11 The catalyst activity,
in terms of oxide coverage and exchange current density, and mass
transport resistance were analyzed for beginning of test (BOT) and
aged electrodes, using previously developed methods. The electro-
chemically active surface area (ECSA) for BOT and aged samples
are also investigated.

Experimental

The membrane electrode assemblies (MEAs) used in this study
contain two 5 cm2 gas diffusion layers (GDLs, Freudenberg H23C8,
Fuel Cell Store, USA) and a catalyst coated membrane (CCM)
sandwiched in between. The CCMs use Nafion 211 membrane and
have a cathode loading of 0.25 mgPt cm

−2 for both a-Pt/C (Pt/HSC,
ElystPt500550, Umicore, Germany) and d-PtCo/C (PtCo/HSC,
ElystPt500690, Umicore, Germany) samples, and an anode loading
of 0.05 mgPt cm

−2 (Pt/HSC, ElystPt200390, Umicore, Germany).
Polytetrafluoroethylene (PTFE) gaskets with selected thicknesses
were used to achieve a GDL compression ratio of 18%. The MEAs
were tested in a differential cell hardware with 14 channel serpentine
flow field with a bolts’ torque of 40 in-pounds.12 The assembled cell
went through the break-in process by conducting repeated potential
hold at 0.6 and 0.9 V with each potential hold for 4 min. During
break-in, H2 and air gases were supplied to the anode and cathode,
with a gas flow rate of 1 slpm and 3 slpm, respectively. Then voltage
recovery (VR) was applied to the cell, with a potential hold of 0.1 V
with an anode H2 flow rate of 1 slpm and a cathode air flow rate of
0.1 slpm. Details of the VR, polarization and other characterization
protocol can be found in previous work.10 For catalyst specific
accelerated stress test (AST), the cell was held at 80 °C, 100% RH,
and was cycled with 0.6 and 0.95 V with 2.5 s hold at each potential
and 0.5 s of ramping time.

CO stripping voltammetry was conducted at 30%, 50%, 75% and
100% RH to obtain the ECSA. During the measurement, the cell
temperature is 80 °C. The cathode was fed with CO at a gas flow rate
of 0.25 slpm for two minutes followed by a N2 purge at the same flow
rate for another two minutes. Then, the cyclic voltammetry (CV) was
performed in H2/N2 environment at a potential range from 0.05 V to
0.9 V, with a scan rate of 20 mV s−1. The CO stripping charge was
obtained from the first anodic sweep. 420 μC cm−2 was used as the
area specific charge to convert the stripping charge to ECSA.

Theoretical Approach

As in an earlier work, our approach is to develop a data-guided
model of electrode performance and durability. As discussed above,
the data are collected by subjecting the MEAs to catalyst AST in an
H2/N2 environment using a differential cell hardware. The degrada-
tion in MEA performance is monitored by taking a set of 12
polarization curves in H2/air at beginning of test (BOT) and after 30
k, 60 k and 90 k potential cycles, characterizing the changes in
electrochemically active surface area (ECSA) by cyclic voltammetry
and CO stripping, measuring membrane and electrode resistance by
electrochemical impedance analysis in H2/N2, and probing the
surface oxides in H2/O2. As explained in the next section, the model
analyzes the VI data to extract the ORR kinetic parameters from the
low-current density data and the O2 transport resistances from the
high current density data. The objective is to correlate the degrada-
tion in kinetic and transport performance to the measured changes in
ECSA and the ex situ observations on particle size growth and
catalyst composition.

Results and Discussion

Catalyst stability.—Figure 1a shows that the two catalyst systems
had similar loss in ECSA as measured with the CO stripping. After

90k potential cycles, the ECSA decreased from 34 to 17 m2 gPt
−1 for

the d-PtCo/C catalyst and from 39 to 20 m2 gPt
−1 for the a-Pt/C

catalyst. This ECSA loss is believed to be primarily associated with
the growth in particle size and depends on the initial particle size and
the catalyst support.10,11,13,14 Transmission electron microscopy
(TEM) examination indicates that d-PtCo/C particles grew from
5.1 nm at beginning of test (BOT) to 5.7 nm at end of test (EOT)
whereas a-Pt/C particles grew from 4.4 nm at BOT to 5.4 nm at
EOT.15

