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Abstract

The performance of polymer electrolyte membrane (PEM) fuel cell is mainly influenced by ohmic, activation, and concentration over-
potentials. Ohmic overpotential is directly proportional to electric resistance in the fuel cell components that can be estimated from the
experimental data or from the empirical relation for the cell polarization curve. However, such simple relation is not available for the
activation overpotential; hence a need exists to develop simple analytical formulation for calculating activation overpotential. In this
study, an analytical expression for the activation overpotential in the cathode catalyst layer has been developed to investigate the per-
formance and optimization of a PEM fuel cell. It is found that the analytical expression of activation overpotential with the combination
of proper estimates of ohmic overpotential has accurate predictive capabilities. It also provides an excellent agreement with available
experimental, numerical, and empirical results. Following this, a performance optimization of cathode catalyst layer in PEM fuel cells
has been carried out. It is observed that in a typical PEM fuel cell, excess platinum is neither desirable nor favorable. The optimum plat-
inum loading is found to be 0.19–0.20 mg/cm2 when the cell output is set to 0.8 V. The higher the membrane content in the catalyst layer,
the better the cell performance in terms of activation overpotential. Conversely, optimum catalyst layer thickness is found to be 9–11 lm
for the platinum loading of 0.20 mg/cm2 at the cell voltage of 0.8 V. It is found desirable for the catalyst layer slightly thicker than the
optimum value as the cell performance is less sensitive then; whereas performance decreases rapidly if the thickness of the catalyst layer is
below the optimum value.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Polymer electrolyte membrane (PEM) fuel cell was first
used in the 1960s in NASAs Gemini space flights as an aux-
iliary power source. However, it was dormant for almost
over 20 years since its first application. Recently, a ‘‘quan-
tum jumps’’ has been observed in the PEM fuel cell
research as it can be one of the most promising candidates
for the next generation power sources [1,2]. In addition, its
high power density; low operating temperature; quick
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start-up; fast dynamic response; and most importantly zero
emission capabilities open up opportunities to wide practi-
cal use in portable, mobile, and stationary cogeneration
applications [3]. Particularly, its zero emission capabilities
can reduce greenhouse gases as well as will mitigate con-
cerns about the global warming and global climate change.
Although the scientific principle behind the PEM fuel cell
technology is well established, success in commercialization
depends on optimization of its performance, design, and
materials and manufacturing cost. Hence, the development
of theoretical model as well as numerical model are
required to gain better understanding of the effect of the
operating conditions and cell design on the PEM fuel cell
performance.
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Fig. 1. A typical breakdown of polarization for PEM fuel cells, showing
contribution of cathode activation overpotential, anode activation over-
potential, ohmic overpotential, and mixed electrode potential.
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Several key processes occur within the PEM fuel cells
that have the major impact on the PEM fuel cell perfor-
mance. The most important processes include the electro-
chemical reactions in the catalyst layers, proton migration
in the polymer electrolyte membrane, and mass transport
within all regions of the PEM fuel cell. All these processes
have already been addressed in several studies. For
instance, Bernardi and Verbrugge [4] provided the mathe-
matical model for oxygen electrode. Later both the hydro-
gen oxidation and the oxygen reduction reaction in the
catalyst layers were modeled assuming fully saturated
membrane and water is transported through the electrodes
in liquid phase [5]. Siegel et al. [6] developed catalyst layer
model considering the catalyst layer void regions to be
composed of gas and polymer electrolyte membrane. How-
ever, the catalyst layer void regions can be a combination
of gas, liquid and polymer electrolyte in the catalyst layers
[7]. Conversely, proton migration process in the polymer
electrolyte membrane layer has been addressed by Verb-
rugge and Hill [8] along with water migration in the pores
of a fully humidified polymer electrolyte membrane. Since,
the protonic conductivity changes with the membrane
hydration, Springer et al. [9] developed a PEM fuel cell
model in which the protonic conductivity was a function
of membrane hydration. In addition to the proton migra-
tion model, the water transport processes in the polymer
electrolyte membrane layer was modeled by several authors
[10–15]. These water-transport models require to solve
standard momentum, energy transport, continuity and spe-
cies concentration equations along with the reaction kinet-
ics in the catalyst layers. Hence all these models are
computationally expensive. A completely different water
transport model has been proposed by Karimi and Li
[16] considering electrokinetic effect. These models later
extended into three dimensions to study the complex gas
flow and for better gas flow channel designs [17]. Results
of these models suggest that in order to be applicable for
both saturated and non-saturated gas conditions, water
transport model should include two-phase transport, trans-
port in a partially dry membrane and in a fully flooded
membrane. Hence, more complex two-phase models have
also been developed [18–21]. It is clear from the aforemen-
tioned literature review that the evolution of the fuel cell
modeling is becoming more and more complex with the
advancement of computing power. None of them actually
provides any simpler formulation or simple model. Even
none of them specifically focused on the individual cell
polarization. Whereas polarization occurs in the operation
of PEM fuel cells that influences both the performance and
the commercialization of the fuel cell.

In addition to the polarization, the other primary fac-
tors currently impeding commercialization of PEM fuel cell
is the high materials and manufacturing cost. Commonly
used Nafion� and platinum (Pt) based electrocatalysts are
expensive. Substantial efforts are currently ongoing to
reduce the overall fuel cell cost by maximizing the individ-
ual cell performance while simultaneously minimizing the
amount of electrocatalyst and membrane material used
per unit active area. Unless there is a tool for optimizing
the amount of expensive materials used during the design
of fuel cell as well as the cell polarization, it is impossible
to minimize the cost of manufacturing or optimize the per-
formance of the cell. As shown in Fig. 1, among the various
losses, the highest irreversible losses in the cell potential
occur in the cathode catalyst layer known as activation
overpotential, and then followed by the ohmic overpoten-
tial. While the losses in the anode catalyst layer are negligi-
ble compared to these two losses [22]. Furthermore, there
has been mixed potential at the electrodes, which is inher-
ent in PEM fuel cells. It arises due to the unavoidable par-
asitic reactions that tend to lower the equilibrium electrode
potential as well as due to the fuel crossover through the
electrolyte membrane. Sometime literature misled and both
the mixed electrode potential and the cathode activation
overpotential are shown together as activation overpoten-
tial [23], which cannot be possible as there always be mixed
potential existing in fuel cell operation [24]. To improve the
performance, and to design the cost-effective fuel cell, one
therefore needs to optimize both cathodic activation over-
potential along with the utilization of Pt-catalyst content
and membrane content in the catalyst layer. Several studies
have already been conducted considering these factors. For
instance, an engineering model is used by Marr and Li [25]
for performance study of the PEM fuel cell. They provided
detailed mathematical formulation for the ohmic overpo-
tential, which can be used in future studies if the cell dimen-
sion and material properties are known. This formulation
is later used by Baschuk and Li [7] in their parametric study
with variable degrees of water flooding in the cathode elec-
trode. Although they incorporated the water flooding
parameter, it is not possible to estimate the amount of
flooding from this model. The amount of water flooding
has been extrapolated by matching the model results with
the experimental data of Kim et al. [26]. In addition, both
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of these models require numerical solution of several differ-
ential equations to estimate the cathode activation overpo-
tential. Rowe and Li [27] produced a one-dimensional,
non-isothermal model of a PEM fuel cell to investigate
the effect of operating conditions on the cell performance.
They also studied the thermal response and the water man-
agement to understand the underlying mechanism.

Amphlett et al. [28,29] provided the performance model-
ing of PEM fuel cell by using a mechanistic approach. They
approximated the activation overpotential by Tafel equa-
tion and the ohmic overpotential is estimated via Nernst–
Plank equation for proton transport through the mem-
brane electrolyte region. They also provided an empirical
relation for the internal ohmic resistance from the experi-
mental results of a Ballard Mark IV� fuel cell as a function
of cell temperature and current. This empirical relation of
the internal ohmic resistance is useful and one can avoid
complicated numerical computation during the evaluation
of ohmic overpotential. However, this relation is insuffi-
cient to capture the change in internal resistance in chang-
ing membrane content and fraction of water in the cathode
catalyst layer. Similarly, Kim et al. [26] developed an
empirical equation using curve-fitting scheme based on
experimental data that fits the entire polarization curve of
a PEM fuel cell. The inclusion of an exponential term for
the mass-transport overpotential (also referred to as con-
centration overpotential) with an adjustable parametric
coefficient was found to accurately model the performance
curves up to and including the mass transport limited
region at high current densities. Squadrito et al. [30] also
provided an empirical expression between the cell potential
and the current density similar to Kim et al. [26]. The basic
difference in their model is the mass-transport overpoten-
tial, which is fitted as logarithmic function instead of expo-
nential function. However, they did not clearly explain the
advantage of their model over the model developed by Kim
et al. [26]. Once again, their findings are also cell specific.
These empirical correlations are dependent on the operat-
ing conditions and cell parameters, therefore careful atten-
tion is required in using these values in the parametric
studies. Nevertheless, the analytical formulation of Marr
and Li [22] or the empirical relation of Amphlett et al.
[28,29] can provide an approximate estimates of ohmic
overpotential, analytical formulation for the cathodic over-
potential is still elusive.

