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SUMMARY

Optimal water levels in polymer electrolyte membrane (PEM) fuel cells are the key to prevent liquid water flooding and to
reduce membrane dry out. A good understanding of liquid water transport is therefore essential to maintain an optimum
water balance. In this study, a two‐dimensional, two‐phase, volume‐averaged numerical model is developed and used to
simulate the effect of catalyst layer structure and its surface wettability on liquid water transport in the cathode catalyst
layer (CCL) of PEM fuel cells. The model is capable of handling liquid water transport across both the catalyst and gas
diffusion layers. The simulation results are compared with literature, and a good agreement is found. The highest liquid
water saturation in the CCL is observed under the rib, and the lowest value is observed under the flow channel. It is also
observed that the wetting and geometric characteristics of CCL have significant influence on the liquid water transport, and
the mobile liquid water saturation in a hydrophilic catalyst layer decreases with CCL surface wettability, that is, lower CCL
contact angle yields lower liquid water saturation. Copyright © 2011 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Fuel cells are promising energy conversion devices, which
directly extract electricity from the chemical energy of
fuels without polluting the environment [1–4]. In partic-
ular, polymer electrolyte membrane (PEM) fuel cell is
considered one of the most promising alternatives for
automotive applications. Although PEM fuel cell has
drawn immense attention over the last decades as a high‐
efficiency and low‐emission power source, a number of
technical barriers are suppressing it from being compet-
itive for automotive applications. Specifically, the activa-
tion loss, expensive catalyst, and liquid water flooding are
hindering the commercialization of PEM fuel cell. These
factors are directly coupled with transport phenomena in
micron‐sized constituents, such as cathode catalyst layer
(CCL), gas diffusion layer (GDL), and electrolyte
membrane, in a PEM fuel cell. Given the small scales, it
is extremely difficult to investigate transport phenomena in
Copyright © 2011 John Wiley & Sons, Ltd.
a PEM fuel cell experimentally, both intrusively and
nonintrusively. Therefore, mathematical and numerical
models become the only means to provide meaningful
insights on the physical and electrochemical phenomena
occurring in a PEM fuel cell. Conversely, it is impossible
to optimize and design an improved cell without a good
understanding of transport phenomena. Because several
phases co‐exist within the micron‐sized porous constitu-
ents of a PEM fuel cell, careful attention is always required
for developing an accurate mathematical model with all
the known physical and electrochemical phenomena that
are happening during the operation of a PEM fuel cell. In
particular, liquid water conservation equations have been
erroneously represented ignoring the fact that two‐phase
flow in porous media significantly differs from single‐
phase flow [5–8].

Water management in PEM fuel cells is a crucial issue,
which determines the cell performance [9–16]. This issue
is important because too little water will cause membrane
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dehydration and too much water can flood the fuel cell,
causing less reactant to reach the active catalyst sites and
consequently decreasing the cell performance. Hence, a
proper water management is critical to achieve the full
potential of a PEM fuel cell. Furthermore, liquid water is
one of the key factors responsible for the degradation of
electrolyte membrane. Because Springer et al. [9] and
Bernardi and Verbrugge [10] developed a one‐dimensional
PEM fuel cell model including various modes of water
transport, numerous research works have been focused on
the analysis of water transport and management [11–30].
Most of them addressed liquid water transport in the
electrolyte membrane and GDL. None of them specifically
addressed liquid water transport inside the CCL. Further-
more, these studies were based on the assumption that the
production of liquid water is at the CCL/GDL interface or
the catalyst layer is very thin, whereas the highest reaction
rate occurs at the membrane/CCL interface [31], and the
CCL thickness should be higher than 10 µm to obtain an
optimum performance from a PEM fuel cell [32].
Therefore, the approximation of thin CCL and considering
the CCL as an interface seem to be insufficient to explore
the overall liquid water transport in CCL. Although liquid
water flooding in CCL likely occurs before that in the gas
flow channel (GFC) and GDL because water is produced
at the CCL from the electrochemical reaction and is
expelled from the CCL to the GFC through the GDL, the
studies related to the CCL flooding are elusive.

