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Pt degradation is one of the most important aging mechanisms that control the lifespan of automotive polymer electrolyte fuel cells
(PEFCs). The consequence of Pt degradation is loss of the electrochemical active surface area (ECA) in cathode catalyst layers
(CCLs) of PEFCs. The reduction of ECA increases not only the activation overpotential through reducing sites of oxygen reduction
reaction (ORR) kinetics but also the mass transport loss through causing an additional micro-scale oxygen transport resistance in
the ionomer film surrounding Pt particles. In this study, a 1D physics-based Pt degradation submodel is coupled into the transient
M2 model to study the non-uniform Pt degradation and its impacts on long-term PEFC performance. The performance loss of a
low Pt-loading PEFC with Pt degradation, the interactions of Pt degradation with the micro-scale transport resistance, the cause
and consequence of non-uniform Pt degradation, as well as a strategy of raising lower current density in current cycling test are
quantified. This Pt degradation model is demonstrated to be an effective approach to better understand Pt degradation, performance
loss caused by Pt degradation, and mitigation strategies to alleviate Pt degradation, all important for achieving excellent durability
of PEFCs.
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Cost and durability are the two most critical challenges faced in
emerging commercial applications of PEFCs, especially for PEFCs in
automotive applications.1 Pt catalysts at the CCL play an important
role in PEFCs from both cost and durability points of view. Due to
the sluggish ORR at CCL, sufficient Pt catalysts are needed at CCL
to provide ECA for the ORR kinetics. The cost of these Pt catalysts
could not be reduced by mass production and features largely in the
total cost of PEFC stacks. In addition, recent studies found a micro-
scale oxygen transport resistance through the ionomer film covering
the Pt nanoparticles.2–5 It is found that this micro-scale resistance
increases with ECA normalized current density.6,7 This means under
low Pt-loading condition, this micro-scale resistance will cause high
voltage loss at large current density and governs the limiting current
density. Thus, although significant reduction of Pt loading at PEFC
CCL has been achieved over the last several decades,8 the barrier of
the micro-scale resistance impedes further reduction of Pt loading.

At the same time, the Pt catalysts in the form of nanoparti-
cles inevitably degrade under dynamic load condition of automotive
PEFCs.9–11 Pt nanoparticles are prone to dissolution when the CCL
is subjected to high voltage, as their small diameter results in higher
Gibbs-Thomson energy.12 The Pt dissolution phenomenon is the driv-
ing force of Pt Ostwald ripening and Pt dissolution and re-precipitation
in non-conductive ionomer phase.13 This Pt degradation is found to
be significantly enhanced under voltage cycling condition.14–18 For
automotive PEFCs, the load ramps up and down at acceleration and
deceleration, which means the PEFCs work under dynamic voltage
condition. The dynamic load induced Pt degradation is found to be
one of the most important degradation mechanisms for automotive
PEFCs.11 The consequence of Pt degradation is the loss of valuable
ECA in CCL. For the low Pt-loading CCL especially, the loss of ECA
will not only induce ORR kinetic losses, but also cause extra voltage
loss by increasing the micro-scale transport resistance. Clearly, mod-
eling the Pt degradation in PEFC CCLs and the performance of PEFCs
after degradation is sorely needed to estimate long-term performance
and to find methods to mitigate Pt degradation.

Due to the vital role of PEFC CCL, extensive modeling stud-
ies have been performed from macroscale to pore scale regarding
the transport phenomenon and performance of CCL.19,20 The homo-
geneous model21,22 and agglomerate model4,23–28 are two prevalent
macroscale models established for PEFC CCL. In the agglomerate
model, the CCL is assumed to be composed by agglomerates which
are clusters of carbon particles with Pt catalysts on their surface,
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ionomer and pores. Typically the macroscale PEFC CCL modeling
is a part of macroscale PEFC dynamic modeling,29–33 which has be-
come an essential approach in current PEFC design.34–37 On the other
hand, Wang et al.38 developed a pore scale modeling method for PEFC
electrodes by using direct numerical simulation (DNS) method. With
this pore scale model, the morphology effects on CCL performance
were investigated and optimal volume fractions of the void and elec-
trolyte phases were predicted in a subsequent study.39 Lange et al.40