Figure 1b also indicates that the d-PtCo/C catalyst has double the
mass activity of a-Pt/C catalyst at BOT, but it decays rapidly over
the first 30 k cycles, approaching the mass activity of a-Pt/C catalyst
after 90 k potential cycles (200 mA mgPt

−1). TEM and X-ray
spectroscopy examinations indicate that the loss in mass activity
of the alloy catalyst correlates well with the leaching of Co. STEM-
EDS data indicate that the Co content of the alloy catalyst decreased
from 24 at% at BOT to 13 at% at EOT.15 Other investigations have
shown that the retention of Co in the catalyst depends on many
factors including thermal treatment during catalyst preparation,
initial Co content, and the upper potential limit of the AST
cycle.13,16,17

Figures 2a and 2b present the effect of aging on Pt accessibility
measured by the CO displacement method. At BOT, the measured
accessibility at 30% RH, defined as fraction of ECSA at 100% RH,
is nearly the same for the two catalyst systems: 65% for a-Pt/C and
70% for d-PtCo/C. Assuming that surface Pt is active at all RH, all
pore Pt is active at 100% RH, and all pore Pt is inactive at 30% RH,
the accessibility under dry condition may be qualitatively interpreted
as a measure of the fraction of catalyst particles that reside on the
surface of the high surface-area carbon support.18–20 Thus,
30%–35% of fresh catalyst particles are likely situated inside the
pores of carbon and this fraction is determined by parameters such as
pore and catalyst particle size distributions (also I/C ratio and Pt

Figure 1. Relative stability of Pt and Pt alloy electrodes on catalyst AST: (a)
ECSA loss, (b) Mass activity loss.
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loading on support) rather than catalyst composition. Pt accessibility
in a-Pt/C electrode improves significantly after 30k AST cycles and
does not appear to change much with further aging suggesting that
some of the catalyst particles have moved from inside the pores to
the surface of carbon support. Figure 2b shows a similar trend for the
d-PtCo/C catalyst. Within the experimental uncertainties, we con-
clude that aging on AST cycles has caused nearly 60% of the Pt
particles and 80% of the alloy particles inside the pores to relocate to
the HSC support surface.

Figures 3a and 3b present the membrane (R m
Ω ) and sheet (R s

Ω)
resistances derived from H2/N2 impedance (EIS) data using a
transmission line model.21 Here, R m

Ω also includes the contact
resistance. In H2/N2, R m

Ω is seen to strongly depend on RH and
slightly increases with potential cycling for d-PtCo/C MEA. In
H2/air the measured high frequency resistance (not shown), that in
addition to R m

Ω is known to include a portion of the electrode
resistance, is about 15 mΩ.cm2 higher for d-PtCo/C MEA and does
not change with potential cycling.

In H2/N2, R s
Ω for a-Pt/C electrode is seen in Fig. 3c to decrease

with potential cycling probably because of the thinning of the
electrode as observed in TEM examination. For d-PtCo/C MEA, R s

Ω
in Fig. 3d does not show significant changes with cycling except that
it increases under dry conditions. This behavior may be explained on
the basis of the observed thinning of the d-PtCo/C electrode and Co
contamination of the ionomer. In a separate study on Co doping, we
collected and analyzed EIS data in H2/air and observed that Co is
mobile and moves from the membrane to the electrode when a
current load is applied.22 The Co movement was enhanced at higher
current loads and higher RH and resulted in a significant Co
segregation in the electrode that causes R s

Ω to increase with only
small changes in R .m

Ω Applied to this study, we may expect that Co
leaching from the catalyst distributes between the membrane and
electrode in a non-operating cell as during H2/N2 impedance.
However, the leached Co likely remains in the electrode in an
operating cell while collecting polarization data.

Figure 2. Change in Pt accessibility during catalyst AST: (a) a-Pt/C catalyst,
(b) Pt alloy catalyst. The difference between ECSA at 100% RH and 30%
RH is a measure of the catalyst particles inside the pores of HSC support.