In this study, our goal is to investigate liquid water
transport in PEM fuel cell catalyst layer. In situmeasurement
inside a catalyst layer is very difficult. Even if possible, for
instance using nuclear magnetic resonance microscopy [33]
or neutron radiography [34], it can only yield a qualitative
visualization of liquid water distribution. Therefore, liquid
water transport in CCL is investigated solving the funda-
mental transport equations numerically. Because liquid water
transport involves several transport and physical processes,
thewidely usedM2model is insufficient for this purpose [35].
Furthermore, theM2 model considers liquid and gas phases a
homogeneous mixture, and it has a narrow applicability,
limited to the situations of flow without change of phase and
flow without phase production due to other physical
processes [36]. Here, a multifluid volume‐averaged mathe-
matical model for transport phenomena is used [37], and the
effects of CCL structure and surface wettability on the liquid
water transport and cell performance are investigated using a
parametric study.
2. MODEL FORMULATION

2.1. Physical problem

In PEM fuel cells, humidified H2 gas is supplied under
pressure into the anode gas flow channel, which diffuses
through the GDL until it reaches the anode catalyst layer,
and dissociates into protons and electrons via electro‐
oxidation reaction at the catalyst surface. The protons are
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transported through the membrane to the CCL, whereas
the electrons are transported via the external circuit to the
cathode side that provides electrical energy into the
external circuit. Conversely, humidified air is supplied to
the cathode gas flow channel, where O2 diffuses through
the GDL until it reaches the CCL and forms water reacting
with protons and electrons. The overall electrochemical
reaction occurring in a PEM fuel cell can be represented
by the following reaction:

2H2þO2→2H2Oþ Heatþ Electric Energy (1)

A schematic of a PEM fuel cell is shown Figure 1 as
well as the computational domain (right) under consider-
ation. Although the main focus is given to the CCL, the
computational domain includes GDL, bipolar plate (BP),
and GFC. Because of the symmetry along the cell height,
only half of the flow channel and rib are considered, where
the dashed line in the right part of Figure 1 indicates the
line of symmetry.

2.2. Governing equations

The gas phase transport in PEM fuel cell cathode is
described by the microscopic conservation equations of
mass, momentum, and species [1,2]. Using a volume‐
averaged technique, we summarized the conservation
equations of mass, momentum, and species in gas phase
for the present model as follows [37–40]:

∇⋅ εg ρg
D Eg

ug
� �g� �

¼ ΓM;g (2)

∇⋅ εg ρg
D Eg

ug
� �g

ug
� �g� �

þ ∇ εg Pg
� �g� �

− Pg
� �g∇ εg

� �
−∇⋅ εg τg

� �g� � ¼ ΓF;g

(3)

∇⋅ εg ρg
D Eg

wα
g

D Eg
ug
� �g þ εg Jαg

D Eg� �
¼ ΓαS;g (4)

where the subscript g represents the gas phase and the
triangular bracket with superscript g represents the phase‐
averaged value. Here, ε is the volume fraction, ρ is the
density, u is the velocity, P is the pressure, τ is the viscous
stress tensor, wα is the mass fraction of species α, Jα is the
mass flux of species α, and Γ is the source term.

The liquid phase in PEM fuel cell cathode consists of
liquid water only. Therefore, the volume‐averaged con-
servation of mass and momentum equations are derived as
follows [37]:

∇⋅ εl ρlh il ulh il
� �

¼ ΓM;l (5)

∇⋅ εl ρlh il ulh il ulh il
� �

þ ∇ εl Plh il
� �

− Plh il∇ εlð Þ
−∇⋅ εl τlh il

� �
¼ ΓF;l

(6)

where the subscript l represents the liquid phase and the
triangular bracket with superscript l represents the phase‐
averaged value. If we neglect the viscous effect and
nt. J. Energy Res. 2011; 35:1325–1339 © 2011 John Wiley & Sons, Ltd.
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Figure 1. Schematic of a PEM fuel cell with computational domain (left), indicated by the dashed rectangle, and a detailed depiction of
the computational domain (right).
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combine Eqns 5 and 6 with the aid of Eqns 2 and 3, the
liquid water equation can be written as follows [37]:

∇⋅
Kkr;l
μl

ρlh i dPc

dsl
∇sl þ

kr;l μg
kr;g μl

ρlh i ug
� �g� 	

¼ ΓM;l (7)

where K is the permeability, kr is the relative permeability,
sl is the liquid water saturation, μ is the viscosity, and 〈ρl〉
is the volume‐averaged liquid phase density. The capillary
pressure, Pc, is the difference between the gas phase and
liquid phase pressures, which is modeled by the following
empirical correlation [1,17,28,41]:

Pc ¼ γ cos θc
ε
K

� �0:5
F slð Þ (8)

where γ is the surface tension between the gas phase and
liquid phase, θc is the contact angle, and F(sl) is the
Leverett function.