developed pore scale modeling and performed modeling with stochas-
tically reconstructed microstructures. The impacts of the carbon par-
ticle radius on Knudsen diffusion, proton conductivity and oxygen
consumption were investigated with this model. The effects of wa-
ter vapor transport and thermal transport were then studied with this
pore scale CCL modeling method.41 The up-to-date understanding of
PEFC CCL and parameters adjusted by experimental measurement
or the pore scale CCL modeling study42 could provide valuable in-
put into macroscale PEFC CCL modeling. For example, Hao et al.43

integrated the micro-scale oxygen transport resistance6 into a compre-
hensive PEFC model, M2 model, to capture the low CCL Pt-loading
effect on PEFC performance, and extended the M2 model capability
to model low Pt-loading PEFCs. The agglomeration effect is specifi-
cally discussed in their study and this low Pt-loading PEFC model was
systematically validated with experimental data under a wide range
of Pt loading.43

Mathematical modeling of Pt degradation has been performed to
elucidate the fundamental mechanisms of Pt degradation in PEFC
CCLs.44–56 Darling and Meyers44 set up a kinetic model to describe Pt
nanoparticle oxidation and dissolution reactions in PEFC CCLs. The
model was applied to study the effects of the electrode potential and
particle size on rate of Pt degradation.44 Bi and Fuller47 then developed
a physics-based 1D Pt degradation model and assumed a simplified
bi-modal particle size distribution (PSD) for Pt particles. The Pt Ost-
wald ripening and Pt dissolution-re-precipitation mechanisms were
investigated in their study. In a recent study, Holby and Morgan50 ap-
plied much finer Pt particle size bins in their Pt degradation model and
specifically discussed the impacts of the Pt PSD shape on the speed
of Pt degradation. Based on the kinetic equations developed by Holby
and Morgan,50 Li et al.53 developed a 1D Pt degradation model to in-
vestigate the non-uniform Pt degradation and predict the non-uniform
ECA loss across the CCL. The overall ECA evolutions and PSDs at
various positions of CCL were compared with experimental data in
their study.53 The 1D Pt degradation model of Li et al.53 describes the
Ostwald ripening and Pt dissolution-re-precipitation across the CCL,
which is similar to the Pt degradation model proposed by Takeshita
et al.54 However, by incorporating the temperature-dependent ki-
netic equations of Holby and Morgan50 and developing an additional
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Figure 1. Schematic of coupling Pt degradation model into M2 model.

correlation accounting for the humidity effect on Pt degradation, this
model can evaluate the Pt degradation process under various temper-
atures and RHs. Nonetheless, this Pt degradation model neglects the
agglomeration effect as most models of catalyst degradation did.55

The non-uniform Pt degradation causes non-uniform ECA across
the PEFC CCL in the through-plane direction as introduced. This
non-uniform ECA distribution of the degraded PEFC CCL could re-
shape the current density distributions in PEFC CCLs. Jomori et al.57

established a 1D PEFC model with the micro-scale oxygen transport
submodel implemented to investigate PEFCs with low Pt-loadings. A
1D non-uniform ECA profile across the CCL was assumed and incor-
porated into their model to reveal how the non-uniform Pt degradation
reshapes the current density distribution in the through-plane direc-
tion across CCL and to evaluate the performance of the non-uniform
degraded low Pt-loading PEFCs.57 The non-uniform Pt degradation
phenomenon is not limited to the through-plane direction, as Pt degra-
dation is faster under higher temperature and higher relative humidity
(RH).58 Due to the complex water and thermal transport phenomenon
in PEFCs, the humidity and temperature are highly non-uniform in
PEFC CCLs, in the channel-land dimension for example.59 In this
paper, a transient PEFC model coupling the Pt degradation modeling
and the Pt performance modeling is established by implementing the
1D physics-based Pt degradation model53 into the M2 model with low
Pt-loading CCL effects considered.43

Our primary objective of this work is to numerically evaluate the
in-plane distribution of Pt degradation between land and channel areas
such that one can assess how much effect the land-to-channel width
ratio is on not only fuel cell performance but also durability. Similarly
for future work, one can develop a combined model of Pt degradation
with a 2D (in the through-plane and along-channel directions) M2
transport model to assess any potential effects of dry-wet transition
and co-/counter-flow on fuel cell durability.

