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ABSTRACT 
 Durability is a major issue against the commerciali-

zation of proton exchange membrane fuel cells (PEMFC). 
Several mechanisms play an important role on the deg-
radation of the cathode catalyst layer (CCL) by deterio-
rating the transport properties of reactants in the CCL 
mainly. A pseudo three-dimensional (P3D), two-phase, 
and non-isothermal model is used to study the effects of 
cell degradation on transport properties of the CCL. Ac-
curacy of the model is verified by comparing the polari-
zation curves from the model with the experimental ones 
reported in the literature. The model is used to investi-
gate the effects of CCL transport properties and agglom-
erate parameters on cell performance. Results demon-
strate that the cell performance is improved for thinner 
ionomer film around agglomerates, smaller agglomer-
ates, higher exchange current density, lower transport 
resistance and higher proton conductivity of the CCL. The 
transport parameters of the CCL are varied to fit the po-
larization curves to the experimental ones for an acceler-
ated stress test. It is found that the transport resistances 
increase exponentially with the carbon loss in the CCL. 

 
Keywords: PEMFC, Cell degradation, Performance loss, 
Catalyst layer transport properties, Agglomerate param-
eters  

NOMENCLATURE 

Abbreviations  

AST Accelerated stress test 
CCR Carbon corrosion reaction 
CL Catalyst layer 
DEA Dead-ended anode 
DOF Number of degrees of freedom 
ECSA Electrochemical surface area 
Exp Experiment 

GDL Gas diffusion layer 
HOR Hydrogen oxidation reaction 
IP In-plane 
OER Oxygen evolution reaction 
ORR Oxygen reduction reaction 
P3D Pseudo three-dimensional 
PEMFC Proton exchange membrane fuel cell 
Pt Platinum 
RH Relative humidity 
Sim Simulation 
St Stoichiometric ratio 
TP Through-plane 
agg Agglomerate 
man Manifold 

Symbols  

h Height 
J Current density 
p Pressure 
T Temperature 
V Voltage 
w Width 
δ Thickness 
σ Conductivity 

1. INTRODUCTION 
Low (zero) emission, high energy density, high effi-

ciency, low operating temperature, and fast startup 
makes the proton exchange membrane fuel cell (PEMFC) 
a promising candidate as a power source for stationary 
and portable applications. However, durability is an im-
portant issue weighing against the commercialization of 
PEMFCs. Various transient in the operation of the 
PEMFC, including start-up and shut-down, high power, 
load transients, and idling have a major impact on the 
performance loss of the PEMFC [1]. The degradation of 
the cathode catalyst layer (CCL) through carbon 
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corrosion and platinum dissolution are among the chief 
mechanisms that contribute to the performance loss 
through deterioration of the transport properties in the 
CCL [2]. 

The formation of the hydrogen-air interface in the 
anode during transients causes the carbon corrosion re-
action in the CCL. Hydrogen-air interface in the anode 
flow field divides the cell into two parts: an active part 
that operates normally with hydrogen oxidation reaction 
(HOR) in the anode and oxygen reduction reaction (ORR) 
in the cathode; and a passive part without hydrogen in 
which the current reverses direction with ORR in the an-
ode the carbon corrosion and oxygen evolution reactions 
(CCR and OER, respectively) in the cathode [3]. The cor-
rosion of the carbon support in the cathode CL results in 
a drop in the electrochemical surface area (ECSA), loss of 
the hydrophobicity of the CL, and a lower porosity, which 
reduces the mass transport of oxygen and liquid water 
removal [4-6]. 

Platinum (Pt) is needed in the cathode to improve 
the sluggish ORR. It has been shown that Pt can dissolve 
in acidic media at pH values representative of the elec-
trolytes of PEMFCs [7]. Pt solubility increases for smaller 
particles, especially at high potentials and voltage cycling 
[8,9]. Pt degradation involves Ostwald-ripening and par-
ticle coalescence and detachment [10], which causes loss 
of ECSA at the CCL [11]. 