For the electron and proton transports, the solid phase
and membrane phase potential equations are written as
follows:

∇⋅ εsσeff
s ∇ Φsh is� � ¼ −4FAvRc;red (9)

∇⋅ εmσeff
m ∇ Φmh im� � ¼ 4FAvRc;red (10)

where the subscripts s and m represent the solid phase and
membrane phase, respectively. Here, σeff is the effective
conductivity, Φ is the potential, and F is the Faraday
constant. The effective conductivities are estimated using
the expressions available in literature [42], whereas the rate
of reaction, Rc,red, is estimated using the Butler–Volmer
equation as follows:

Rc;red ¼ JO2
0

4F
cO2

cO2;ref

� 	
exp

αanFηc
RT

� 	
−exp −

αcnFηc

RT

� 	
 �

(11)

where JO2
0 is the reference current density at the reference

oxygen concentration of cO2;ref , cO2 is the oxygen
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concentration, and αa and αc are the apparent transfer
coefficients for the anodic and cathodic reactions, respec-
tively. The term n represents the number of electrons
transferred in the electrochemical reaction, and ηc repre-
sents the activation overpotential, which is the driving force
for the electrochemical reaction. The catalyst reactive
surface area per unit volume, Av, is a function of catalyst
mass loading per unit area of cathode (mPt), catalyst surface
area per unit mass of the catalyst (As), and catalyst layer
thickness (δCL) that is estimated as follows [37]:

Av ¼ AsmPt

δCL
(12)

2.3. Boundary conditions and source terms

To solve the volume‐averaged governing equations
numerically, the following boundary conditions are
applied. The species concentrations are defined as follows:

cO2 ¼
0:21 P−RHPsatð Þ

RT
for ∂Ω∈ GDL=GFC interface

(13)

cH2O ¼ RHPsat

RT
for ∂Ω∈ GDL=GFC interface (14)

where P and T are the operating pressure and temperature,
respectively, RH is the relative humidity, R is the gas
constant, and ∂Ω is the computational boundary. For the
gas phase conservation of momentum equation, the gas
pressure at the GDL/GFC interface is defined equal to the
operating pressure because the momentum equation is
simplified in the porous GDL and CCL as the Darcy’s law.
In all other boundaries, an insulation or symmetry
boundary condition is applied.

The boundary condition for liquid water equation at the
membrane/CCL interface is quite complex because liquid
water can diffuse through the membrane or the electro‐
osmotic drag can bring more liquid water to the CCL. Thus,
a simplified boundary condition is applied at the membrane/
CCL interface for the liquid water equation, where it is
1327
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assumed that the net water transport by the back‐diffusion
and electro‐osmotic drag is zero. Conversely, liquid
saturation at the GDL/GFC interface is defined as follows:

sl ¼ sl;GFC for ∂Ω∈ GDL=GFC interface (15)

where sl,GFC is a known liquid saturation at the GDL/GFC
interface that is considered to be zero or a small value
(usually in the order 10−3 or lower) for numerical stability.

The von Neumann boundary condition is applied to all
the boundaries for the solid phase potential equation,
except the BP wall. The boundary conditions for the solid
phase potential can be summarized as follows:

Φs ¼ Vcell for ∂Ω∈ BP wall (16)

∇Φs ¼ 0 for ∂Ω∉ BP wall (17)

The von Neumann boundary condition is also used for
the membrane phase potential equation for all the
boundaries. Hence, the boundary conditions for the
membrane phase potential are summarized as follows:

−σeffm ∇Φm ¼ Jm for ∂Ω∈ membrane=CCL interface (18)