Numerical Modeling

The schematic of coupling Pt degradation model as a submodel in
the CCL domain into the M2 model in all PEFC domains is shown in
Figure 1. With this model, the impacts of the Pt degradation on the low
Pt-loading PEFC performance and on the reaction current distribution
in PEFC CCLs are investigated. Although the current stage of study
considers Pt nanoparticles as catalyst for PEFCs, the methodology
used in this study could be extended to explore degradation and per-
formance of PEFC CCL with Pt alloys or alternative metal content as
catalysts, which both receive much research to date.60–63

Transient M2 model.—In this study, a 1D physics-based Pt degra-
dation model is integrated into the transient M2 model with the low

Pt-loading effects in consideration. For the transient M2 model, con-
servation equations of mass, momentum, species and charge are solved
and these equations can be expressed as:

Continuity equation:
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Charge conservation (electrons):

0 = ∇ · (
σeff∇�s

) + S�s [5]

Charge conservation (protons):

0 = ∇ · (
κeff∇�e

) + S�e [6]

where ρ,�u, P, T, Ck, �s and �e are the density, superficial velocity,
pressure, temperature, species molar concentration, electronic and
electrolyte phase potential. The source terms for these conservation
equations may be found in Reference 64. To reduce the computational
time and the mesh for this full physic based transient modeling, a 2D
differential cell is used in the present study as illustrated in Figure
2. As shown in Figure 2, the 1D physics-based Pt degradation model
is implemented at the nodes of CCL in transient M2 model. The
important geometric and physical properties used in the transient M2
model can be found in Table I.

Pt degradation model.—In the physics-based Pt degradation
model, the electrochemical reactions of Pt nanoparticle oxidation and
dissolution are modeled. In the 1D Pt degradation model, at each con-
trol volume i, a certain number of discrete particle size groups are
assigned. The particle size group number at each control volume is
denoted by j. The Pt nanoparticle diameter di,j and the Pt oxide cover-
age θi,j in each particle size group at every control volume are tracked

) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 130.203.192.85Downloaded on 2017-01-23 to IP 

http://ecsdl.org/site/terms_use


Journal of The Electrochemical Society, 164 (2) F171-F179 (2017) F173

Figure 2. Geometry, computational mesh and 1D Pt degradation coupling
scheme.

in the 1D degradation model by solving:50
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where � is molar volume of Pt. While the Pt particle net oxidation
rate rnet,oxide and the net Pt dissolution rate rnet,Pt can be expressed
as:50
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Table I. Geometrical and physical parameters.

Quantity Value

Gas channel depth/width 0.7/0.5 mm
Shoulder width 0.5 mm
GDL thickness 160 μm
MPL thickness 30 μm
ACL/CCL thickness 6/11 μm
Membrane thickness 18 μm
Porosity of GDLs/ MPLs 0.625/0.5
Weight ratio of ionomer to carbon in
ACL/CCL

0.6/0.95

Equivalent weight of dry membrane 950 g/mol
Dry density of membrane 1.9 g/cm3

Carbon support density 1.95 g/cm3

Thermal conductivity of the membrane 0.95 W/m K
Thermal conductivity of the catalyst layer 1.0 W/m K
Thermal conductivity of the GDLs/MPLs
through plane direction

0.5/0.3 W/m K

Thermal conductivity of GDLs/MPLs in
plane direction

20.0/5.0 W/m K

Hydraulic permeability of MPLs /CLs 8.0 × 10−14 /8.0 × 10−14 m2

Hydraulic permeability of GDLs through
plane direction

1.5 × 10−11 m2

Hydraulic permeability of GDLs in plane
direction

8.0 × 10−12 m2

Surface tension, liquid-water-air (80◦C) 0.0625 N/m
Contact angle in GDLs/ MPLs/CLs 120o, 130o, 100o

Table II. Physical properties for Pt degradation modeling.