The theoretical framework for the analytical solution of
the activation overpotential in the cathode catalyst layer
has been available either for very low current densities or
for large current densities [28,31,32]. Even cathode catalyst
layer models are available for small current, fast oxygen
diffusion, or fast proton transport [31,33]. None of these
previous studies provided the exact analytical solution for
the entire range of current densities of the PEM fuel cells.
On the optimization side, numerical optimization might be
cheap and faster compared to the experimental optimiza-
tion. Numerical optimization always requires high level
of accuracy in the numerical computation as well as a full
set of governing equations with well defined boundary con-
ditions. Also formulation of a catalyst layer model is not as
simple as ohmic overpotential model. Either macro-
homogenous model [4,22], or agglomerate model [34,35]
has often been used. Though these models are two extreme
cases of catalyst composition, in reality catalyst layer could
be in between macro-homogenous and agglomerate
models.

The formulation of ohmic overpotential is well estab-
lished and does not require complicated mathematical for-
mulation or numerical computation for fully hydrated
membranes [7,25]. It is mostly dependent on the ohmic
resistance of the cell material with the exception of the
membrane’s resistance, where the amount of water content
might change the effective ohmic resistance in some
instance. Nevertheless, using these ohmic overpotential for-
mulations, one can optimize the ohmic overpotential; a
part of the total polarization of PEM fuel cell except the
activation overpotential. Hence, a need exists to develop
simple analytical formulation for the cathodic activation
overpotential. Here a parametric model for the PEM fuel
cell has been developed using a combination of analytical
solution and empirical formula, which includes (i) an ana-
lytical expression for the activation overpotential in the
cathode catalyst layer and its comparison with the various
data available in the literature that covers empirical results,
experimental data, and numerical predictions. (ii) The com-
position and performance optimization modeling of the
catalyst layer of PEM fuel cell, where Pt-loading, catalyst
layer composition, and thickness have been optimized
using the analytical model developed in this paper. In the
first part, a simple and efficient analytical solution for esti-
mating cathode activation overpotential in the PEM fuel
cells is provided that can be used as a bench mark solution
to validate future numerical models. In the second part, all
design parameters have incorporated in the model for
focusing on the cathode catalyst layer optimization includ-
ing Nafion� content, Pt-content, void fraction, and catalyst
layer thickness. The importance of this model is that it can
be used to model the performance of fuel cell system as well
as it will be a useful tool for optimizing the structures of the
membrane electrode assembly, catalyst layer parameters,
and cell operating parameters. Investigation has also been
conducted for the optimum conditions for Nafion� con-
tent, Pt-loading as well as effect of the operating conditions
on the performance of PEM fuel cells.

2. Model formulation

In the present study, a typical PEM fuel cell is consid-
ered that consists of a cathode and an anode electrode with
a proton-conducting membrane as the electrolyte sand-
wiched in between as shown in Fig. 2a. Generally, the
thickness of the electrodes and membrane are approxi-
mately 200 lm or smaller [27]. Each of these electrodes also
consists of approximately 10 lm (or thinner) catalyst layer
between the electrode and the membrane, known as anode
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Fig. 2. A schematic of a PEM fuel cell.
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catalyst layer and cathode catalyst layer, respectively. Typ-
ically, humidified H2 gas is supplied under pressure into the
anode flow channel, which diffuses through the porous
electrode until it reaches the anode catalyst layer and forms
protons (H+) and electrons via electrooxidation reaction at
the catalyst surface. The protons are transferred through
the membrane to the cathode catalyst layer, and the elec-
trons are transported via the external circuit to the cathode.
On the other hand, humidified O2 gas or air is supplied to
the cathode flow channel where O2 gas diffuses through the
porous electrode until it reaches the cathode catalyst layer
and forms water reacting with protons and electrons, as
shown in Fig. 2b. The overall electrochemical reaction
occurring in the PEM fuel cell can be represented by the
following reaction.

H2 þ
1

2
O2 ! 2H2OþHeatþ Electric Energy ð1Þ

The output electric energy of the fuel cell is calculated from
the overall cell voltage (Ecell), which can be defined includ-
ing the combined effect of thermodynamic, mass transport,
kinetics, and ohmic resistance as [3]

Ecell ¼ Eoc � gact � gohm ð2Þ

In the above equation, Eoc is the open circuit potential or
voltage at zero current, gact is the losses arising predomi-
nantly due to the kinetics at the electrodes, i.e., the catalyst
layers, and gohm represents the losses arising due to the
resistive losses in the electrolyte and electrodes. The effect
of mass transfer limitation on the cell potential will be
incorporated in Section 2.4 explicitly. As seen in Fig. 1,
the activation overpotential in the anode catalyst layer is
negligible compared to the overpotential in the cathode
catalyst layer. Therefore, activation overpotential is consid-
ered as potential losses in the cathode catalyst layer only.
In an ideal fuel cell, the cell voltage is independent of the
current drawn, and the open circuit potential would remain
equal to the reversible cell potential (Er). Practically, the
ideal cell potential is not possible to attain at the zero cur-
rent due to another problem for PEM fuel cells, fuel cross-
over through the membrane, which results in a mixed
potential at the cathode and thereby lowers the cell perfor-
mance [36]. Hence, the following expression is considered
for the open circuit potential.

Eoc ¼ Er � Emixed ð3Þ

where Emixed is the mixed potential at the electrodes. This
amount of potential drops is mainly due to unavoidable
parasitic reactions that tend to lower the equilibrium elec-
trode potential. For instance, it might be due to the cross-
over of fuel through the electrolyte from anode to cathode
or vice versa, slow O2-reduction kinetics, Pt-oxide forma-
tion and/or impurity oxidation, or some other unknown
factors.

2.1. Reversible cell potential

The reversible cell voltage (Er) is the cell potential
obtained at the thermodynamic equilibrium. For the reac-
tion of the PEM fuel cells shown in Eq. (1), the reversible
cell potential can be found from a modified version of
the Nernst equation as [3,4,7]

Er ¼
DG
2F
þ DS

2F
ðT � T refÞ �

RT
2F

ln
X H2O

X H2
X 0:5

O2

 !

þ DNRT
2F

ln
P ref

P

� �
ð4Þ

where DG is the change in Gibbs free energy, F is the Far-
aday’s constant (96,487 C mol�1), DS is the change in entro-
py, R is the universal gas constant (8.314 J mol�1 K�1). The
variable T denotes the cell operating temperature, with Tref
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denoting a reference temperature (298 K). Similarly, P de-
notes the operating pressure and Pref denoting reference
pressure (1 atm). X H2O, X H2

, and X O2
, are the mole fraction

of water vapor, hydrogen, and oxygen, respectively, and DN

is the changes in the number of mole in the gas product side
and the gas reactant side of Eq. (1). Using the standard-
state Gibbs free energy change and entropy change, and
considering the product H2O in the vapor state, Eq. (4)
can now be written as

Er ¼ 1:185� 2:302� 10�4ðT � T refÞ � 4:308� 10�5T

� ln
X H2O

X H2
X 0:5

O2

 !
� 2:154� 10�5T ln

P ref

P

� �
ð5Þ
2.2. Ohmic overpotential

Ohmic overpotential is the total overpotential resulting
from the resistance to proton transfer through the mem-
brane and the resistance to electron transfer in the collector
plates and the electrodes. Therefore, the total drop in
potential due to the ohmic resistance can be defined via
an Ohm’s law relation as

gohm ¼ gohm;p þ gohm;e þ gohm;m ¼ R00totalJ ð6Þ

where R00total is the equivalent of total internal resistance and
J is the cell current density. gohm,p, gohm,e, and gohm,m are
the potential drop due to the ohmic resistance of flow chan-
nel plate, the electrodes, and membrane layer, respectively.
Mathematical formulation for each of these resistances has
already been developed [7]. However, careful attention is
required to calculate these resistances, since these expres-
sions are dependent on the cell geometry, material proper-
ties, and reactant concentration. One can also approximate
the total internal resistance from the following empirical
relation for typical PEM fuel cell, which is a function of cell
temperature and current [28,29]

Rtotal ¼ 0:01605� 3:5� 10�5T þ 8:0� 10�5I ð7Þ

In addition, experimental values of ohmic resistance for
PEM fuel cells operating between 50 and 70 �C and 1–
5 atm pressure are available in the literature [26]. In the
present study, both the empirical relation and the experi-
mental values of the ohmic resistance have been considered
to estimate the ohmic overpotential, and specified clearly,
before it is being used.
2.3. Activation overpotential

Catalyst layers are the heart of the fuel cell, where elec-
tric energy is produced. Among the two activation overpo-
tentials, namely, anode activation overpotential and
cathode activation overpotential, anode activation overpo-
tential is negligible compared to the cathode activation
overpotential [5,22,27]. Hence, in the following sections,
the cathodic overpotential will be referred simply as the
activation overpotential neglecting the anodic overpoten-
tial and the details of the derivation are also provided here.