∇Φm ¼ 0 for ∂Ω∉ membrane=CCL interface (19)

where Jm is the membrane phase current density that is the
total current density at the membrane/CCL interface. The
source terms for the volume‐averaged conservation
equations (Eqns 2–6) in the GDL and CCL are listed in
Table I. It is worthwhile to note that the detailed
derivations of the volume‐averaged conservation equations
and the source terms are available in Ref. [37].
Figure 2. Liquid water saturation profiles along the dimension-
less thickness of CCL and GDL for different grids at y=3w/4.
3. NUMERICAL TECHNIQUE AND
IMPLEMENTATION

3.1. Solution procedure

The governing equations containing mass, momentum,
species, and charges are solved using COMSOL Multi-
physics® (COMSOL, Inc., 1 New England Executive Park,
Table I. Source terms for the volume‐average

Source term GDL
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� �g� �

ΓO2
S;g 0

ΓM,l −A Psat−xH2O
g Pg

� �g� �

ΓF,l − εlμl
Kkr;l

ulh il
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Suite 350, Burlington, MA 01803, USA), using a FEM to
solve the system of coupled PDEs. The computational
domain is initially discretized into a triangular mesh, and the
Lagrangian elements of second order (quadratic elements)
are used. The UMFPACK solver is chosen to solve the
governing PDEs because it is faster than other solvers
available in COMSOL Multiphysics®. However, the
UMFPACK solver requires higher computer memory
compared with the other solvers. Hence, the SPOOLES
solver is also used in some cases, particularly for the refined
meshes, because it can save half of the memory. The
detailed solution procedure is also available in Ref. [37].

3.2. Grid independent solution

To ensure that the numerical results are grid independent,
we estimated the governing variables in different grid
sizes. Figure 2 shows the variations of liquid water
saturation along the dimensionless distance from the
membrane/CCL interface to the GDL/GFC interface for
three different grid sizes. Here, the line represents the
result of a coarser grid, and the symbols are for the finer
grids as indicated in the legend, namely, grid 1 (45 409
triangular elements), grid 2 (60 046 triangular elements),
d conservation equations in GDL and CCL.

CCL

−MO2AvRc;red þ A Psat−xH2O
g Pg
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−
εgμg
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and grid 3 (104 837 triangular elements). The results are
plotted across the CCL and GDL thicknesses under the
flow channel at y= 3w/4. Because all the grids show
almost identical liquid saturation results, the numerical
results in the following sections are presented for a grid
size of 60 000 triangular elements or higher.
Figure 3. Validation of numerical results with the analytical
model data. The lines represent the liquid saturation across the
CCL estimated using an analytical model [43], whereas the
symbols represent the numerical results at two different
locations under the flow channel as indicated in the legends.

Table II. Parameters used in the numerical simulation for the
base case.

Parameter Value

Channel width (mm) 1
Channel height (mm) 1
Operating temperature (°C) 80
Operating pressure (atm) 3
Operating current density (A/cm2) 0.8
Relative humidity (%) 100
GDL thickness (µm) 200
GDL contact angle (°C) 110
GDL porosity 0.6
CCL thickness (µm) 20
Catalyst loading per unit area (mg/cm2) 0.3
%wt of platinum in CCL 0.2
%wt of Nafion in CCL 0.3
4. RESULTS AND DISCUSSIONS

In this section, the results of two‐dimensional numerical
simulations are presented. The grid independency test does
not always ensure an accurate estimation if the governing
equations are implemented improperly. Therefore, a
numerical validation is an essential part of a numerical
simulation. In the following sections, the numerical
simulation results are first validated, and then the results
of a parametric study are presented.

4.1. Numerical validation

The most popular approach to validate numerical simula-
tion results for a PEM fuel cell is to compare a polarization
curve with experimental data. Here, a half cell approach is
considered to model the CCL; hence, it is required to
estimate ohmic and concentration overpotentials and
mixed potential for accurately generating a polarization
curve. Furthermore, the experimental results reported in
various PEM fuel cells literature also lack information on
several physical and electrochemical parameters. In some
cases, replicating the published results is found to be very
difficult because of the missing information or parameter
values. Hence, the comparison with an experimental pola-
rization curve does not always ensure numerical validity
unless all the physical and electrochemical parameters
involved in the experiment are known.