Quantity Value

Reference Pt2+ concentration, cref
Pt2+ 4.0 × 10−3 mol/L

Pt dissolution activation enthalpy under
fully humidified condition,
H̄1, f i t,100%R H

4.0 × 104J/mol

Partial molar oxide formation activation
enthalpy(zero coverage),50 H2, f i t

1.2 × 104 J/mol

Pt oxide formation bulk equilibrium
voltage,50 U f it

1.03 V

Pt dissolution bulk equilibrium
voltage,50 Ueq

1.188 V

Butler-Volmer transfer coefficient for Pt
dissolution,50 β1

0.5

Butler-Volmer transfer coefficient for Pt
oxide formation,50 β2

0.5

Pt surface site density,50 � 2.2 × 10−9 mol/cm2

Pt [1 1 1] surface tension,50 γ 2.4 × 10−4J/cm2

Pt oxide dependent kinetic barrier
constant,50 �

2.0 × 104J/mol

Dissolution attempt frequency,50 ν1 1 × 104 Hz
Backward dissolution rate factor,50 ν2 8 × 105 Hz
Forward Pt oxide formation rate
constant,50 ν∗

1

1 × 104 Hz

Backward Pt oxide formation rate
constant,50 ν∗

2

2 × 10−2 Hz

Pt oxide-oxide interaction energy,50 ω 5.0 × 104 J/mol
Initial average Pt particle diameter 2.59 nm
Variance of initial Pt particle diameter
distribution (Gauss)

0.22
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In these expressions, �� is the local difference of the electronic
potential and ionomer phase potential �s − �e from transient M2
modeling. cPt2+ is solved from 1D Pt ion diffusion equation at each
time step of the transient Pt degradation modeling.53 The temperature
T is the temperature field in CCL solved by M2 model. A correlation
of H̄1, f i t with the water activity in CCL53 is used in this model to
capture the humidity effect on Pt degradation:

H̄1, f i t = H̄1, f i t,100%R H [0.3 (1 − a) + 1] [11]

The physical parameters used in Pt degradation model are listed
in Table II. By tracking the evolution of di,j in every particle size
group, the ECA at every time step during the degradation process is
calculated for each computational node in CCL. This local ECA is
used as input for the kinetic equation for ORR and for calculating
the effective diffusion length43 in the micro-scale oxygen transport
resistance at each node in CCL for the M2 model.

Current cycling test scheme.—Intensive computation of physics-
based comprehensive PEFC model, transient M2 model, is a great
challenge. The time step to perform Pt degradation modeling is quite
small compared with the time step of the M2 model. Thus, a dual-time-
step approach is used in the current study as shown in Figure 3. The
dual-time-step approach means a larger time step, �t, is used for M2
model to accelerate the speed of computation and a smaller time step,
δt, is used for Pt degradation submodel to capture the fast transients
of Pt dissolution from small nanoparticles and Pt2+ redeposition to
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Figure 3. Illustration of current density profile and dual-time-step method.

large nanoparticles under various voltage conditions. The transient M2
model provides the temperature, humidity, electronic- and ionic-phase
potential fields for the Pt degradation model, and the Pt degradation
model returns the ECA at every time step for the transient M2 model.
The current study models a total time of 5000 current cycles with 6s of
each cycle. The current density profile in each voltage cycle is shown
in Figure 3.

The steady state operation tests are also performed to characterize
the performance of the pristine and cycled PEFCs. The steady state
operations of the initial PEFC are first performed under a series of cur-
rent density conditions. The current densities from 0.05 A/cm2 to 2.0
A/cm2 with step of 0.05 A/cm2 are applied sequentially. Thus the po-
larization curve for the PEFC at the beginning of life can be generated.
Then, after every 1000 current cycles until the end of current cycle
test, the same parametric sweep of current densities is performed to
generate the polarization curve for this degraded PEFC. At the same
time, the remaining ECA distributions and reaction current density
distributions in the pristine and cycled CCLs under those steady state
operation testing conditions can be generated to specifically investi-
gate the non-uniform Pt degradation and the shift of reaction current
density in CCLs through degradation.

Results and Discussion

Overall performance loss due to Pt degradation.—For both the
current cycling test and the steady characterization test, the PEFC is
operated under 80◦C and 150 kPa. The stoichiometry flow rate ratio
is 1.5 for anode and 2.0 for cathode corresponding to 2.0 A/cm2 in
the cycling test, and the inlet humidity is kept at 65% at both anode
and cathode inlet. For the PEFC catalyst electrodes, the anode Pt
loading is 0.05 mg/cm2, while the cathode Pt loading is 0.10 mg/cm2

in this study. This low cathode loading is chosen to better investigate
the interactions of the Pt degradation with the micro-scale oxygen
transport resistance. Figure 4 shows the dynamic voltage response of
the PEFC during the current density cycling test. It can be seen that
the current cycling between high and low current densities causes a
voltage cycling between low and high. This voltage cycling condition
is similar to the potential cycle durability test condition which will
accelerate Pt degradation. For the cycled PEFC, the loss of ECA causes
loss of voltage as indicated in Figure 4, and this voltage deficiency is
much larger under high current density condition.