2.3.1. Governing equations

In this study, the catalyst layer is assumed as a mixture
of Nafion� membrane, supported catalyst and void space.
The volume fractions of these components can be varied as
can the effective surface area of catalyst that can be charac-
terized by different loadings and catalyst types. The overall
reactions in the cathode catalyst layer is taken as

O2 þ 4Hþ þ 4e� ! 2H2O ð8Þ

Assuming the cell is operating in steady state condition and
the membrane is fully humidified, the conservation equa-
tions for the gas reactants, electron and proton in the cath-
ode catalyst layer can be summarized as follows

Reactants : r � Deff
i rCi

� �
� si

nF
Ri ¼ 0 ð9Þ

Electron : r � reff
s rWs

� �
�Ri ¼ 0 ð10Þ

Proton: r � reff
m rWm

� �
þRi ¼ 0 ð11Þ

where the subscript i in the above equations represents the
reactant species. si is a constant equals 2 for H2, and �1 for
O2, respectively. The superscript ‘‘eff’’ represents the effec-
tive transport property values. The effective diffusion coef-
ficient, Deff

i , is calculated using Bruggemann correction
from the bulk diffusion coefficient, Di and the void fraction
or porosity, / as

Deff
i ¼ /3=2Di ð12Þ

n (=4) in Eq. (9) is the number of electrons transferred in
the cathodic reaction [Eq. (8)], and C denotes the concen-
tration of gas species. Ws and Wm in Eqs. (10) and (11)
are the electrical potential in the solid electrode and the
membrane electrolyte, respectively, and reff

s and reff
m are

the effective conductivities of the solid catalyst and the
membrane. Ri is the rate of electrochemical reaction,
assuming constant proton concentration, is given by the
following Butler–Volmer equation

Ri ¼ AvJ 0;ref

Ci

Ci;ref

� �ci

exp
aanF

RT
ðWs �WmÞ

� ��

� exp � acnF

RT
ðWs �WmÞ

� �	
ð13Þ

Here Av is the catalyst reactive surface area per unit vol-
ume, J0,ref is the reference current density at the reference
concentration of Ci,ref, ci is the overall reaction order with
respect to the reactant species i, aa and ac are the apparent
transfer coefficient for the anodic and cathodic reactions,
respectively, and (Ws � Wm) represents the activation over-
potential (gact) which is the driving force for electrochemi-
cal reactions.

2.3.2. One-dimensional formulation
Considering the cathode catalyst layer is a matrix of Pt-

catalyst, Nafion� membrane electrolyte and void space, as



Table 1
Catalyst surface areas as a function of the fraction of Pt-catalyst [38]

Catalyst type fPt As (m2/g)

Pt on carbon black 0.1 140
0.2 112
0.3 88
0.4 72
0.6 32
0.8 11

Pt black 1.0 28
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shown schematically in Fig. 2, and the spatial coordinate x

is defined in Fig. 2b, with the positive direction pointing
from the membrane and catalyst layer (CL) interface
toward the gas diffusion layer (GDL). Since the thickness
of the cathode catalyst layer is almost 4–5 order of magni-
tude smaller than the cell height, therefore Eqs. (9)–(11)
can be simplified as a first approximation in one dimension
for constant Deff

O2
, reff

s , and reff
m as

d2CO2

dx2
¼ si

nFDeff
O2

Ri ð14Þ

d2Ws

dx2
¼ Ri

reff
s

ð15Þ

d2Wm

dx2
¼ � Ri

reff
m

ð16Þ

where reff
s and reff

m are calculated with Bruggemann correc-
tion from the bulk conductivity using following expressions

reff
s ¼ rsð1� /cÞ

3=2 ð17Þ

reff
m ¼ rmðlm � /cÞ

3=2 ð18Þ

and Deff
O2

using Eq. (12). Here, lm denotes the volume frac-
tion of the membrane in the catalyst layer void region, rs

and rm are the bulk conductivities of the solid catalyst
and the membrane, respectively, and /c is the void fraction
of the catalyst layer. The void fraction of the catalyst layer
is calculated from the known values of catalyst loading
(fPt), the catalyst layer thickness (dc) and the densities of
platinum and carbon black (qPt and qc) as

/c ¼ 1� 1

qPt

þ 1� fPt

fPtqc

� �
mPt

dc

ð19Þ

Furthermore, the potential drop across the cathode cata-
lyst layer is defined as gact = Ws � Wm, hence it can be writ-
ten as

d2gact

dx2
¼ d2Ws

dx2
� d2Wm

dx2
ð20Þ

also combining Eqs. (15) and (16) yields

reff
s

d2Ws

dx2
¼ �reff

m

d2Wm

dx2
ð21Þ

Typically, the electrical conductivity in the conducting so-
lid ðreff

s Þ is several orders of magnitude larger than the con-
ductivity of the membrane phase ðreff

m Þ. Therefore, it can be
immediately recognized from the above equation that the
second order derivative of the potential in the solid phase
will be very small compared to the second order derivative
of the membrane phase potential. Combining Eqs. (13),
(16), and (20) yields

d2gact

dx2
¼ AvJ 0;ref

reff
m

CO2

CO2;ref

� �ci

exp
aanFgact

RT

� ��

� exp � acnFgact

RT

� �	
ð22Þ
Above equation describes the electrochemical reaction in
the cathode catalyst layer, where CO2

represents the oxygen
concentration in the cathode catalyst layer. The reference
current density (J0,ref) is calculated using the experimental
data of Parthasarathy et al. [37] and the reference oxygen
concentration, CO2;ref corresponding to J0,ref is taken as
12 mol/m3 [7,37]. The experimental data of the reference
exchange current density in A/cm2 for oxygen reduction
in Nafion� were correlated with the cell temperature in
Kelvins by the following relation [22]

log10ðJ 0;refÞ ¼ 3:507� 4001

T
ð23Þ

The specific reaction surface (Av) is derived from the cata-
lyst mass loading per unit area of cathode (mPt), catalyst
surface area per unit mass of the catalyst (As), and catalyst
layer thickness (dc) by the following relation [22]

Av ¼
AsmPt

dc

ð24Þ

Here the catalyst surface area per unit mass of the catalyst
is a function of the fraction of the Pt-catalyst on the carbon
support (fPt). Typical values of the catalyst surface area as
a function of the amount of Pt-loading is shown in Table 1.