In this study, we use a different approach to validate
numerical simulation results than the typical polarization
curve approach. Here, numerical results are compared with
analytical model data that are available in literature [43]. It
is worthwhile to note that the analytical data of activation
overpotential have already been compared with experi-
mental data [32], and the same analytical model is used to
generate the liquid water saturation data [43]. Figure 3
depicts the comparison of numerical results with analytical
model results for two different current densities as
indicated in the legends. The liquid water saturations are
plotted across the CCL thickness at two different locations,
namely, y=w/2 and y=w, from the line of symmetry as
shown in Figure 1. The lines represent the analytical model
results of liquid saturation across the CCL thickness, and
the symbols represent the numerical simulation results for
a CCL having a contact angle of 80°. All the parameters
used in the numerical simulation are the same as the base
case, except the GDL properties. The values of GDL
thickness, porosity, and contact angle are considered as
300 µm, 0.5, and 100°, respectively, whereas the base case
parameters are listed in Table II.
1329Int. J. Energy Res. 2011; 35:1325–1339 © 2011 John Wiley & Sons, Ltd.
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Figure 4. Variations of liquid water saturation and oxygen mass
fraction with Nafion loadings along the through‐plane direction
of CCL and GDL under the rib at y=w/4 for a current density of

0.8 A/cm2.
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For a high current density (J = 0.8 A/cm2), the
analytical model shows higher liquid saturation than the
numerical results. This discrepancy is mainly due to
the assumption made in the analytical model, and one
of the assumptions was constant oxygen concentration
across the CCL thickness. In reality, the oxygen concen-
tration varies significantly across the CCL thickness at high
current density, and it will be lower at the membrane/CCL
interface than the oxygen concentration at the CCL/GDL
interface. Because the reaction rate is also a function of
oxygen concentration, an assumption of higher oxygen
concentration at the membrane/CCL interface implies a
higher reaction rate; hence, liquid water production from the
electrochemical reaction is also higher. Therefore, the
analytical expression of liquid water saturation at the CCL
of a PEM fuel cell overestimates liquid water saturation at
high current density. At the same time, we should point out
that the difference between the numerical results and
analytical data at the high current density is about 3% to 4%
at the membrane/CCL interface, and this difference reduces
as we move toward the CCL/GDL interface.

At low current density (J= 0.2 A/cm2), the variation of
oxygen concentration in the CCL is relatively low. Hence,
the assumption used in the analytical solution of liquid
water profile in the CCL makes the analytical expression
valid for the low current densities. Because of this,
Figure 3b shows almost identical liquid saturation profiles
for both the numerical simulation and analytical estima-
tion. Although a small variation between the numerical
and analytical results is still visible near the membrane/
CCL interface, it can be again attributed to the assumption
of uniform oxygen concentration used in the analytical
model. It is worthwhile to emphasize that no specific and
detailed measurements of liquid water saturation in CCL
of PEM fuel cells are available in open literature that can
be used to further validate the present model. The attempt
we made in this study to compare the numerical simulation
results with the analytical model data is perhaps the only
approach available in open literature other than the typical
polarization curve approach. Therefore, it is reasonable to
claim that the numerical simulation results are accurate
with respect to the analytical model data because it
matches the limiting case (low current density), and the
comparison shown in Figure 3b can serve as the validation
of numerical results presented here.

4.2. Effect of catalyst layer porosity

The catalyst layer is considered as a macro‐homogenous
layer; therefore, the physical structure of CCL can be
quantified by its porosity. Obviously, the pores inside a
CCL are random, and it is not possible to physically
quantify a random structure. Hence, it is assumed that the
catalyst layer’s porosity is sufficient to describe the
physical nature of a macro‐homogenous catalyst layer.
The catalyst layer porosity depends on the platinum (Pt)
and Nafion loadings; hence, the results are presented as the
functions of Pt and Nafion loadings.
1330 I
Figure 4 shows the variations of liquid water saturation
and oxygen mass fraction with different Nafion loadings
(weight percentage of Nafion) along the through‐plane
direction of CCL and GDL at y=w/4. The parameter
values used in these calculations are listed in Table II. For
low Nafion loading (%N≤ 30%), the variations of liquid
water saturation are negligible for the entire thickness of
CCL and GDL. For a high Nafion loading (%N> 30%),
Nafion loading increases liquid water saturation inside the
catalyst layer. For the entire range of Nafion loadings
shown in Figure 4, the liquid saturation remains almost
identical throughout the GDL thickness. Because the
Nafion loading is inversely proportional to CCL porosity,
it seems that the CCL porosity does not have any
significant effect on the liquid water saturation inside the
GDL. When oxygen concentrations for the various Nafion
loadings are compared, we see a variation in the oxygen
mass fraction (shown in Figure 4b). The oxygen mass
nt. J. Energy Res. 2011; 35:1325–1339 © 2011 John Wiley & Sons, Ltd.
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Figure 6. Variations of liquid water saturation and oxygen mass
fraction with Pt loadings along the through‐plane direction of