Figure 3. Combined membrane and contact resistance (R m
Ω ) and sheet resistance (R s

Ω) derived from H2/N2 EIS during catalyst AST: (a) R m
Ω in a-Pt/C MEA, (b)

R m
Ω in d-PtCo/C MEA, (c) R s

Ω in a-Pt/C electrode, (d) R s
Ω in d-PtCo/C electrode.
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ORR kinetics on aged catalysts.—Pt is known to form multiple
oxides at cell potentials of interest and these oxides may impede
ORR kinetics.17 As shown below, two parameters are generally used
to capture this effect: oxide coverage (θ) and activation energy (ω).

i i i A L f e 1x Pt Pt

F
RT0
c

s
c

θ+ = ( ) [ ]
α η

f e1 2RTθ θ( ) = ( − ) [ ]
ωθ−

We are interested in determining the effect of catalyst aging on θ
and ω or collectively f(θ). We chose to examine the cell polarization
performance in H2/O2 so that the O2 transport effects can be
neglected. One can determine i0 as a function of aging by assuming
that at a low enough cathode potential the oxide formation is small
so that θ = 0 and f(θ) = 1. Numerical experimentation revealed that
inconsistent results are obtained for cathode potentials below 0.6 V
probably because of flooding at the resultant very high current
densities.23 The flooding problem can be alleviated by running
experiments at very low sub-ambient pressures; however, this
requires a special set up with vacuum pumps.

Neglecting the small anode-side Ohmic and HOR kinetic over-
potentials, we used the distributed ORR kinetic model to calculate
the cathodic Ohmic overpotential (iRc

Ω) and, hence, the ORR kinetic
overpotential from the voltage balance equation.

E E iR iR 3s
c

N
m cη = ( − ) − − [ ]Ω Ω

We calculated f(θ) from Eqs. 1–3 and present it in Fig. 4 as a
function of the cathode potential defined as E E iR .c

m= + Ω The
results in Fig. 4 suggest minimal changes in f(θ) or θ with potential
cycling implying that aging has neither affected the oxide coverage
nor its effect on ORR kinetics (ω). Also, the calculated f(θ) is
somewhat higher for d-PtCo/C than a-Pt/C meaning smaller θ or
lower ω for the alloy catalyst. Thus, the gain in ORR activity for d-
PtCo/C catalyst in Eq. 1 derives from higher i0 not f(θ). An earlier
study used cyclic voltammetry and long potentiostatic hold data to
show higher oxidation of Pt in PtCo/C than in Pt/C,24 indicating that
while Pt in the alloy catalyst is more active for ORR, it also forms
thicker oxides. There are also density functional theory (DFT) and
in situ X-ray photoelectron spectroscopy (XPS) studies showing a)
higher binding energy of oxygen to Pt in PtCo nanoparticles and b)
absence of relationship between the ORR activity and the oxygen
binding energy.25–27

Following the procedures outlined in an earlier work we derived
the parameters characterizing ORR kinetics by using the H2/air
polarization data at IR-corrected cell voltages above 0.8 V and
current densities below 0.5 A cm−2.10

i i A P ln e1 4r Pt O

H
R T T0 0

1 1s
c

r
2

⎛
⎝

⎞
⎠β= ( ) [ + (Φ)] [ ]γ −

Δ
−

We derived the reaction order (γ) for PO2 by combining the data
for P and X(O2) series, β from data for RH series, and Hs

cΔ from data
for T series. The results in Figs. 5 and 6 indicate that the kinetic
constants, γ, β, and H ,s

cΔ are similar for a-Pt/C and d-PtCo/C
electrodes and do not change with aging on catalyst AST cycles.
Thus, not only is the ORR kinetic mechanism same or similar for the
Pt and the Pt alloy catalyst, but also there is no alteration in the
mechanism or the rate controlling steps. However, after 90k AST
cycles, the specific exchange current density (i0r, μA/cmPt

2 ) shows
50% loss for a-Pt/C and 75% loss for d-PtCo/C that has nearly
double the i0r at BOT. The greater loss for d-PtCo/C may be
attributed to Co dissolution and the resulting relaxation of the lattice
strain (i.e., increase in d-spacing) deemed responsible for its
enhanced ORR activity.17,28,29 Nearly 50% of the loss in i0r for
the two catalysts after 90k cycles is apparently related to growth in
particle size with aging. This conclusion requires further

investigation since many RDE measurements have shown that the
specific activity (μA/cmPt

2 at 0.9 V in H2/O2) increases with increase
in particle size from 2–5 nm although mass activity (A/gPt) decreases
much faster.30,31 It appears that some particles in the aged electrodes
continue to contribute to ECSA measurement but do not remain
active for ORR.