2.3.3. Exact solution of activation overpotential

Neglecting the concentration overpotential, assuming
the concentration of oxygen in the cathode catalyst layer
is constant and aa = ac = a, Eq. (22) can be simplified as

d2gact

dx2
¼ j0 sinh

anFgact

RT

� �
ð25Þ

where j 0 is a constant. Furthermore, considering the fol-
lowing scaled variables, scaled thickness of the catalyst
layer (X) and scaled activation overpotential ð�gactÞ

X ¼ x
dc

ð26Þ

�gact ¼
anFgact

RT
ð27Þ

Eq. (25) is written in scaled form as

d2�gact

dX 2
¼ j sinhð�gactÞ ð28Þ

where the dimensionless parameter j is defined by the fol-
lowing relation



Fig. 3. Schematic profile of oxygen concentration in the partially flooded
electrode and cathode catalyst layer.
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j ¼ AvJ 0;ref

reff
m

CO2

CO2;ref

� �ci 2anFd2
c

RT
ð29Þ

Scaled form of the governing equation for the activation
overpotential (Eq. (28)) is a second order non-linear equa-
tion, which can be solved analytically for appropriate
boundary conditions. The steps of the analytical solution
along with the boundary conditions are given below. The
exact solution of Eq. (28) can be obtained by multiplying
both side by d�gact

dX and integrating twice as follows.

d

dX
d�gact

dX

� �2
" #

¼ 2j sinhð�gactÞ
d�gact

dX
ð30aÞ

d�gact

dX
¼ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2j coshð�gactÞ þ C1

p
ð30bÞ

It is noticed that the gradient of the membrane potential on
the interface between the catalyst layer and the gas diffu-
sion layer is zero. In addition, if the membrane potential
at x = dc is considered as the reference potential then the
following boundary conditions are available.

d�gact

dX
¼ 0 at x ¼ dc ð31aÞ

�gact ¼ 0 at x ¼ dc ð31bÞ

Applying these boundary conditions in Eq. (30b), the inte-
gration constant C1 is found as �2j. Also d�gact

dX has to be
negative to satisfy second boundary condition, hence

d�gact

dX
¼ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2j½coshð�gactÞ � 1�

p
ð32Þ

To obtain the relation between the current density and the
overpotential, another boundary condition is required that
is specified as

reff
m

dWm

dx
¼ J at x ¼ 0 ð33Þ

where J is the total current density drawn from the cell.
Using Eq. (33) in Eq. (32), the exact solution of the activa-
tion overpotential for PEM fuel cell is obtained as

J ¼ RTreff
m

anFdc

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2j cosh

anFgact

RT

� �
� 1

� �s
ð34Þ

Once again, this expression of activation overpotential rep-
resents only the cathodic overpotential, and is obtained by
assuming no variation of oxygen concentration in the cath-
ode catalyst layer of PEM fuel cell and equal transfer coef-
ficients in the Butler–Volmer equation. Since all the
parameters are known for a specific fuel cell except oxygen
concentration in the catalyst layer, it can easily be esti-
mated by knowing the oxygen concentration. In the follow-
ing subsection, an approximate formulation to calculate
the oxygen concentration is described.

2.4. Calculation of oxygen concentration

For fully hydrated membrane in the cathode catalyst
layer, the concentration of proton at the reaction sites is
fixed and constant, and its specific value depends on the
type of the membrane used. Conversely, the concentration
of oxygen depends on the rate of electro-chemical reaction
or current density, as well as diffusion through the elec-
trode and liquid water layer. Also concentration within
the catalyst layer varies with the distance from the elec-
trode–catalyst layer interface. For small current densities,
the concentration variation is very small. At intermediate
and high current densities, concentration of oxygen decays
sharply within a small region in the catalyst layer near the
catalyst layer–GDL interface [22]. Since the region of the
catalyst layer where electro-chemical reactions occurs, is
very small; it can be assumed that the oxygen concentration
is constant in that small region and independent of length
scale x in the cathode catalyst layer. Unlike Marr and Li
[22], it is considered that oxygen concentration at x = 0 is
known but depends on the current density. This will even-
tually provide better approximation of O2 concentration
than the estimates of Marr and Li [22]. In the following
two subsections, the details of the oxygen concentration
calculations in the catalyst layer and on the catalyst surface
are provided.
2.4.1. Flooded electrode

During the transport process, O2 in the flow channels
first convects to the surface of the electrode, and then dif-
fuses through the electrode to the catalyst layer surface
as shown in Fig. 3. Considering a uniform oxygen concen-
tration in the cathode flow channel (Cch), the average con-
centration at the surface of the electrode (Ces) can be
defined as a function of current density by [7]

Ces ¼ Cch �
dhWL

4ShFDO2;bulkAc

J ð35Þ

Here dh is the hydraulic diameter of the flow channel, W is
the width of the cell, L is the length of the cell, DO2;bulk rep-
resents the diffusion coefficient of oxygen in the gas mixture
of the flow channel, and Ac is the area of the flow channels
exposed to the electrode. In the above equations, the Sher-
wood number is denoted by Sh, and due to the laminar
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flow in the flow channels, is equal to 2.3. The bulk diffusion
coefficient is calculated according to [39]

DO2;bulk ¼
1� X O2

X N2

DO2–N2
þ X H2O

DO2–H2O

ð36Þ

where X O2
, X N2

and X H2O are the mole fractions of oxygen,
nitrogen and water vapor in the flow channel, respectively.
The binary diffusion coefficient of oxygen and nitrogen,
DO2–N2

, is calculated using Chapman–Enskog formula [39]
and the binary diffusion coefficient of oxygen and water va-
por, DO2–H2O, is calculated using Slattery–Bird equation [40]
as described in Appendix A.

Once the concentration on the surface of the electrode is
known, the oxygen concentration on the other side of the
electrode (at the interface with liquid water in Fig. 3) is esti-
mated using the Fick’s law of diffusion

CIII–II ¼ Ces � N 00O2
RIII ð37Þ

where RIII is the resistance to mass transfer caused by the
oxygen diffusion through the electrode and N 00O2

is the
molar flux of oxygen and is defined by

N 00O2
¼ J

4F
ð38Þ

At the interface of liquid water and electrode, oxygen con-
centration is further reduced due to the limitation of trans-
port processes in the liquid medium. Since the oxygen is
weakly soluble in liquid water under the typical fuel cell
operating environment, the amount of concentration drop
at the liquid–gas interface can be related by using the per-
fect gas law and Henry’s law as

DCIII–II ¼ CIII–II 1� RT
HO2

� �
ð39Þ

where HO2
is Henry’s constant for oxygen gas dissolution

in liquid water, which may be determined from the empir-
ical correlation given below [5]

H O2
¼ 0:1013 exp 14:1� 666

T

� �
ð40Þ

where the temperature T is in Kelvins, and H O2
is in the

unit of Pa m3/mole.
Although practically the thickness of the water flooding

layer is non-uniform, in the present investigation the thick-
ness of the liquid water in the electrode is considered uni-
form, consistent with the present 1-D analysis. Hence, the
decay of oxygen concentration in the liquid water layer is
approximated using the Fick’s law formulation as Eq. (37)

CII–I ¼ ðCIII–II � DCIII–IIÞ � N 00O2
RII ð41Þ

where RII is the resistance to mass transfer caused by the
oxygen dissolving into the liquid water. Considering fw is
the fraction of the void region in the electrode that is
flooded by liquid water, both the resistances (RII and RIII)
are expressed by the volume fraction divided by the corre-
sponding diffusion coefficient
RII ¼
fwde

Deff
O2�H2OðlÞ

ð42Þ

RIII ¼
ð1� fwÞde

Deff
O2;bulk

ð43Þ

Here de is the electrode thickness. Deff
O2�H2OðlÞ

and Deff
O2;bulk

are the effective diffusion coefficients of oxygen through
the liquid water zone and the gas zone in the electrode as
shown in Fig. 3. Both of these effective diffusion coefficients
are evaluated from their bulk values using Eq. (12) with the
porosity equal to the electrode porosity (/e). The binary
diffusion coefficient of oxygen in liquid water (H2O(l)) is ob-
tained using Wilke–Chang equation [39] as described in
Appendix A. Combining Eqs. (37)–(39), and (41) yields

CII–I ¼ Ces

RT
H O2

� J
4F

RII þ RIII

RT
HO2

� �
ð44Þ

It should be noted here that the concentration given by Eq.
(44) is valid only when fw > 0. The concentration further
drops down before reaching the catalyst particles, i.e., at
the surface of the catalyst particles, actual oxygen concen-
tration is slightly lower than the above-mentioned concen-
tration. Since the actual composition of the catalyst layer is
more complex and not available in the literature, one may
neglect the composition effect and assume the constant
concentration profile in the cathode catalyst layer using
Eq. (44). In the present investigation, uniform concentra-
tion profile is considered in the catalyst layer, which is
equal to the concentration at the interface of the electrode
and the catalyst layer, i.e., CO2;CL ¼ CII–I. However, to
study the effect of the Nafion� content in the catalyst layer
and water flooding, it is required to consider the oxygen
concentration on the catalyst particle’s surface. Consider-
ing the catalyst particles are surrounded by Nafion� mem-
brane and water layer, the oxygen concentration on the
surface of the catalyst particle is approximated by applying
the Fick’s law

CO2;catalyst ¼ CII–I �
J

4F
ðRw;c þ Rm;cÞ ð45Þ

where Rw, c and Rm, c represent the resistance to mass trans-
fer in the liquid water and the resistance to mass transfer in
the membrane content of the cathode catalyst layer, respec-
tively. If the electrode is assumed partially flooded, then the
catalyst layer would be fully flooded, and the resistances
can be determined as

Rw;c ¼
lH2Odc

Deff
O2�H2OðlÞ;c

ð46Þ

Rm;c ¼
lmdc

Deff
O2–m;c

ð47Þ

where lH2O and lm are the volume fraction of liquid water and
membrane in the void region of the catalyst layer, respec-
tively. The effective diffusion coefficients of oxygen through
the water and the Nafion� membrane in the void region of
the catalyst layer are denoted by Deff

O2;H2OðlÞ;c
and Deff

O2–m;c,
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respectively. These effective values are again related to the
bulk values by the Bruggemann’s correction

Deff
O2–H2OðlÞ;c

¼ /3=2
c DO2–H2OðlÞ ð48Þ

Deff
O2–m;c ¼ /3=2

c DO2–m ð49Þ

and the diffusion coefficient for oxygen in Nafion� mem-
brane ðDO2–mÞ is calculated using the empirical relation
[22] given in Appendix A.