CCL and GDL at y=w/4.
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fraction variation is about 10% between the highest and
lowest Nafion loadings at the membrane/CCL interface.
Because the effective oxygen diffusivity decreases with
the catalyst layer porosity, the effective oxygen diffusivity
will be lower at higher Nafion loadings. Hence, the oxygen
transport is hindered by the Nafion loadings. Conversely,
the production of liquid water inside the catalyst layer is
significantly dictated by the electrochemical reaction,
hence by the activation overpotential.

The local activation overpotential profiles along the
CCL thickness for different Nafion loadings are shown in
Figure 5. Clearly, the local activation overpotential
decreases with Nafion loading at the membrane/CCL
interface. Because local activation overpotential is highest
at the membrane/CCL interface, the value at the
membrane/CCL interface will correspond to the cell’s
activation loss. Hence, the value at the membrane/CCL
interface is simply referred as ‘activation overpotential’,
and the value along the CCL thickness is referred as ‘local
activation overpotential’. For the high Nafion loading, the
effective protonic conductivity for the catalyst layer
increases significantly, which provides lower membrane
phase potential inside the catalyst layer, and hence, it
reduces the activation overpotential and the electrochem-
ical reaction rate. Therefore, the production of liquid water
is low for high Nafion loading. Hence, the variation of
liquid water saturation profile observed in Figure 4a is the
net increase of liquid water saturation due to the porosity
reduction and the activation overpotential reduction. At the
same time, the results shown in Figure 4 also indicate that
the optimum performance of a PEM fuel cell should be
obtained when a Nafion loading of about 30% is
considered for the CCL.

Figure 6 shows the variations of liquid water saturation
and oxygen mass fraction along the through‐plane
direction of CCL and GDL for five different Pt loadings
Figure 5. Local activation overpotential profiles along the
catalyst layer thickness at y=w/4 for different Nafion loadings.

Int. J. Energy Res. 2011; 35:1325–1339 © 2011 John Wiley & Sons, Ltd.
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(mg/cm2) as indicated in the legend. The parameter values
used in these calculations are listed in Table II. For low Pt
loading (mPt≤ 0.3mg/cm2), the variations of liquid water
saturation with Pt loadings are almost negligible for the
entire GDL thickness. This behavior is almost identical to
the various Nafion loading result shown in Figure 4. For
high Pt loading (mPt > 0.3mg/cm2), Pt loading increases
liquid water saturation significantly inside the CCL, but
the variation of liquid saturation is relatively small inside
the GDL. This is because the Pt loading changes the CCL
porosity, and the CCL porosity does not have any
significant effect on liquid water saturation inside the
GDL. Unlike Figure 4, the oxygen mass fractions with
various Pt loadings show a significant variation throughout
the CCL and GDL thicknesses. The variation is even more
prominent inside the catalyst layer. Comparing Figure 6
with Figure 4, we observe about 30% reduction in the
oxygen mass fraction when Pt loading changes from a
value of 0.1 to 0.5mg/cm2. It is worthwhile to mention
that Figure 4 is plotted as a function of %wt of Nafion
1331
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membrane, whereas Figure 5 shows the result as a function
of Pt loading in mg/cm2. Therefore, the highest value of Pt
loading corresponds to a different porosity than the
porosity for the highest value of Nafion loading.
Nonetheless, Figure 6 depicts that the optimum Pt loading
should be in the range of 0.3mg/cm2 or lower, which is
within the range of our earlier prediction [32].