O2 transport resistance in aged electrodes.—Following our
earlier work,11 we derived the O2 transport resistance (Rm) from
the limiting current density (iL) corresponding to a set value of mass
transfer overpotential (ηmL = 400 mV) that is large enough to not
materially affect iL but can be determined from the available
polarization data, see Eq. 5. Knowing Rm(iL) at different pressures,
we evaluated the pressure-dependent (Rgd) and pressure-independent
(Rcf) portions of Rm, and the local O2 transport resistance (RO2), see
Eqs. 6 and 7.12

R i FC i4 5m L O L2( ) = / [ ]

R i R R i 6m L gd cf L( ) = + ( ) [ ]

R i R i S 7O L cf L Pt2 ( ) = ( ) [ ]

We associate Rgd to O2 transport resistance in gas channel and
diffusion media and Rcf to transport resistance in electrode. As such,
Rgd also includes any pressure dependent resistance in the cathode
catalyst layer (CCL), such as due to O2 diffusion in the CCL
macropores. Rcf mainly represents the transport resistance due to O2

permeance in the ionomer covering the catalyst particles but may
also include resistance due to Knudsen diffusion in the CCL
micropores. As such, Rcf may be regarded as local resistance (RO2)
normalized by the catalyst roughness factor, Eq. 7.

Figure 4. Pt oxide coverage dependence of ORR kinetics during catalyst
AST derived from H2/O2 polarization curves: (a) a-Pt/C catalyst, (b) d-PtCo/
C catalyst.
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We present the calculated Rcf and RO2 for the a-Pt/C electrode in
Fig. 7 and for the d-PtCo/C electrode in Fig. 8. The results show that
Rcf increases with aging because of loss in Pt roughness, is higher
under drier conditions because of lowered O2 permeability in
ionomer (smaller water uptake) and is strongly temperature depen-
dent (condensed phase diffusion process). These results are con-
sistent with the known dependence of O2 permeability of PFSA
membranes on water content and temperature. Rcf increases sharply
over the first 30 k cycles because of the initial rise in R .O2 From 30 k
to 90 k cycles, RO2 decreases with aging probably because of
redistribution of catalyst particles from carbon pores to surface.

Compared to a-Pt/C, Rcf is higher in the d-PtCo/C electrode
especially at low RH and after potential cycling, and RO2 is much
higher probably because of Co dissolution and ionomer poisoning.
These conclusions are consistent with the findings in an earlier EIS
study on effects of Co doping on O2 permeability in the ionomer of
Pt electrodes.22 That study found that the O2 transport resistance
(Rm) increases with Co contamination, but the increase is smaller at
higher RH as also seen by comparing the results in Figs. 7 and 8.

We may also compare RO2 for a-Pt/C with the literature data for Pt
electrodes on HSC supports. Our approach is indirect as it relies on
voltage breakdown to determine the limiting current density but has
the advantage of not requiring additional tests by varying X(O2) or
fabricating electrodes with different catalyst loadings. Nevertheless, a

BOT value of 10 s cm−1 at 80 °C and 100% RH for RO2 in a-Pt/C
compares well with the literature data for fresh Pt/C electrodes.29

Mass transport overpotentials in aged electrodes.—Figure 9
presents the mass transfer overpotentials (ηm) determined from the
voltage balance equation applied to the polarization curves.

E E iR iR iR 8m N
m

s
c c

s
a aη η η= ( − ) − − ( + ) − ( + ) [ ]Ω Ω Ω

In determining ηm, we have used the data in Fig. 3 for R ,m
Ω

distributed kinetic model for Rc
Ω and Eqs. 1 and 4 for s

cη using the
ORR parameters in Figs. 4–6. The anode-side overpotentials are
small and have been estimated using a method described else-
where.

