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ABSTRACT 

 A two-dimensional, multiphase, non-isothermal 

model is utilized for the design of cathode catalyst layer 

polymer electrolyte membrane fuel cell (PEMFC) model 

coupled with a developed homogenous model which 

considers the catalyst layer (CCL) design parameters. The 

model is applied to predict the polarization curves for a 

variety of cathode compositions. It is found that increas-

ing the radius of CCL influential particles including Pt and 

carbon particles, deteriorates the performance while in-

creasing the ionomer weight percentage in CL enhances 

the performance of the cell.  

Keywords: PEMFC, modeling, performance analysis, 

cathode catalyst layer, microstructure, low platinum 

loading 

1. INTRODUCTION

Polymer electrolyte membrane fuel cells (PEMFCs)

are envisioned as the ultimate power sources of future 

vehicles owing to several merits including the high power 

and energy density, zero-emission, quick response time 

[1]. Due to extensive theoretical and experimental re-

search, some of the remarkable challenges to the com-

mercialization of PEMFCs have already been addressed. 

However, the large-scale deployment of PEMFCs is perti-

nent to curtailing the loading of platinum (Pt) group ma-

terials in the catalyst layer (CL) to overcome the cost is-

sues.  

Vast R&D efforts have focused on the reduction of Pt 

loading and the development of alternative electrocata-

lysts matching high oxygen reduction reaction (ORR) ac-

tivity and increasing the Pt utilization through novel ma-

terial design [2]. At low Pt loadings, the CL transport re-

sistance is reported to increase due to the reduction of 

active sites, as well as the increased flux near each active 

site [3]. Mathematical modeling and numerical simula-

tion are useful in assessing the transport resistances and 

optimizing the CL structure to include both micro/macro 

scale transport processes. The agglomerate model is one 

of the commonly used methods assuming the aggrega-

tion of Pt particles on the surface of primary carbon par-

ticles, in which the whole is wrapped with a larger iono-

mer film [4].  Recently, Hao et al. [5] developed a CL 

model that accounts for interfacial resistances of Pt par-

ticles and ionomer film as well as the diffusion resistance 

of oxygen in the ionomer. However, authors assumed 

that the produced water is in vapor form. While some re-

searchers attributed the source of increased transport 

resistance to the thin-film properties of the ionomer, 

such as water uptake [6], ionic conductivity [7], and oxy-

gen permeability [8], others mentioned higher flooding 

levels in CL and gas diffusion layer (GDL) owing to re-

duced vaporization capability [9]. The transport re-

sistances are not only dependent on the Pt loading but 

also on the cathode structural characteristics. In this re-

gard, Owejan et al. [10] reported notable performance 

losses by diluting Pt catalysts with bare carbon particles. 

In addition to CL design parameters, the phase 

change process, and the transport of water in liquid or 

vapor form through porous layers are of great im-

portance. The commonly used models for liquid water 

transport either use Leverett J-function to relate satura-

tion and capillary pressure with Darcy’s law or use the 

microstructural based closure equations such as pore 

size distribution (PSD) [11,12]. In this regard, Weber et 

al. [12] developed a PSD model using identical hydro-

philic (HI) and hydrophobic (HO) pore distributions as-

suming that the pores are bundles of rejoined cylindrical 

capillaries. Later, Villanueva [13] used distinct PSDs and 

discrete contact angles for HI and HO pores, and the ef-

fects of microstructural parameters of CL and GDL are 

studied through a mathematical model [11].  

For engineering and design purposes, the computa-

tional efficiency of the model and its ability to reproduce 

experimental findings are equally noteworthy. 

Rizvandi et al. [14] developed a pseudo-three-dimen-

sional (P3D) model using the resistive relationships for 

the through-plane direction while the fuel cell plane has 

been assumed to be a thin 2D layer. In this study, the im-

proved cathode electrochemical kinetics model mainly 

based on [5], as well as the mixed wettability PSD two-

phase model, are incorporated into the P3D non-isother-

mal model accounting for the coupled transport pro-
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cesses and the influential cathode microstructural pa-

rameters. The effect of CL design characteristics includ-

ing carbon (C) support radius, I/C ratios, Pt particle ra-

dius, and mass fraction of bare carbon is further investi-

gated.  

2. MATERIAL AND METHODS

2.1 Computational Domain 

A two-dimensional computational domain including 

the straight channels, GDLs, CLs, and ribs is considered. 