2.4.2. Dry electrode

Formulation given in the above section is valid only
when the electrode is flooded as shown in Fig. 3. For dry
electrode (fw = 0), zone II does not exist in Fig. 3. Then
the oxygen concentration at the interface of the electrode
and catalyst layer is calculated directly using the Fick’s
law as

CIII–I ¼ Ces �
J

4F
RIII ð50Þ

Since un-flooded electrode is considered, which means cat-
alyst particles are no longer completely surrounded by the
Nafion� and water. In this circumstance, there will be some
void space over the catalyst particle that is filled with gas
mixture. Therefore, oxygen has to penetrate three layers,
namely, Nafion� membrane, liquid water, and gas mixture
layer. In reality, it can be more than three layers as men-
tioned, it can be any combinations of the Nafion�, water,
and gases. However, for simplification it has been consid-
ered that catalyst particles are surrounded by three distinct
layers of Nafion�, water, and gas. Hence, the following
resistance for the mass transfer associated with the gas mix-
ture in the partially flooded catalyst layer is formulated
along with Eqs. (46) and (47) for the liquid water and the
Nafion� membrane

Rg;c ¼
1� lm � lH2Oð Þdc

Deff
O2;gas;c

ð51Þ

where Deff
O2;gas;c is the effective diffusion coefficients of oxy-

gen through the gas and expressed as

Deff
O2;gas;c ¼ /3=2

c DO2;bulk ð52Þ

Similar to the formulation of Eqs. (44) and (45), the expres-
sion for the oxygen concentration on the catalyst particle
surfaces for the partially flooded catalyst layer is written as

CO2;catalyst ¼ CII–I

RT
HO2

� J
4F

Rg;c

RT
HO2

þ Rw;c þ Rm;c

� �
ð53Þ
3. Results and discussion

In this section, a comparison between the present model
predictions with the results available in the literature is pro-
vided [26–28,41]. Although the analytical solution provided
here is mathematically ‘‘exact’’, the comparison will pro-
vide an idea how accurate is the assumption made during
the derivation process. Following this, the effect of operat-
ing conditions on the cell performance and results of an
optimization study using the analytical activation overpo-
tential formulation are provided.

3.1. Model comparison

Here a wide range of comparison has been covered that
includes comparison with the empirical correlations [26],
comparison with the experimental data [28,41], and com-
parison with the numerical predictions [27] as provided in
the following subsections.

3.1.1. Comparison with empirical correlations

In the first set of comparison, the empirical correlation
provided by Kim et al. [26] is used to generate empirical
results. Two different sets of reactant gases were considered
in their correlations. In the first set, air is used as the cath-
ode gas and hydrogen as the fuel, and in the second set,
oxygen is used as the cathode gas and hydrogen as the fuel.
In their empirical correlations, the experimental results
were curve-fitted with an empirical equation for a PEM
fuel cell with distinct terms of open circuit potential, activa-
tion overpotential, and ohmic overpotential. This empirical
correlation eventually allowed us to incorporate their
experimental estimates of ohmic resistance to obtain the
total cell polarization. In addition, Kim et al. [26] provided
another empirical relation that included mass-transport
overpotential as an exponential function of the current
density. The mass-transport overpotential is significant at
higher current densities, particularly at close to the limiting
current density. For comparison purpose, mass-transport
term is also incorporated with one set of present model
data. Finally, the cell voltage is calculated using the follow-
ing relation, with the activation overpotential derived in
Section 2.3.3.

Ecell ¼ Er �
RT
anF

cosh�1 1

2j
anFJdc

RTreff
m

� �2

þ 1

" #

� R00totalJ � a expðbJÞ � Emixed ð54Þ

Fig. 4 depicts a comparison of the total polarization ob-
tained in the present study with the corresponding empiri-
cal results of Kim et al. [26] for air as the cathode gas in
part (a), and oxygen as the cathode gas in part (b). Here,
both lines represent the results of the present investigation
for cell operating at 1 atm of pressure and 70 �C; and sym-
bols represent the corresponding experimental results. For
both cases (with mass-transport overpotential and without
mass-transport overpotential), the total cell potential is cal-
culated using the identical parameters as provided in the
literature with appropriate water flooding parameters [7].
The ohmic overpotential and the mass-transport overpo-
tential are obtained directly using the equivalent internal
ohmic resistance ðR00totalÞ and coefficients of mass-transport
(a and b in Eq. (54)). These values can be found in the lit-
erature, and the cell design parameters used in the model
are listed in Table 2. The comparison with the empirical
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Fig. 4. Comparison of the present analytical estimates of the cell polarization operating at 1 atm and 70 �C with the experimental data of Kim et al. [26]
for (a) air as the cathode gas and hydrogen as the anode gas, and (b) oxygen as the cathode gas and hydrogen as the anode gas. Lines represent the
analytical results of the present investigation whereas symbols represent the experimental results for without mass-transport overpotential and with mass-
transport overpotential as indicated in the figure.

Table 2
Parameters used to model the data from Kim et al. [26]

Parameter Value

Width of the cell, W (cm) 7.07
Length of the cell, L (cm) 7.07
Electrode thickness, de (lm) 250
Catalyst layer thickness for O2 as the cathode gas, dc (lm) 12.3
Catalyst layer thickness for Air as the cathode gas, dc (lm) 0.26
Void fraction of the cathode electrode, /e 0.4
Fraction of membrane in the cathode catalyst layer for O2

as the cathode gas, lm

0.4

Fraction of membrane in the cathode catalyst layer for Air
as the cathode gas, lm

0.1

Catalyst loading per unit area, mPt (mg/cm2) 0.3
Fraction of platinum on carbon support for O2

as the cathode gas, fPt

0.2

Fraction of platinum on carbon support for Air
as the cathode gas, fPt

1

Mixed electrode potential for 1 atm of pressure, Emixed (V) 0.17
Mixed electrode potential for 5 atm of pressure, Emixed (V) 0.16
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results for cell operating condition of 5 atm of pressure and
70 �C is illustrated in Fig. 5. All parameters are the same as
in Fig. 4 except the water flooding parameter, which is ta-
ken from Baschuk and Li [7] for the 5 atm and 70 �C.

The model results presented in Figs. 4 and 5 show that
there is an excellent agreement between the empirical data
and the estimates of the analytical model when water flood-
ing of the cathode electrode is incorporated, particularly at
intermediate current densities. In all the cases, cell potential
is slightly overestimated by the analytical model at lower
current densities when J < 0.1 A/cm2. Whereas cell poten-
tial is slightly underestimated at higher current densities
(J > 0.6 A/cm2 for air and J > 1.0 A/cm2 for oxygen). This
is probably due to the assumption made for the analytical
formulation. Here a constant oxygen concentration is
assumed in the catalyst layer, which is giving lower activa-
tion overpotential in the cathode catalyst layer. Also the
mixed electrode potential in the analytical model is esti-
mated by matching the ohmic resistances at the intermedi-
ate current density. It has been found that the mixed
electrode potential is approximately 0.17 V for 1 atm pres-
sure and 70 �C, and 0.16 V for 5 atm pressure and 70 �C. It
should also be noted here, the water flooding data are not
available for the low current densities and zero flooding has
been assumed for those cases. This is also a reason for the
slight overestimation of the cell potential at low current
densities. On the other hand, Kim et al. [26] reported var-
ious open circuit voltages, which imply various mixed elec-
trode potentials involved in their experiments. In the
present model, only the cathodic activation overpotential
has been considered along with the ohmic overpotential
and iterative estimates of mixed electrode potential. The
anodic overpotential has been neglected, which might be
another reason for this slight overestimation. Furthermore,
at higher current densities, the estimated oxygen concentra-
tion is lower than the real cell’s concentration as only one
dimensional linear decay of oxygen profile has been consid-
ered. Oxygen concentration might not decay that rapidly in
the test fuel cell due to the 3-D distribution of the liquid
water in the electrode. Hence higher activation overpoten-
tial has been estimated for large current densities and lower
cell potential. Nevertheless, these comparisons reveal the
robustness of the present analytical formulation.
3.1.2. Comparison with experimental data

In the second set of comparison, the present model pre-
dictions are compared with the experimentally determined
cell performance data. Figs. 6 and 7 show the comparison
between the model predictions and the experimental results
of Ballard’s BAM� Composite fuel cell [41] and Ballard
Mark� IV fuel cell [28], respectively. The Ballard BAM�

Composite cell data were from a cell being operated at
3.02 bara pressure, 80 �C and using air as the oxidant.