Figure 9 clearly indicates that, for both electrodes, ηm (a) is much
higher at 30% RH than at 100% RH likely because of lower
permeability of O2 under drier conditions, (b) is much higher at 60 °
C than at 80 °C likely because of localized electrode flooding, and
(c) increases with ageing because of loss of catalyst roughness.
Figure 9 also indicates that, compared to a-Pt/C electrode, ηm in d-
PtCo/C electrode is higher and increases faster with ageing due to
Co poisoning of the ionomer.

We have correlated ηm in terms of the reduced current density,
i/iL, as

Figure 6. Derived ORR kinetics on aged d-PtCo/C catalyst: γ, β, and H ,s
cΔ and i0r. Only i0r and ECSA degrade during the catalyst AST.

Figure 5. Derived ORR kinetic parameters on aged a-Pt/C catalyst: γ, β, and H ,s
cΔ and i0r. Only i0r and ECSA degrade during the catalyst AST.
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ln i i F P T X O A i i, , , , , 9m mL L Pt L
1 2

2η η ϕ[( / ) /( / ) ] = ( ( ) / ) [ ]/

where iL is given by Eqs. 4–7. We find that F(P, T, X(O2), APt, φ,
i/iL) weakly depends on P or X(O2) and can be represented by the
following product function.

F g T A g A i i, , 1 10T Pt Pt Lϕ= − ( ) ( )( − / ) [ ]ϕ

Equations 9 and 10 indicate that ηm cannot be solely described in
terms of iL or Rm(iL) since additional terms, gT and gφ, are needed to
incorporate the effects of T, φ and electrode degradation (APt).
Knowing ηm and iL, the O2 transport resistance, Rm(i), can be
calculated from the following equation.

RT

F

R i

R i

i

i

1

4
ln 1 11m

c

m

m L L

⎜ ⎟
⎛
⎝

⎞
⎠

⎡
⎣⎢

⎤
⎦⎥

η γ
α

= − + − ( )
( )

[ ]

Performance of aged MEAs.—Figure 10 summarizes the mea-
sured degradation in differential cell performance of the two catalyst
systems in air and half air (10% O2) after exposure to 90k
0.6–0.95 V AST potential cycles in H2/N2. The O2 level have been
chosen to reflect operating conditions at the inlet and outlet of an
integral cell at air stoichiometry of 2. Consistent with the above
discussions of activity, stability and O2 transport, the polarization
data in Fig. 9 shows better performance for the fresh d-PtCo/C
electrode than a-Pt/C electrode in the kinetic region but worse

Figure 7. Oxygen transport (Rcf) and local resistance (RO2) in aged a-Pt/C electrode.

Figure 8. Oxygen transport (Rcf) and local resistance (RO2) in aged d-PtCo/C electrode.
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performance at higher current densities. Depending on the operating
conditions, the polarization curves for a-Pt/C and d-PtCo/C elec-
trodes intersect at about 0.6–1.2 A cm−2. At the intersection point,
the performance gain due to the alloy catalyst’s higher mass activity
is completely compromised by the performance loss due to higher
O2 transport resistance caused by Co leaching from the catalyst
during electrode fabrication and conditioning steps. The intersection
point moves to higher current density at higher O2 concentration and
lower operating pressure.

With aging on potential cycles, the d-PtCo/C electrode degrades
faster than a-Pt/Co electrode in terms of mass activity loss and
increase in O2 transport resistance, both are related to continued
leaching of Co. The point of intersection of the polarization curves
continues to move to lower current densities during the aging
process; this movement is more pronounced in 10% O2 than in 21%
O2.

The BOT results in Fig. 10 emphasize that Co contamination of
the d-PtCo/C electrode starts to occur even before the electrode is
subjected to the catalyst AST. Whereas Co retention in the catalyst
may be improved by controlling the cell operating conditions such as
maximum cell voltage, temperature and RH, fundamental improve-
ments are also needed in alloy morphology, catalyst ink preparation
and electrode fabrication method.