The computation domain is assumed to be projected on 

a single surface as shown in Fig. 1. Due to the symmetry, 

the channels and ribs of the cathode and anode sides 

overlap.   

Fig. 1 Schematic of the computational domain and the mesh 

The related physical/geometrical parameters utilized 

in this study are reported in Table 1.  

Table 1 

Geometric and physical parameters 

Description Parameter Value 

Channel length, width, 

height [10] 
L��, w��, h�� 10, 0.5, 0.7 mm 

Land width [10] w��	 0.5 mm 

Thicknesses of GDL, CL, 

MEM [5] 

��, 
�, 
� 160, 11, 18 �m 

Porosities of GDL, CL [15] ���, �� 0.42, 0.74 

Equivalent weight of MEM 

[10] 
EW 0.95 kg. mol��

Electrochemically active 

surface area [10] 
a���� 70 m !" g !⁄

Absolute permeabilities of 

GDL, CL [15] 
K��, K� 1e-13, 2e-17 m"

Thermal conductivities of 

GDL, MEM [16] 
%��, %�&� 3, 0.37 W. m��. K��

2.2 Governing Equations 

The current model is governed by the conservation 

of mass and momentum for reactant gases, gas species, 

liquid pressure, electronic and ionic potential, dissolved 

water, and energy equations. These governing equations 

together with the solution domains are described in the 

following section while the reader is referred to refer-

ence [14] for more details on source terms of conserva-

tion equations and parameters.  

Mass (Eq. 1) and momentum (Eq. 2) of the gas mix-

ture are solved in channels, GDLs, and CLs: '. ()*u*,,,,⃗ . =  12 (1) 

)*u*,,,,⃗ . ∇u*,,,,⃗ = −∇p* + �∇"u*,,,,⃗ − �k u*,,,,⃗  (2)

Since the inertial terms could be neglected for the 

flow distribution in GDLs, and CLs, the left-hand side of 

Eq. 2 is zero for these domains.  

Gas species distribution is solved for channels, GDLs, 

and CLs: 

'. 7)89: ; <:='>== ? + )8(@8,,,,⃗ . '.9: = 1: (3) 

In Eq. 3, <:= is binary diffusion coefficients of the

species in channels and the sum of all the species mass 

fraction (∑ 9:) is equals to 1. Thus, the gas species equa-

tion is applied for two out of three species.  

Liquid pressure is solved for GDLs: 

'. C)D  ED�D 'FDG = 1D (4) 

Where, ED  is the effective permeability of GDL

achieved from the multiplication of absolute permeabil-

ity by the relative permeability based on the PSD mathe-

matical model. 

Electronic and ionic potentials are solved for GDLs, 

CLs, and the membrane: '. H−%I'JI) = 1KI (5) '. H−%2'J2) = 1K2 (6) 

The membrane is treated as a thin layer resisting the 

transport of ions as well as conducting the protons and 

dissolved water by adsorption and desorption processes 

through the anode and cathode sides.  '. L)2M2NO <P"QRST'UV + '. LWXY %D'JDV = 1Z (7)

The energy equation is solved for the entire domain, H)[\)MTT@,⃗ . ∇] + ∇. (−EMTT∇]. = 1^ (8) 

The description and units of the above-mentioned 

parameters are described in reference [14].  

2.3 Catalyst Sub Model 

To account for the structure of the cathode catalyst 

layer, the kinetic rate equation in reference [5] is 

adopted. The available oxygen in the pores of CL dis-

solves into the ionomer, then diffuses through the iono-

mer film, and lastly adsorbs on the surface of Pt particles 

participating in the electrochemical reaction. Thus, the 

total local transport resistance is,  

_^ =  _`,:ab + 
`<Q",` + _M,:ab + 
M<Q",:ca + _db,:ab (9) 

In which the second and fourth fractional terms de-

scribe the diffusional resistance, and the other terms 
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represent the interfacial resistances. Interfacial re-

sistances are assumed to be proportional to diffusional 

resistances using fitting parameters, 

_`,:ab = Ee 
`<Qf,` , _M,:ab = E� 
M<Q",:ca , _db,:ab = E" 
M<Q",:ca
(10) 

The concentration of oxygen on the surface of Pt par-

ticles H[Qfdb) can be calculated as follows,

gQhhH[Qfdb)i + 4Y_^ Hklm)⁄ ([Qfdb − [Qf8 . = 0 (11) 

In Eq. 11, gol , plS , qlS , r, 9  are the cathode ex-

change current density, transfer coefficient, cathodic 

overpotential, reaction order, and Temkin energy param-

eter respectively.  