Several studies have been conducted to investigate 
the effects of the CCR in the CCL on cell performance. 
Chen et al. [12] developed a one-dimensional isothermal 
model along the channel to investigate the effects of the 
dead-ended anode (DEA) operation on the CCR in the 
CCL. The authors included reduction of the ECSA via a 
power law relation based on the ratio of the remaining 
carbon and its initial level. It was found that the CCR in-
duces a non-recoverable open circuit voltage drop due to 
the loss of the ECSA. Kulikovsky [13] developed a physical 
model of the CL performance for the polarization curve 
prediction to quantify the changes in the model parame-
ters (oxygen diffusivity, proton conductivity, and ex-
change current density) by adjusting these parameters 
for the polarization curves fitting before and after the 
degradation of the cell. According to that study [13], the 
exchange current density does not change significantly 
while the oxygen diffusivity and proton conductivity of 
the cathode CL change dramatically. Baroody et al. [14] 
developed a physical-statistical model for Pt degradation 
including dissolution, coagulation, detachment, and re-
deposition. The variations of ECSA, particle size distribu-
tion (PSD), Pt mass distribution, and CL thickness were 

predicted simultaneously. Dhanushkodi et al. [15] devel-
oped a CCR kinetic model to evaluate the carbon loss 
during accelerated stress tests (AST). The authors sug-
gested an exponential relation for the performance 
losses as a function of the carbon loss. 

In this paper, we used a two-phase, non-isothermal 
and pseudo-3D model to investigate the effects of the 
cell degradation on transport properties of the CCL. The 
model is validated by comparing the polarization curves 
with the experimental data reported in [16]. Effects of 
the CL transport properties (resistance against oxygen 
transport, proton conductivity, and exchange current 
density of ORR) and agglomerates parameters (ionomer 
film thickness around the agglomerates and agglomer-
ates radius) on the cell performance are investigated. 
Moreover, the variations in transport parameters in the 
CCL with the carbon loss are obtained by fitting the po-
larization curves to the ones reported in [16] during an 
AST. To the best of our knowledge, variations of the CCL 
transport resistances with the carbon loss has not been 
studied experimentally or numerically. 
 

2. METHODOLOGY 

A P3D model with two-phase and non-isothermal 
assumptions, [17], is considered for the simulations. 

 
Fig 1 Flow fields for: (a) anode, (b) cathode, and (c) anode 
and cathode on a single surface which forms the modeling 
domain; anode and cathode inlets are at top right and left 

corners, respectively, and anode and cathode outlets are at 
bottom left and right corners, respectively 

 

(a) 

(c) 

(b) 

Channels    Ribs  



 3 Copyright © 2019 ICAE 

Modified serpentine-channel flow fields with 5-pass 
channels and manifolds at the sides are used for both an-
ode and cathode flow fields, as shown in Fig. 1. Flow 
fields are mirror images of each other with an active area 
of 50 cm2. Anode and cathode flow fields are projected 
on a single surface to form the computational domain, as 
demonstrated in Fig. 1c. 

2.1 Governing equations 

A detailed discussion of the governing equations can 
be found in our previous work [17]. Height-averaged 
transport equations of mass, momentum, species, liquid 
water, and energy are solved together over the resulting 
channels and GDLs. Through-plane (TP) fluxes in the 
channels and GDLs are represented by reactions. In-
plane (IP) transport of the model variables is not consid-
ered in the CLs and membrane as they are very thin. CLs 
are modeled as thin layers resist the transport of the re-
actants and protons to the active sites. The resistance of 
the membrane against the dissolved water and proton 
transport is also considered. 

Brinkman equations are used to obtain the velocity 
field in the channels and GDLs, Maxwell-Stefan equations 
are used for the transport of the species by diffusion and 
advection, Butler-Volmer equations are used for the an-
ode HOR, and an agglomerate model is used for the cath-
ode ORR. Distribution and transport of the liquid water 
in the cathode GDL, dissolved water distribution and 
transport in the electrolyte phase, and temperature dis-
tribution in the channels and GDLs are included in the 
model as well. Basic model parameters are the same as 
the ones reported in Table 2 of our previous study [17], 
and geometric, operation, and model parameters modi-
fied for this study are listed in Table 1. 