Fig. 5. Comparison of the present analytical estimates of the cell polarization operating at 5 atm and 70 �C with the experimental data of Kim et al. [26]
for (a) air as the cathode gas and hydrogen as the anode gas, and (b) oxygen as the cathode gas and hydrogen as the anode gas. Lines represent the
analytical results of the present investigation whereas symbols represent the experimental results for without mass-transport overpotential and with mass-
transport overpotential as indicated in the figure.
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Fig. 6. Comparison between the present analytical predictions and the experimental results of Ballard’s BAM� Composite cell operating at 3.02 bar and
80 �C for air as the cathode gas and hydrogen as the anode gas [41] for two types of ohmic resistances (a) constant ohmic resistance, and (b) variable ohmic
resistance calculated using Eq. (7) taken from [28,29] originally developed for Mark� IV fuel cells.
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The Ballard Mark� IV fuel cell system data were taken
from a cell operating at 30 psig pressure, 70 �C and using
oxygen as the oxidant. The cell design parameters used
for fitting these experimental data are listed in Table 3.
For the Ballard BAM� Composite cell data, two tech-
niques in ohmic overpotential calculation have been con-
sidered. In Fig. 6a, the ohmic resistance is estimated
directly from the slope of the experimental polarization
curve; whereas in Fig. 6b, the total internal ohmic resis-
tance is obtained using Eq. (7) taken from [28,29] originally
developed for the Mark� IV fuel cells. Both sets of the
model predictions and the experimental results show good
agreement like the empirical results shown in the previous
section. The empirical formulation for internal ohmic resis-
tance provides a slight underestimation of the cell potential
for higher current densities (Fig. 6b). This underestimation
could easily be explained by comparing the ohmic resis-
tance variations with current density, as ohmic resistance
is higher for higher current density in Fig. 6b compared
to the ohmic resistance in Fig. 6a. The ohmic resistance
in Fig. 7 is considered as constant and calculated directly
from the experimental data. For illustration purpose, the
activation polarization curve is also included in Fig. 7. It
has been seen that the present model also agrees with
Mark� IV fuel cell data, like the comparison with Ballard
BAM� Composite cell.

3.1.3. Comparison with numerical results

Fig. 8 demonstrates the comparison between the present
model predictions and the numerical results of Rowe and
Li [27] for a PEM fuel cell running with 3 atm and 80 �C
air as the cathode gas and hydrogen as the anode gas.



Table 3
Cell design parameter used to model Ballard BAM� Composite cell and
Ballard Mark� IV cell data

Parameter Value

BAM� Mark� IV

Electrode thickness, de (lm) 200 200
Catalyst layer thickness, dc (lm) 10 10
Void fraction of the cathode electrode, /e 0.4 0.4
Fraction of membrane in the cathode

catalyst layer, lm

0.65 0.4

Catalyst loading per unit area, mPt (mg/cm2) 0.332 0.3
Fraction of platinum on carbon support, fPt 0.4 0.2
Mixed electrode potential, Emixed (V) 0.243 0.189

Fig. 8. Polarization curve estimated by the present analytical model with
the numerical model of Rowe and Li [27] for a PEM fuel cell operating at
3 atm and 80 �C with air as the cathode gas. Solid line represents the
analytical polarization curve for constant ohmic overpotential, the dashed
line is for variable ohmic overpotential (using Eq. (7)), and symbols
represent the numerical results of Rowe and Li [27]; whereas dashed-dot-
dot line shows the corresponding activation polarization curve.

Table 4
Parameters used to model the data of Rowe and Li [27]

Parameter Value

Electrode thickness, de (lm) 200
Catalyst layer thickness, dc (lm) 7
Void fraction of the cathode electrode, /e 0.4
Fraction of membrane in the cathode catalyst layer, lm 0.45
Catalyst layer flooding (%) 99
Fraction of catalyst, fPt 0.2
Specific reaction surface area, Av (cm2/cm3) 1 · 105

Reference current density, J0,ref (A/cm2) 9.5 · 10�8

Membrane conductivity, rm (S/cm) 0.15
Mixed electrode potential for 1 atm of pressure, Emixed (V) 0.158

Fig. 7. Comparison between the present analytical predictions with the
experimental results of Ballard Mark� IV fuel cell system operating at
70 �C using 30 psig H2 and 30 psig O2 [28].
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Using the parameter values listed in Table 4, the predicted
polarizations based on the analytical formulation are com-
pared with the numerical data for 20 wt.% Pt/C catalyst
loading. The solid line depicts the total polarization curve
for constant ohmic overpotential, and the dashed line rep-
resents the total polarization with variable ohmic overpo-
tential (using Eq. (7)), whereas the dashed-dot-dot line
shows the corresponding activation polarization curve.
Here symbols are showing the numerical predictions of
Rowe and Li [27]. It is seen from this comparison that
the proposed analytical model is also capable of producing
the identical results of numerical model developed earlier
in the literature. Both the constant ohmic overpotential
case and the variable ohmic overpotential results agree well
with the numerical result up to J 6 0.6 A/cm2. Once again,
variable ohmic overpotential model underestimates the cell
potential for large current densities like Fig. 6b. Unlike
Fig. 7, here more common trend has been noticed in the
cell polarization that the activation overpotential is larger
than the ohmic overpotential.

The results provided in the previous three sub-sections
give a considerable insight about the proposed analytical
model and its robustness. It should also be noted that no
adjustment to the reactive surface area, Av, or the exchange
current density, J0,ref, is required to achieve the level of
agreement shown in Figs. 4–8 as all the parameter values
were taken directly from the literature. However, results
shown in Section 3.1.2 for the comparison with the exper-
imental results, the reactive surface area, Av, or the
exchange current density, J0,ref, have been assumed similar
to the value used in Fig. 4 as no such data were reported by
Amphlett et al. [28]. In addition, fraction of Pt-loading in
the catalyst layer has also been assumed in modeling the
experimental results due to missing information in the liter-
ature. However, the model predictions have been tested by
changing the fraction of Pt-loading, and that does not
show any significant effect on the total cell polarization.
For instance, in Ballard BAM� composite fuel cell chang-
ing the fPt between 0.3 and 0.5 provides almost identical
results as shown in Fig. 6. The only parameter that has
been adjusted during these comparisons is the mixed elec-
trode potential (Emixed). Even for Ballard BAM� compos-
ite fuel cell, it has been observed that without using Eq. (3)



Table 5
Base case operating and physical parameters used in the present model
calculations

Parameter Value

Operating temperature, T (�C) 80
Operating pressure, P (atm) 3
Length of the cell, L (cm) 5
Width of the cell, W (cm) 5
Electrode thickness, de (lm) 250
Catalyst layer thickness, dc (lm) 10
Void fraction of the cathode electrode, /e 0.4
Fraction of membrane in the cathode catalyst layer, lm 0.4
Catalyst layer flooding (%) 100
Catalyst loading per unit area, mPt (mg/cm2) 0.3
Fraction of catalyst, fPt 0.2
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one can generate identical results of Ballard’s experimental
results by taking Eoc = Ecell for J! 0 from their experi-
mental curve. Also noted here, the adjustment on the
mixed electrode potential does not change the behavior
of the polarization curve as Emixed is independent of cell
parameters as well as independent of current density.
Hence, the analytical formulation can be used in the per-
formance and optimization study with proper ohmic over-
potential formulation avoiding complicated numerical
computations or expensive experiments to predict the
polarization of PEM fuel cell. Moreover, this method is
not only as simple as shown in Eq. (34) but also as accurate
as experimental predictions.
Membrane conductivity, rm (S/cm) 0.17
Density of platinum, qPt (g/cm3) 21.5
Density of carbon black, qc (g/cm3) 2.0
Reference oxygen concentration, CO2 ;ref ðmol=m3Þ 12
Transfer coefficient, a 0.5
Mixed electrode potential, Emixed (V) 0.175
3.2. Cell performance and optimization