The local activation overpotential profiles along the
CCL thickness with five different Pt loadings are shown in
Figure 7. The activation overpotential decreases signifi-
cantly with Pt loading that is mainly due to the better
electrochemical reaction at the membrane/CCL interface.
Although the higher Pt loading reduces catalyst layer
porosity and hinders oxygen transport, it provides a better
transport of electrons and protons. It should be mentioned
that these results are calculated by changing Pt loadings
only. Both the %wt of platinum and %wt of Nafion
membrane are kept constant. Therefore, the higher Pt
loading also represents a higher Nafion volume fraction,
which provides a higher effective protonic conductivity for
the membrane phase inside the CCL. Although a 26%
reduction in the activation overpotential is possible to
achieve by increasing Pt loading from a value of 0.1 to
0.5mg/cm2, it might not be favorable for the PEM fuel
cells because of the cost of platinum. Therefore, an
optimum Pt loading is always desirable.

4.3. Effect of catalyst layer contact angle

Figure 8 shows the variations of liquid water saturation
with different CCL contact angles at various locations of
CCL and GDL along the through‐plane and in‐plane
directions for a current density of 0.8 A/cm2. Here,
Figure 8a shows liquid water saturation profiles under the
flow channel (y= 3w/4), and Figure 8b shows liquid water
saturation profiles under the rib (y=w/4). Conversely,
Figure 8c shows the results along the in‐plane direction
Figure 7. Local activation overpotential profiles along the
catalyst layer thickness at y=w/4 for different Pt loadings.
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inside the CCL at two different locations. The lines in
Figure 8c represent the results near the membrane/CCL
interface at x= 1 µm, and the symbols represent the results
near the CCL/GDL interface at x= 19 µm. The last part of
Figure 8 shows the variations of liquid water saturation
along the in‐plane direction at the middle of the GDL. The
parameter values used to estimate the results shown in
Figure 8 are listed in Table II, except the CCL contact
angles that are indicted in the figure legends.

Clearly, the contact angles for hydrophilic CCL do not
have any significant effect on liquid water saturation in the
GDL under the flow channel (y= 3w/4). For the CCL, the
contact angles show a change in the liquid saturation
values. The higher the contact angles, the higher the liquid
saturations. The variation in liquid saturation profile is
small compared with the variation observed in our
previous study that was based on the one‐dimensional
analytical expressions of liquid water saturation for the
CCL [43]. However, the trends of saturation profiles
remain identical. As mentioned earlier, the analytical
expressions of liquid water saturation in the CCL always
overestimate liquid saturation at high current density. The
variations observed between the numerical results and the
results of Ref. [43] can be attributed to the assumptions
used in the analytical formulation and the current density
value used in the numerical simulation (J= 0.8A/cm2).
Conversely, liquid saturation profile under the rib (y=w/4)
shows almost identical trend in both CCL and GDL for
low contact angles. For high contact angles, the variations
are more prominent inside the CCL. Because the catalyst
layer needs to be well hydrated for better electrochemical
reaction and oxygen transport is hindered by liquid water,
it seems a hydrophilic catalyst layer with lower contact
angles (θc≤ 70°) would perform better because it can
provide a smoother transition for liquid water transport at
the CCL/GDL interface.

For in‐plane direction inside the CCL, liquid water
saturation profiles are shown in Figure 8c. Here, the lines
show the results near the membrane/CCL interface, and
the symbols show the results near the CCL/GDL interface.
For both cases, the contact angles do not show any
significant effect on the liquid water saturation for
θc≤ 70°. For high contact angle (θc > 80

°), a high liquid
water saturation near the membrane/CCL interface than
the CCL/GDL interface is observed. In fact, the capillary
pressure is less for the higher contact angle. Hence, the
driving force is less, which eventually reduces the liquid
water transport. Because liquid saturation profiles inside
the CCL remain almost unchanged for θc≤ 70°, it can be
concluded again that a CCL with lower contact would
perform better for both the electrochemical reaction and
oxygen transport. Like the through‐plane direction under
the flow channel, the liquid saturation profiles remain
independent of the CCL contact angles in the in‐plane
direction inside the GDL as illustrated in Figure 8d.
However, a small variation between the liquid water
saturation profiles is observed under the rib. Because the
CCL contact angles have strong influence on liquid water
nt. J. Energy Res. 2011; 35:1325–1339 © 2011 John Wiley & Sons, Ltd.
DOI: 10.1002/er



Figure 8. Variations of liquid water saturation with CCL contact angles for a current density of 0.8 A/cm2, (a) along the through‐plane
direction of CCL and GDL under the channel, (b) under the rib, (c) in‐plane direction of CCL, and (d) in‐plane direction of GDL.