In our previous paper [17], the resistance of the CCL 
against the oxygen transport was defined based on the 
CL thickness, porosity, and diffusion coefficient, Eq. (61), 
and proton conductivity of the CL was defined based on 
the water content and temperature, Eq. (52). However, 
constant values are considered for them in this study as 
the aim is to determine their variations with the cell deg-
radation, and it has been reported in recent studies that 
those definitions are not accurate enough, as mentioned 
by Karan [18]. 

Table 1 Geometric, operation, and model parameters 

Parameter Value Description 

wch 1×10-3 m Channel width [19] 

wrib 1.03×10-3 m Rib width [19] 

wman 3×10-3 m Manifold width [19] 

hch 1×10-3 m Channel height [19] 

hGDL 2×10-4 m GDL thickness [19] 

δCL 
7 and 

12×10-6 m 
Anode and cathode CLs 

thicknesses [19] 
δm 18×10-6 m Membrane thickness [19] 

T 353 K Operating temperature [16] 

p 2.75 bar Operating pressure [16] 

RH{an,ca} 1 
Anode and cathode inlet 

relative humidity [16] 

St{an,ca} 1.2 and 2 
Anode and cathode flow 
stoichiometric ratios [16] 

RO2,CL 0.1 s m-1 Resistance of the cathode CL 
against oxygen transport 

σCL 4 S m-1 Proton conductivity of the CL 

α{an,ca} 1 
Anodic and cathodic charge 

transfer coefficients 

Rsolid 
3.5×10-6 Ω 

m2 
Electric resistance of the cell 

components 
ragg 1×10-7 m Agglomerates radius [20] 

δi 1×10-8 m 
Ionomer film thickness around 

the agglomerates [20] 

2.2 Boundary conditions 

Inlet boundary conditions are constant flow rates 
calculated based on the flow stoichiometric ratios, oper-
ating temperature, and mass fractions of the species cal-
culated based on the inlet relative humidity (RH) [17]. 
Outlet boundary conditions are the operating pressure 
and outflow boundary conditions for the species, water 
saturation, and temperature [17]. Moreover, no-slip, no-
flux, and thermal insulation boundary conditions are ap-
plied to the walls of the computational domains. 

2.3 Numerical approach 

Brinkman, Maxwell-Stefan, Butler-Volmer, water 
saturation, dissolved water, and energy equations are 
coupled and solved numerically by the COMSOL Mul-
tiphysics software. Quadrangular mesh with linear ele-
ments is used to discretize the governing equations. The 
number of elements and degrees of freedom (DOF) are 
about 23 and 603.5 K. Fully-coupled solver with Newton 
iterations and direct MUMPS are used to solve the equa-
tions. The runtime of the simulations for each polariza-
tion curve is about 3 hours. 

3. RESULTS 
Accuracy of the model is verified by comparing the 

polarization curves from the model and the experimental 
data reported by Spernjak et al. [16]. Figure 2 shows an 
excellent agreement between the polarization curves for 
the operation, geometric, and model parameters listed 
in Tables 1. 
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 In several studies, e.g. [4-6, 11], it has been shown 

that carbon corrosion and platinum degradations at the 
CL make changes in the CL resistance against reactants 

transport, conductivity, and reaction kinetics. Figure 3 

shows the effects of the CL resistance against oxygen 
transport, RO2,CL, proton conductivity of the CL, σCL, and 

exchange current density of ORR, J0,ORR, on the polariza-

tion curve (cell performance). It is seen that RO2,CL has 

an important effect on the limiting current density, σCL 
affects the ohmic part of the polarization curve by vary-
ing its slope, and J0,ORR  moves the polarization curve 

downward due to its effect on the cathodic activation 
overpotential. 