A modified Tafel expression is considered to account 

for the surface coverage to obtain the reaction ORR ki-

netics [17],  

gQhh = go,lkdbH1 − tdbQ)H [Qfdb
[QfuMT)i exp C−YplSqlS_] − 9tdbQ_] G 

(12) 

where kl , m are the volumetric surface area of ionomer

film covering the carbon particles, and the total number 

fraction of Pt/C particles, 

m = H1 − 9x%)H1 − z{SuM)1 − 9x%H1 − z{SuM) (13) 

In Eq. 13, z{SuM is the mass fraction of bare carbon

particles. A simplified sigmoidal function is utilized for 

oxide coverage over Pt particles considering its depend-

ence on the potential [17], tdbQ = |H1 + }"".~Ho.���������))���
 (14)

In which �lMDD is the cathode potential vs. reference

hydrogen electrode (RHE), �lMDD = �uM� − qlS − qSa − ∆�2 − ∆��� − ∆�c�2 (15) 

where �uM� , ∆�2, ∆�c�2 are the reversible cell potential,

the resistance of the electrolyte phase, and ohmic re-

sistance of the components respectively [14] while qlS
is the overpotential in cathode calculated from Eq. 11, 

and qSa  is anode electrode overpotential obtained

from, 

gQPh = go,SkdbH [Pfdb
[PfuMT)i exp CYpSaqSa_] G (16) 

Considering the ionomer content in CL, ∆���  is

added to the model to account for proton conductivity 

based on the experimental data measured by reference 

[18], ∆��� = _:ca,���lMDD
��H1 − z{SuM)�o."� (17)

While the _:ca,�� can be calculated from [18],_:ca,�� = � �H^,hP)���⁄  (18)

where the �  is tortuosity, which in the most general

case is dependent on porosity, and κ is the proton con-

ductivity of ionomer fitted from experiments [18]. Lastly, 

kdb is the active volumetric surface area of Pt depend-

ent on the Pt loading and electrochemical specific area 

(k����),kdb =  k�����db 
��⁄ (19) 

The reader is referred to reference [5] for more in-

formation and details regarding the catalyst layer model. 

2.4 Mixed Wettability PSD 

In this work, the mixed wettability model with indi-

vidual PSDs for HI and HO pores and discrete values of 

contact angles is utilized. The water retention curves, rel-

ative permeabilities, Knudsen radii, and liquid-gas inter-

facial area are obtained from the volume fractions and 

characteristics radii, and contact angles of HI and HO 

pores. Since the Knudsen diffusion effect is dominant in 

relatively small pores, the Knudsen radius is only consid-

ered for CL. Furthermore, the microstructural properties 

of a Mitsubishi Rayon Co. (MRC) 105 are adopted for GDL 

[15] while the properties of graphitized Ketjen Black car-

bon support (GKB) are used to obtain the essential pa-

rameters of CL [19].

2.5 Model Validation 

All the simulations of the current study are per-

formed using COMSOL Multiphysics software. The nu-

merical model developed is first applied for novel elec-

trode compositions provided by reference [10] for which 

all the structural CL parameters are reported in Table 2. 

In their experiments, different wt% of Pt particles are di-

luted with bare carbon particles maintaining the thick-

ness of CL [10]. Thus, the distribution of catalyst influen-

tial particles including the Pt and carbon particles is dif-

ferent, which affect the transport resistances and polari-

zation curves. The comparison of simulated and experi-

mental data [10] for both diluted and non-diluted cata-

lysts is represented in Fig. 2.  

The predicted polarization curves for air feed shows 

good agreement with experiments for both dilution and 

non-dilution cases. Owing to the reduced oxygen con-

centration in cathode CL, the performance of low Pt-

loaded catalysts has deteriorated. This concentration 

drop is mostly related to the significant transport re-

sistances occurring near the reaction sites. For the di-

luted catalysts, the number fraction of Pt/C particles 

available for the electrochemical reaction is decreased 

while the concentration of oxygen adjacent to active 

sites is increased greatly. 