A comprehensive comparison of the present analytical
model predictions with the various data available in the lit-
erature has already been provided in the previous section.
In this section, a performance and optimization analysis
will be carried out based on the analytical formulation
developed in this study. In the following section, the results
are given using the analytical expression given in Eq. (34)
and the ohmic overpotential is calculated using the ohmic
resistance given by Eq. (7) in all subsequent results.
3.2.1. Effect of the operating conditions

Fig. 9 depicts the effect of operating temperature on the
cell potential for air as the cathode gas (Fig. 9a), and oxy-
gen as the cathode gas (Fig. 9b). Here an un-flooded elec-
trode and fully-flooded catalyst layer has been considered
to model these results. Detailed description of the base case
operating and physical parameters used in the present
model calculations are given in Table 5. The present model
predictions show almost negligible temperature effect on
the cell polarization curve for both air and oxygen based
fuel cells. However at large current densities, a slight
ba

Fig. 9. Effect of temperature on the performance of PEM fuel cell for a flooded
as the cathode gas, and (b) oxygen as the cathode gas.
increase in cell potential is observed as temperature is
increased. For instance, at J = 0.8 A/cm2 cell potential is
about 10 mV higher for 80 �C compared to the cell poten-
tial at 50 �C. Ideally, the cell polarization decreases with an
increase in the cell operating temperature due to better elec-
trochemical reaction at higher temperatures. Here only
small difference has been observed since the reversible cell
potential decreases with the temperature as well. However,
Ballard Power Systems suggest that there is approximately
a 30% increase in cell potential when the temperature is
increased from 30 �C to 80 �C, no such improvement has
been observed here like Marr and Li [25]. This is largely
due to the fully-flooded catalyst layer, where temperature
has less effect on the cell potential than the partially flooded
catalyst layer.

A better explanation of such temperature effect might be
possible by investigating the response of the activation
cathode catalyst layer at the base conditions operating at 3 atm with (a) air



Fig. 10. Variation of the activation overpotential with current density at the base conditions for (a) air as the cathode gas, and (b) oxygen as the cathode
gas for three different temperatures as indicated in the legend.
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polarization with temperature. Fig. 10 shows the variation
of the activation overpotential with current density for air
as the cathode gas (Fig. 10a), and oxygen as the cathode
gas (Fig. 10b) for three different temperatures as indicated
in the legend. For both cases, similar trend has been
observed in the activation overpotential as it increases with
the temperature. Furthermore, Fig. 11 illustrates how the
ohmic overpotential varies with the current density when
temperature changes. Similar to the activation overpoten-
tial, ohmic overpotential also decreases with increasing
temperature. Hence, temperature always reduces the total
losses for PEM fuel cell, though cell performance did not
improve accordingly due to the reduction of reversible cell
potential. As seen from the present result, reversible cell
potential decreases about 27 mV; and the activation and
the ohmic overpotential decrease about 16 mV and
21 mV, respectively, at J = 0.8 A/cm2 for an increase of
temperature from 50 �C to 80 �C.
Fig. 11. Variation of the ohmic overpotential with current density at the
base conditions for three different temperatures as indicated in the legend.
The effect of operating pressure on the cell potential for
an un-flooded electrode and fully-flooded catalyst layer of
PEM fuel cell is shown in Fig. 12. These results are mod-
eled using the identical parameters as used in Fig. 9. It is
seen that the cell potential increases with the cell operating
pressure, and are consistent with the results reported in the
literature [25]. As the empirical correlation of the ohmic
overpotential is independent of cell operating pressure,
these changes are purely due to the reduction in activation
overpotential with pressure. However, in reality, pressure
will affect the water flooding, and hence, the ohmic overpo-
tential. The corresponding variations of activation overpo-
tential with pressure are shown for air in Fig. 13a, and for
oxygen in Fig. 13b. These results suggest that by increasing
pressure from 1 atm to 5 atm, it is possible to attain almost
20% reduction in activation overpotential at J = 0.8 A/
cm2. The analytical expression derived for the activation
overpotential does not have any pressure term, hence these
reductions are mainly due to the change in oxygen concen-
tration with pressure. Also higher pressure represents
higher diffusion coefficient of oxygen through the electrode
and enhances cell performance. It is also evident from these
results for the effect of the operating conditions that both
pressure and temperature have significant effect on the acti-
vation overpotential, whereas the ohmic overpotential is
only affected by temperature. Therefore, to improve the cell
performance or to reduce the cell polarization, it is always
important to optimize the activation losses than the ohmic
losses. In the following subsections, the optimization of
cathode catalyst layer, particularly membrane content,
Pt-loading and size of the cathode catalyst layer and their
optimization for optimum cell performance will be
considered.
3.2.2. Platinum loading and its optimization
As mentioned earlier, one of the barriers to the commer-

cialization of PEM fuel cell is its cost. This is largely due to



a b

Fig. 12. Effect of pressure on cell performance for a fully-flooded cathode catalyst layer at the base conditions for (a) air as the cathode gas, and (b) oxygen
as the cathode gas.

a b

Fig. 13. Variation of the activation overpotential with current density at the base conditions for (a) air as the cathode gas, and (b) oxygen as the cathode
gas for three different pressures as indicated in the legend.

86 P.K. Das et al. / Journal of Electroanalytical Chemistry 604 (2007) 72–90
the high Pt-loading, which is used as the catalyst in the
cathode catalyst layer to promote the slow oxygen reduc-
tion reaction. Therefore, it is essential to reduce the
amount of platinum in the catalyst layer while ensuring suf-
ficient catalyst to enhance oxygen reduction reaction. In
this section, the effect of Pt-loading on the cell potential
as well as its optimization will be considered. Fig. 14 shows
the variation of cell potential with current density with air
as the oxidant in part (a), and oxygen as the oxidant in part
(b), for five different Pt-loadings as indicated in the legend.
The parameters used in this figure are listed in Table 5. The
effect of Pt-loadings on the cell potential shows that an
increase in the Pt-loading increases the cell potential for
mPt 6 0.2 mg/cm2, while the cell potential drops with an
increase in the Pt-loading for mPt > 0.2 mg/cm2 for both
air and oxygen. For instance, in Fig. 14a, the cell voltages
are 0.7852, 0.7842, and 0.7817 V at 0.5 A/cm2 for Pt-load-
ings of 0.2, 0.25, and 0.3 mg/cm2, respectively. It is evident
that increased amount of Pt-loading in the catalyst layer
did not improve the oxygen reduction reaction or the cell
performance for mPt > 0.2 mg/cm2. This is largely due to
the reduction in oxygen diffusion, due to the high Pt-con-
tent in the catalyst layer that blocks the passage for diffu-
sion. In addition, excessive platinum does not always
imply higher effective use of Pt-catalyst. It also reduces
the reactive surface areas for oxygen reduction reaction
that eventually reduces the cell performance at higher cat-
alyst loadings.

Fig. 15 depicts the optimum Pt-loading as a function of
the current density at a given cell potential of 0.8 V. Two
parts of this figure represent the results of air as the cathode
gas and oxygen as the cathode gas as mentioned in the fig-
ure. It is found that at the highest current density, the
amount of Pt-loading is about 0.195 mg/cm2 for both air



a b

Fig. 14. Variation of the cell potential with current density at the base conditions for (a) air as the cathode gas, and (b) oxygen as the cathode gas for
different platinum loadings as indicated in the legend.

a b

Fig. 15. Optimum platinum loading as a function of the current density at a given cell potential of 0.8 V for (a) air as the cathode gas, and (b) oxygen as
the cathode gas.
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and oxygen. It is close to the conclusion of Song et al. [34],
though they found 0.21 mg/cm2 of optimum Pt-loading for
the given electrode potential of 0.6 V with completely differ-
ent parameter values. It also reveals that for 0.4 mg/cm2 Pt-
loading, the cell power output decreases by about 20% for
air and about 13% for oxygen compared to the optimum
Pt-loading case. Clearly, optimization not only reduces the
cost of the fuel cell but also improves the performance. Once
again, Song et al. [34] obtained their results using compli-
cated agglomerate model, which also requires numerical
solution to a set of governing equations; whereas the present
analytical model is easier for practical applications.