In addition to the modifications in the transport 
properties according to the level of degradation in the 
CCL, the agglomerate parameters need to be modified as 
well. For instance, Pokhrel et al. [21] showed the agglom-
eration of the Pt/C and increase in the thickness of the 
ionomer film around the agglomerates by X-ray com-
puted tomography of a CL under degradation by an AST. 
Figure 4 shows the effects of the ionomer film thickness 
around the agglomerates, δi, and the agglomerates ra-
dius, ragg, on the polarization curve (cell performance). 
The limiting current density is reduced for thicker iono-
mer films due to a longer pass for oxygen diffusion 
through the ionomer to reach the active sites for the 
ORR, as indicated in Eq. (59) of [17]. Moreover, the cell 
performance is dropped for bigger agglomerates, which 
is because of the effect of the agglomerate radius on the 

effectiveness factor through changing Thiele modulus, as 
shown in Table 6 of [17]. 

 
Fig 2 Comparison of the polarization curves from the model 

and the experimental data reported in [16] 
 

 
Fig 3 Polarization curves for different: a) resistance of the CL 
against oxygen transport, b) proton conductivity of the CL, 
and c) exchange current density of ORR; K is a coefficient 

that multiplies to these parameters for their variations 
 

 
Fig 4 Polarization curves for different: a) ionomer film thick-
ness around the agglomerates, and b) agglomerates radius; 

K is a coefficient that multiplies to these parameters for 
their variations 

 

(a) 

(b) 

(c) 

(a) 

(b) 
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Polarization curves from the experiments during an 
AST, [16], show changes in all parts of the curve, i.e. acti-
vation, ohmic, and transportation losses, as shown in Fig. 
5. RO2,CL , σCL , and J0,ORR  are varied to capture the 

changes in the CL transport properties through matching 
the polarization curves. Agglomerate parameters are not 
varied here and their effects are considered in RO2,CL as 

agglomerate parameters mostly affect the transporta-
tion part of the polarization curve, as shown in Fig. 4. 
Therefore, RO2,CL, σCL, and J0,ORR are varied to fit the 

changes in the transportation losses, the slope of the 
ohmic losses, and activation losses of the polarization 
curves, respectively. Figure 5 shows the comparisons of 
the polarization curves from the simulations and the ex-
periments reported in [16] at 0, 3, 4, 5, and 7 h with a 
very good agreement between them. RO2,CL , σCL , and 

J0,ORR  are varied to match the polarization curves and 
plotted versus the carbon loss in the CL in Fig. 6. Interest-
ingly, variations of the transport parameters with the 
carbon loss are exponential, similar to the behavior re-
ported in [15] for potential losses versus carbon losses. 
 

4. CONCLUSIONS 
A two-phase and non-isothermal P3D-model is used 

to study the effects of the cell degradation on transport 
properties of the cathode CL. The model is validated by 
comparing the polarization curves with the experimental 
data reported in [16]. The model is used to investigate 

the effects of CL transport properties (resistance against 
oxygen transport, proton conductivity, and exchange 
current density of ORR) and agglomerate parameters 
(ionomer film thickness around the agglomerates and ag-
glomerates radius) on the cell performance. It is found 
that thinner ionomer film, smaller agglomerates, higher 
exchange current density, lower transport resistance, 
and higher proton conductivity improve the cell perfor-
mance. Transport parameters of the CL are varied to fit 
the polarization curves to the ones reported in [16] for 
an AST. Results demonstrate that transport parameters 
of the cathode CL change exponentially with carbon loss 
of the CL. 
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Fig 6 Variations of a) resistance of the CL against oxygen 

transport, b) proton conductivity of the CL, and c) exchange 
current density of ORR versus carbon loss of the CL; K is a 
coefficient that multiplies to these parameters for their 

variations 
 

 
Fig 5 Comparisons of the polarization curves from the 

model and experiments, [16], at 0, 3, 4, 5, and 7 h 
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