The solid and dashed lines in Fig. 10 represent the modeled BOT
and EOT polarization curves calculated from the voltage balance
equation, Eq. 8. The close comparison between the modeled and
measured polarization data leads us to conclude that the ECSA loss
(ΔAPt) is a convenient metric for characterizing the electrode
degradation. For both electrodes, ΔAPt tracks (a) the decrease in
specific exchange current density due to factors such as growth in
particle size, (b) decrease in limiting current density, and (c) the
changes in RO2 because of the movement of catalyst particles from
the interior to the surface of the porous carbon support. For the d-
PtCo/C electrode, ΔAPt implicitly tracks the additional effects of Co
leaching on decrease in specific exchange current density due to

relaxation of lattice strain. However, ΔAPt, by itself, is not adequate
for comparing the relative stability of different catalysts and
electrodes. Figure 1 shows nearly the same ECSA loss for a-Pt/C
and d-PtCo/C electrodes after 90k cycles, but Fig. 9 exhibits much
higher performance degradation for the d-PtCo/C electrode.

Summary and Conclusions

We have baselined the performance and stability of two
competing state-of-the-art catalyst systems, a-Pt/C and d-PtCo/C,
and electrodes for heavy-duty applications. Both catalysts were
supported on a high surface-area porous carbon, had nearly identical
Pt loading and initial particle size, and were subjected to 90k
standard AST cycles in H2/N2. Compared to a-Pt/C electrode, the d-
PtCo/C electrode initially has double the mass activity that translates
to better performance in the kinetic region; however, it exhibits
poorer performance at high current density because of Co contam-
ination of the ionomer, implying that Co had leached from the
catalyst even before the electrode was subjected to catalyst AST
cycles. The polarization curves for the two MEAs intersect at a
current density—1.0 A cm−2 for 10% O2 at 2.5 atm, 80 °C and
100% RH—that demarcates the region where the d-PtCo/C electrode
has better performance than the a-PtCo/C electrode. After the AST,
the d-PtCo/C based electrode exhibits greater performance degrada-
tion than a-Pt/C, nearly losing most of its mass activity advantage
after only 30k potential cycles, resulting in the a-Pt/C based
electrode either meeting or exceeding the performance of the d-
PtCo/C electrode. Both electrodes suffer similar ECSA loss, how-
ever, the d-PtCo/C electrode suffers additional kinetic and transport
losses due to leaching of Co from the catalyst. Thus, fundamental
improvements in alloy morphology, catalyst ink preparation and
electrode fabrication method are needed to promote Co retention
within the d-PtCo/C catalyst during electrode preparation steps and
cell operation. Consequently, we have concluded that the a-Pt/C
catalyst is a better reference for evaluating other catalyst systems for

Figure 9. Effect of ageing on mass transfer overpotentials for a-Pt/C (a & b) and for d-PtCo/C (c & d) electrodes derived from the voltage balance equation. The
solid and dashed lines are calculated from the correlation in Eq. 9.
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heavy-duty applications because it has better initial (BOT) perfor-
mance than d-PtCo/C at current densities higher than 1 A cm−2 in
half air and is more stable under the AST protocol adopted in this
study.

We have also concluded that the ECSA loss is a convenient
metric for characterizing the electrode degradation although, by
itself, it cannot be used to compare the relative stability of different
catalysts and electrodes. For example, a-Pt/C and d-PtCo/C elec-
trodes exhibited nearly same ECSA loss after 90k cycles but much
different performance degradation. We have shown thatΔAPt can be
used to track the degradation in ORR activity, increase in oxygen
transport resistance, and the additional performance losses due to
ionomer contamination caused by Co leaching from the alloy
catalyst.

The future work will focus on emerging alternate catalysts and
supports that exceed the baseline performance of a-Pt/C catalyst after
90k AST cycles. Pt-based intermetallics,32 nitrogen-doped porous
graphitic carbon support, nitrided intermetallics,33 and atomically
dispersed single iron sites (M–N–C) for promoting Pt and Pt3Co
fuel cell catalysts34 are some examples of promising candidates and
approaches worthy of consideration in the follow-on study.
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