3. RESULTS AND DISCUSSION

3.1 Effect of Bare Carbon Mass Fraction 
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Since the thickness of the CL is kept constant in Fig. 2 

for various fractions of bare carbon, the macroscopic cat-

alytic structure is identical while the various wt% of Pt is 

utilized, and additional carbon is supplied upon necessity 

[10]. Assuming uniform coverage of ionomer film on the 

surface of carbon particles, a consistent flux is provided 

for non-dilution catalysts while the flux of oxygen is con-

centrated on the rare Pt/C particles in diluted catalysts. 

Comparing the results for different Pt loadings, the con-

siderable performance drop is discernable for diluted 

catalysts, especially for Pt loading of 0.025 Hmg ! cm"⁄ ) 

which is directly related to the intensified transport re-

sistances. 

 

 

 
Fig. 2. Model validation with experimental data [10] for 100%  

RH, 80°C, and 1.5 atm operating conditions for non-diluted 

(up) and diluted catalysts (down)  

 

Table 2 

CL design parameters [10] 
Pt loading H��db ��"⁄ ) Carbon Dilution y	��& 9x% 

0.1 
✓ 0.58  0.5 

0.05  
✓ 0.78 0.5 

0.025 
✓ 0.89 0.5 

0.1 
✗ - 0.3/0.15 

0.05 
✗ - 0.1 

0.025 
✗ - 0.05 

 

3.2 Effect of Ionomer to Carbon Ratio 

The I/C ratio is one of the deterministic parameters 

during the manufacturing process. Increasing the iono-

mer content results in enhanced transfer of protons and 

higher content of water in the ionomer. However, the ox-

ygen diffusion and active reaction surface area both are 

decreased due to the occupation of CL pores by the ion-

omer. To study the effect of I/C, three different values, 

1.5, 0.95 and 0.5, are numerically simulated and the po-

larization curves are compared in Fig. 3. Pt loading of 0.1 H��db ��"⁄ ) and a non-diluted catalyst is used for ob-

taining results in the following sections.  

The performance depends strongly on the I/C ratios. 

In this study, the proton conductivity of CL is obtained 

from the experimental data provided by reference [18], 

and reducing the ionomer content in CL causes lower 

proton conductance which significantly decreases the 

performance for the I/C ratio of 0.5.  

 

 
Fig. 3. Effect of I/C ratios on performance 

 

 
Fig. 4. Effect of Pt particles radius on performance 

 

3.3 Effect of CL Particles 

The effect of Pt particle radius is studied using three 

different values of 2, 4, and 5 nm. At the nanoscale, the 

ratio of surface area to volume decreases with increasing 
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particle radius. Thus, using larger Pt particles reduces the 

active electrochemical surface area available for ORR re-

action and results in lower performance as shown in Fig. 

4.  

Moreover, the simulated polarization curves for 

three carbon support radii of 10, 60, and 100 nm are 

shown in Fig. 5. A larger carbon support radius intensifies 

the transport resistance related to the diffusion of oxy-

gen through the ionomer and its dissolution at the iono-

mer surface heightening the oxygen flux adjacent to re-

action sites. 

 

 
 

Fig. 5. Effect of carbon support radius on performance 

 

4. CONCLUSION 

A homogeneous catalyst layer accounting for the in-

terfacial resistances through the oxygen path is incorpo-

rated into the 2D non-isothermal multi-phase PEMFC 

model here. The microstructural parameters are also in-

cluded for the porous layers to obtain two-phase flow 

within the computational domain. The model is highly ef-

ficient for studying various cathode compositions and Pt 

loadings owing to the good agreement of predicated po-

larization curves with experimental data reported by 

Owejan et al. [10] as well as its low computational cost. 

The numerical model is further utilized to investigate 

four different CL design parameters. The diluted catalysts 

represent lower performance due to the increased flux 

adjacent to Pt particles. Furthermore, higher ionomer 

content in CL facilitates the proton conductance and 

eventually enhances the performance. Moreover, the ra-

dius of carbon support negatively affects the perfor-

mance owing to the increased transport resistances, es-

pecially at high current densities. Lastly, Pt particles ra-

dius is an essential CL parameter since the electrochem-

ically active surface area is directly dependent on its 

value. Therefore, decreasing the radius of Pt particles el-

evates the performance but it is bounded by the manu-

facturing limitations. This model will be extended to 

study the effects of operating conditions.    
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