3.2.3. Effect of membrane content in the catalyst layer
The effect of the various amounts of membrane contents

in the cathode catalyst layer is shown in Fig. 16 for air and
oxygen as the cathode gas as indicated in the figure. In these
figures, the amount of Pt-loading is used as 0.2 mg/cm2 and
all other parameters are the same as listed in Table 5. The
results shown in these figures indicate that an increase in
the membrane content in the catalyst layer increases the cell
potential for both air and oxygen. This is due to the reduction
in the resistance to proton transport to the reaction sites, con-
sequently reducing the activation overpotential with higher
membrane content in the catalyst layer. Here an empirical
formulation is used for the ohmic overpotential that is a func-
tion of current and cell temperature only. Hence, changing
the amount of membrane did not change the corresponding
ohmic overpotential. Generally, higher membrane content
reduces resistance to proton transport but would increase
resistance to oxygen transport – a balance gives the ‘‘best’’
or ‘‘optimal’’ membrane content in the catalyst layer.



a b
Air Oxygen

Fig. 16. Effect of membrane content in the catalyst layer on cell potential for (a) air as the cathode gas, and (b) oxygen as the cathode gas with a platinum
loading of 0.2 mg/cm2.
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3.2.4. Optimization of catalyst layer thickness

Conflicting observations have been reported in the liter-
ature for the effect of catalyst layer thickness on the cell
potential. It has been claimed that thicker catalyst layer
can generate higher current [33] as well as the polarization
of PEM fuel cell increases with the increase of the catalyst
layer thickness because of the limited rate of mass diffusion
[22]. It seems the second statement will be more appropri-
ate as the mass diffusion rate is reduced with the catalyst
layer thickness. In this section, the effect of catalyst layer
thickness on the cell performance using the present analyt-
ical formulation will be investigated. Fig. 17 shows the
effect of catalyst layer thickness on the cell output for air
and oxygen as the cathode gas with a Pt-loading of
0.2 mg/cm2. Five different catalyst layer thicknesses were
a b

Fig. 17. Variation of the cell potential with current density for (a) air as the c
0.2 mg/cm2 for different catalyst layer thicknesses as indicated in the legend.
considered as indicated in the legend. All other parameters
are the same as listed in Table 5. For a given Pt-loading, it
is shown that the cell potential increases rapidly with the
increase of the catalyst layer thickness for dc 6 10 lm.
For dc > 10 lm, the results are completely opposite as the
cell potential decreases slowly with the increase of the cat-
alyst layer thickness due to the limited rate of mass diffu-
sion in the catalyst layer as well as lower active surface
area per unit volume. One might also question that the
increase of catalyst layer thickness will also increase the
ohmic overpotential and hence it is almost impossible to
obtain better cell performance with thicker catalyst layer
like Wang et al. [33] found. It is also noted that the ohmic
overpotential formulation used in this study is independent
of catalyst layer thickness. Therefore, the changes observed
athode gas, and (b) oxygen as the cathode gas with a platinum loading of



a b

Fig. 18. Current density as a function of catalyst layer thickness at a given cell potential of 0.8 V for (a) air as the cathode gas, and (b) oxygen as the
cathode gas for different platinum loadings as indicated in the legend.
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in the cell potential is purely due to the change of activation
overpotential. When the catalyst layer thickness is
increased, it decreases the catalyst reactive surface area
per unit volume since the Pt-loading per unit area is con-
stant; and hence increases the activation overpotential.

To provide clearer evidence how the catalyst layer thick-
ness affect the cell potential, the cell current density is plot-
ted as a function of catalyst layer thickness. Fig. 18 shows
the variation of current density with catalyst layer thickness
for a given electrode potential of 0.8 V for air (Fig. 18a) and
oxygen (Fig. 18b) as the cathode gas. Here three lines repre-
sent different Pt-loadings as indicated in the legend and all
other parameters are identical to the conditions for
Fig. 17. It is seen again that with the increase of the catalyst
layer thickness, initially the cell current density increases
rapidly and then decreases slowly after reaching a certain
catalyst thickness for both the air and the oxygen cases.
The thickness corresponding to highest current density is
the optimum thickness of the catalyst layer for that Pt-load-
ing. It is found that the optimum thicknesses are 10.5 ± 1,
13 ± 1.5, and 15.75 ± 1.75 lm for mPt = 0.2, 0.25, and
0.3 mg/cm2, respectively. It also implies that the higher
the Pt-loading the wider the optimum zone of the catalyst
layer thickness and the higher the optimum catalyst layer
thickness. Therefore, it is always desirable to design PEM
fuel cells in the vicinity of optimum zone that will eventually
decrease the cost with better cell performance.
4. Conclusions

An analytical formulation of the activation overpoten-
tial in the cathode catalyst layer of PEM fuel cells has been
developed in this study. Water flooding in the catalyst and
electrode backing layers is also taken into account, and
comprehensive comparison has been made with empirical,
experimental and numerical results. It has been shown that
the present method is capable of predicting the fuel cell per-
formance accurately. Then performance optimization of
cathode catalyst layer in a PEM fuel cell has been carried
out. It is found that catalyst layer performance is much
more sensitive to the thickness of the catalyst layer than
the other parameters, particularly below the optimum
thickness. Reducing the size of the catalyst layer will reduce
the cell cost without changing the cell performance. The
model results also show that changing the catalyst layer
thickness and the Pt-loading in the catalyst layer can pro-
vide an optimum value compared to the other operating
and physical parameters. The optimum catalyst loading is
found to be 0.195 mg/cm2 for either air or oxygen as the
cathode gas with a membrane content of 0.4% and 20%
wt. Pt/C. The optimum catalyst layer thicknesses are found
to be 10.5 ± 1, 13 ± 1.5, and 15.75 ± 1.75 lm for 0.2, 0.25,
and 0.3 mg/cm2 of Pt-loadings, respectively, with 40%
membrane content and 20% wt. Pt/C in the catalyst
layer.
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Appendix A. Calculation of diffusion coefficients

The binary diffusion coefficient of oxygen and nitrogen
(cm2/s) is calculated using Chapman–Enskog formula [39]

DO2–H2
¼ 0:00188

T 3=2 1
MO2

þ 1
MN2

� �1=2

Pk2
O2–N2

XD;O2–N2

ð55Þ



Table 6
Parameter used in the calculations of diffusion coefficients at 3 atm and
80 �C

Variable Value

XD;O2–N2
0.8827

kO2–N2
3.6325

T cr
O2
ðKÞ 154.4

P cr
O2
ðatmÞ 49.7

T cr
H2OðKÞ 647.15

P cr
H2OðatmÞ 217.7

lH2OðPa sÞ 0.355 · 10�3

V O2
ðcm3=g molÞ 25.6
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where MO2
and MN2

are the molecular weights of oxygen
and nitrogen, respectively. XD;O2–N2

is a dimensionless func-
tion of the temperature and of the intermolecular potential
field of one molecule of O2 and one of N2, kO2–N2

is the Len-
nard–Jones parameter, and temperature T is in K. The bin-
ary diffusion coefficient of oxygen and water vapor in cm2/s
is calculated from the critical pressure and temperature of
oxygen ðT cr

O2
and P cr

O2
Þ and water vapor ðT cr

H2O and P cr
H2OÞ

using the Slattery–Bird equation [40]

PDO2–H2O ¼ 0:000364
Tffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

T cr
O2

T cr
H2O

q
0
B@

1
CA

2:334

� P cr
O2

P cr
H2O

� �1=3

T cr
O2

T cr
H2O

� �5=12 1

MO2

þ 1

MH2O

� �1=2

ð56Þ

where the temperatures are in Kelvin and the pressures are
in atm.

The binary diffusion coefficient in cm2/s for oxygen in
liquid water (H2O(l)) is obtained using Wilke–Chang equa-
tion [39]

DO2–H2OðlÞ ¼
7:4� 10�11ðUMH2OÞ1=2T

lH2OðV O2
Þ0:6

ð57Þ

where lH2O is the dynamic viscosity of H2O in Pa s, U is the
‘‘association’’ parameter of H2O, V O2

is the molar volume
of the O2 in cm3/g mol at its normal boiling point. The va-
lue of U for water was originally reported as 2.6, later it
was found using the empirical best fit as 2.26. Therefore,
in the present investigation 2.26 is used instead of 2.6.

The diffusion coefficient (cm2/s) for oxygen in Nafion�

membrane is calculated from the following relation [22]

DO2–m ¼ �1:0664� 10�5 þ 9:0215� 10�6

� exp
T � 273:15

106:65

� �
ð58Þ

where the temperature T is in Kelvin. Values for parame-
ters used in the above equations are listed in Table 6 with
appropriate units.
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