The underlying reason can be clearly explained with the polariza-
tion curves of the cycled PEFC as shown in Figure 5. The current
model predicts that the average ECA remaining in CCL after the 5000
cycle test is 66.2% of the ECA at beginning of life. Assuming Tafel
kinetics for a simplified analysis,7 the ORR kinetic voltage loss is
roughly 12.5 mV. As indicated in Figure 5, the total voltage loss after

Figure 4. Voltage responses during current density cycling test between 0.05
and 2.0 A/cm2.

5000 cycle test is 28.1 mV under 1.0 A/cm2. This demonstrates that the
ORR kinetic loss and the micro-scale transport loss both contribute to
the total voltage loss under moderate current condition. On the other
hand, under the high current density condition, the micro-scale oxygen
transport resistance is triggered by high ECA normalized current den-
sity and poses an additional interfacial concentration overpotential.
Also, this micro-scale oxygen transport resistance is amplified by the
ECA loss during Pt degradation process and causes larger interfacial
concentration overpotential for the cycled PEFC. From Figure 5, it can
be observed that the total voltage loss after 5000 cycle test is 70.6 mV
under 2.0 A/cm2, which is several times larger than the voltage loss
predicted by ORR kinetics. This result suggests that the micro-scale
transport resistance dominates the voltage loss for the degraded CCL
under high current density, as the ECA loss substantially amplifies the
micro-scale transport resistance. The voltage deficiency under large
current density implies power deficiency for cycled PEFC when the
power demand is high, which is highly undesirable. Therefore, quan-
titative estimation of the Pt degradation and the voltage loss of cycled
PEFC is necessary and mitigation strategies to depress Pt degradation
under dynamic load condition is warranted.

Non-uniform Pt degradation and ensuing current density
distributions.—The Pt degradation in CCL is indeed highly

Figure 5. Polarization curves through current cycling test of 5000 cycles be-
tween 0.05 A/cm2 – 2.0 A/cm2.
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Figure 6. Normalized ECA remaining in CCL during 5000 cycles between 0.05 A/cm2 – 2.0 A/cm2.

non-uniform and the non-uniform ECA distribution after degrada-
tion is hard to estimate experimentally. The current study provides an
effective method to estimate this non-uniform degradation and the con-
sequence thereof. The remaining ECA distributions during the current
cycling test are shown in Figure 6. The most significant non-uniform
degradation is found in the through-plane direction and exacerbated
Pt degradation can clearly be found near the CCL and membrane in-
terface. In the CCL, the temperature is lower under the land due to
shorter path of heat transfer, while the RH is higher under the land
due to longer path of water transport. Lower temperature would cause
slower Pt degradation and higher RH would cause faster Pt degra-
dation. Thus, without appropriate method, it is hard to quantify the
non-uniform Pt degradation in the channel-land direction. With the
present modeling method, it is found that the degradation is faster
under the land as shown in Figure 6. The non-uniformity of Pt degra-
dation in the channel-land direction is observed to be slightly smaller
than the non-uniformity of Pt degradation in the through-plane direc-
tion for this case. It is worthwhile to mention that the land and channel
width in this study are both 0.5 mm, which is chosen to mimic the
recent trend to reduce land width for oxygen transport enhancement
and better water removal under the land. If the land width was 1.0
mm, the non-uniformity of Pt degradation in the channel-land direc-
tion would be higher due to longer path of water transport under the
land. As shown in Figure 6, the difference of remained ECA under
channel and land areas is less than 3%, indicating that the non-uniform
Pt degradation along the in-plane direction is insignificant and hence
there is little need to experimentally separate Pt degradation under
land from channel areas, respectively.

Much attention has been paid on the local current density distri-
butions in the PEFC CCLs in recent years.43,57,65 The non-uniform Pt
degradation would induce shift in the current density distributions in
the cycled CCLs. Without a proper modeling method, estimation of
the current density distribution in the CCL is hard. Figure 7 shows the
local current density distribution in the initial and cycled CCL under
the average current density of 1.0 A/cm2, which represents a moder-
ate current density condition. It can be found that the shift of current
density distribution caused by the non-uniform ECA loss is mainly
in the through-plane direction. This means that the non-uniform ECA
loss in through-plane direction clearly shifts the current density dis-
tribution under moderate current density. However, as the magnitude
of non-uniformity of ECA loss is relatively small in the channel-land
direction, the shift of the current density distribution is not significant

in this direction under moderate current density. On the other hand,
as shown in Figure 8, the shift of current density distributions can be
found in both through-plane and channel-land directions as the micro-
scale oxygen transport resistance comes into effect under high current
density PEFC operation. Lower ECA remains under the land in the
cycled CCL and triggers higher micro-transport resistance. Thus, the
reaction current density under the land is lower for the cycled CCL
under high current density condition. It is worth noticing that the cur-
rent study investigates the CCL with Pt loading of 0.1 mg/cm2. When
the CCL Pt loading is further lowered, this micro-scale resistance in-
duced current density non-uniformity would be further amplified as
this micro-scale resistance is inversely proportional to ECA.

Effects of raising lower current density and operating
temperature.—Lowering the upper voltage is an effective approach
to alleviate the aggressive Pt degradation in PEFC CCLs. As for the
realistic automotive PEFCs working under highly dynamic load con-
dition, raising the lower current density the PEFCs provide should be
an effective mitigation approach for Pt degradation. This limitation of
lower current density can be achieved by co-operation of PEFC with
another power source, for example, a battery. The PEFC could work
under more steady condition by depositing energy into the battery
when the power need is low and using the deposited energy when the
power need is high. The current study specifically investigates the ef-
fect of raising the lower current density under current density cycling
condition. The Iupper is fixed at 2.0 A/cm2, and the Ilower is raised from
0.05 A/cm2 to 0.10 A/cm2, while other operating conditions are kept
to be identical.

The dynamic voltage response profiles during the 5000 cycle test
are shown in Figure 9. It could be found that the upper voltage is
effectively reduced by raising the lower current density in the cycling.
The overall ECA evolutions are shown and compared in Figure 10.
The overall ECA remaining after 5000 cycle test is improved from
66.2% to 78.9% with lower current density raised from 0.05 A/cm2 to
0.10 A/cm2. Clearly, raising the lower current density could depress
ECA loss through lowering the upper voltage. Figure 11 compares
the polarization curves after 5000 cycles under different Ilower. It is
observed that by increasing the Ilower, the performance loss of PEFC
is clearly reduced. The voltage loss at 1.0 A/cm2 is reduced from
28.1 mV to 16.0 mV, while the voltage loss at 2.0 A/cm2 is reduced
from 70.6 mV to 41.4 mV by raising the lower current density from
0.05 A/cm2 to 0.10 A/cm2. The non-uniform Pt degradation with Ilower
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Figure 7. Local current density distribution in cycled CCL under average current density of 1.0 A/cm2.

Figure 8. Local current density distribution in cycled CCL under average current density of 2.0 A/cm2.
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Figure 9. Voltage responses during current density cycling test between 0.10
and 2.0 A/cm2.

Figure 10. Overall normalized ECA evolutions during current density cycling
test.

Figure 11. Polarization curves comparison after whole cycling tests under
various current cycling profiles.

of 0.10 A/cm2 is shown in Figure 12. Although the non-uniformity
of ECA loss in both through-plane and channel-land directions can
still be seen, the remaining ECA in CCL is higher than the ECA left
under Ilower of 0.05 A/cm2 at every position. The implication is that
raising the lower current density the PEFC supplies could alleviate the
ECA loss at every position in the entire CCL. This means for realistic
automotive PEFCs, limiting the lower current under dynamic load
condition has significance benefit in extending the lifetime of PEFCs.

Then, the effect of higher temperature operation on the PEFC
Pt degradation is investigated. The operating temperature during the
current cycling test (0.05–2.0 A/cm2) and voltage characterization
is raised from 80 to 85◦C while the other conditions are kept the
same. As shown in Figure 10, the overall ECA loss increases slightly
with the increasing temperature. Figure 13 shows the polarization
curves of the pristine and cycled cells under the higher operating
temperature and it is found that the ohmic losses for both initial and
aged cells increase as the operating temperature is raised. The higher
operating temperature of PEFC causes higher temperature in CCL
which accelerates Pt degradation while reduces the humidity in CCL
which decelerates Pt degradation. These opposite effects55 are both

Figure 12. Normalized ECA remaining in CCL
during 5000 cycles between 0.10 A/cm2–2.0 A/cm2.
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Figure 13. Polarization curves in current cycling tests under higher operating
temperature.

captured by the physics-based Pt degradation model in combination
with M2 performance model and the net effect on Pt degradation is
given.

Conclusions

The interactions of Pt degradation and the performance loss of a
low Pt-loading PEFC are investigated with a transient Pt degradation
model developed in this work. First, the overall performance loss
through a 5000 current cycling test is quantitatively predicted and
analyzed. It is found for the cycled PEFC under high current density,
the micro-scale transport resistance is amplified by Pt degradation
induced ECA loss and dominates the total voltage loss. Second, the
present model predicts that Pt degradation is non-uniform in both
through-plane and channel-land directions in PEFC CCL. Under high
current density, a shift of the local current density in the channel-land
direction is observed as the low ECA left under the land caused by high
humidity amplifies the micro-scale oxygen transport resistance at this
region. Nonetheless, the in-plane non-uniformity of Pt degradation
between land and channel areas remains less than 3%, suggesting
little need to experimentally look into the separate characterization
of Pt degradation along the in-plane direction. Third, the strategy of
raising the lower current density is tested with the Pt degradation
model. The performance loss, overall ECA loss and local ECA loss
are all found to be effectively alleviated by this method. To sum up, the
transient Pt degradation modeling offers a useful method to analyze
the cause of Pt degradation distribution and forecast its significance,
which is valuable to achieve the goal of longer lifespan and better
lifetime performance for low Pt-loading PEFCs.

List of Symbols

a water activity
Ck molar concentration of species k, mol/m3

cp specific heat, J/kg K
cPt2+ Pt2+ concentration, mol/m3

cre f
Pt2+ reference Pt2+ concentration, mol/m3

D species diffusivity, m2/s
d Pt particle diameter, m
F Faraday’s constant, 96,487 C/equivalent
H̄1, f i t Pt dissolution activation energy, J/mol
H̄1, f i t,100%R H Pt dissolution activation enthalpy under fully humid-

ified condition, J/mol
H 2, f i t Partial molar oxide formation activation enthalpy

(zero coverage), J/mol

�jl mass flux of liquid phase, kg/m2 s
k thermal conductivity, W/m K
M molecular weight, kg/mol
m f k

l mass fraction of species k in liquid phase
n number of electrons transferred
P pressure, Pa
R universal gas constant, 8.314 J/mol K
rnet,oxide Pt particle net oxidation rate, mol/m2 s
rnet,Pt Pt particle dissolution rate, mol/m2 s
S source term in transport equations
T temperature, K
t time, s
U f it Pt oxide formation bulk equilibrium voltage, V
Ueq Pt dissolution bulk equilibrium voltage, V
�u velocity vector, m/s

Greek

β1 Butler-Volmer transfer coefficient for Pt dissolution
β2 Butler-Volmer transfer coefficient for Pt oxide

formation
� Pt surface site density, mol/m2

γc correction factor for species convection
γT correction factor for thermal convection
γtotal total surface tension, J/m2

ε porosity
θ Pt fractional oxide coverage
κ ionic conductivity, S/m
μ viscosity, kg/m3

� Pt oxide dependent kinetic barrier constant, J/mol
ν1 dissolution attempt frequency, Hz
ν2 backward dissolution rate factor, Hz
ν∗

1 forward Pt oxide formation rate constant, Hz
ν∗

2 backward Pt oxide formation rate constant, Hz
ρ density, kg/m3

σ electronic conductivity, S/m
τ shear stress, N/m2

� phase potential, V
� molar volume of Pt, m3/mol
ω Pt oxide-oxide interaction energy, J/mol

Superscript and Subscripts

e Electrolyte
eff effective value
g gas phase
k Species
ref Reference
s Solid
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