Effects of catalyst layer structure and wettability P. K. Das et al.
saturation inside the CCL under the rib, it seems that the
high water saturation in CCL under the rib also slightly
influences water saturation inside the GDL under the rib
area.

Although the catalyst layer contact angles show a
distinct effect on liquid water saturation inside the CCL,
the oxygen mass fractions remain unchanged for all these
contact angles. The contour plots of oxygen mass fraction
inside the CCL and GDL are shown in Figure 9 for two
extreme contact angles. As seen in Figure 9 for CCL
contact angles, the contours of oxygen mass fraction are
exactly the same even inside the catalyst layer. The main
reason why we do not observe any significant variation in
the oxygen mass fraction is the effective oxygen dif-
fusivity. The amount of variation observed in the liquid
saturation profile inside the CCL (Figure 8) is unable to
further hinder the oxygen transport or the effective trans-
port properties. It is believed that the reactant transport will
only be affected if the pores are completely blocked by
liquid water. The effective property formulations available
Int. J. Energy Res. 2011; 35:1325–1339 © 2011 John Wiley & Sons, Ltd.
DOI: 10.1002/er
in Ref. [42] were developed based on the assumption that
if the pores were partially filled by liquid water, it will only
reduce the effective oxygen diffusivity, but the order of
magnitude will remain the same. Hence, a significant
change will only be observed between the dry case and
flooded case. Once a fuel cell is flooded, the oxygen
concentration will only be further hindered for extremely
high liquid water saturation.

Figure 10 depicts the local activation overpotential
profiles along the CCL thickness for different CCL contact
angles. Although the liquid water saturation changes about
6% under the flow channel and about 3% under the rib
when the CCL contact angle changes from 60° to 85°, the
activation overpotentials remain exactly the same for
different CCL contact angles. As mentioned in Ref. [43],
the linear reduction of active reaction area with liquid
water saturation used in the numerical simulation is the
main reason for the identical activation overpotential
profiles observed in Figure 10. This result also raises the
concern whether the linear reduction of active reaction
1333
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Figure 9. Distributions of oxygen mass fraction inside the cathode catalyst and GDLs for two difference CCL contact angles: (a)
θc = 60° and (b) θc = 85°.

Figure 10. Local activation overpotential profiles along the catalyst layer thickness at y=w/4 for different CCL contact angles.
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area with liquid water saturation is sufficient for the PEM
fuel cell modeling, which has been widely used over the
last decades. Although we explored the liquid water
transport inside the CCL and how the CCL properties
affect the liquid water transport, it seems to be interesting
to explore whether the GDL surface wettability or porosity
also affects the liquid water transport inside the CCL. In
the following sections, the results for several GDL contact
angles and porosities are presented.
1334 I
4.4. Effect of gas diffusion layer
contact angle

Figure 11 shows the variations of liquid water saturation
and oxygen mass fraction with GDL contact angles at two
different locations along the through‐plane direction for a
current density of 0.8A/cm2. The parameter values used in
these calculations are listed in Table II, except the GDL
contact angles that are indicated in the figure legends.
nt. J. Energy Res. 2011; 35:1325–1339 © 2011 John Wiley & Sons, Ltd.
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Figure 11. Variations of liquid water saturation and oxygen mass fraction with GDL contact angles along the through‐plane direction
at y=3w/4 (under the channel) and y=w/4 (under the rib).
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Unlike the effect of CCL contact angles on the liquid water
saturation (Figure 8), the GDL contact angles show a large
variation on the liquid water saturation throughout the
entire CCL and GDL thicknesses for both locations as
shown in Figure 11a. It also indicates that the highest
liquid saturation will always be under the rib because of
the longer transport path for liquid water to be removed
through the GDL to the GFC. It is also clear that the higher
the GDL contact angles (hydrophobicity), the lower the
liquid water saturations. Hence, the GDL hydrophobicity
enhances the liquid water removal from the CCL to the
GFC. The phenomenon that the GDL hydrophobicity
enhances the liquid water removal from PEM fuel cells has
already been reported in various studies [17,19,20], and
the present model depicts exactly the similar trend.

The variations of oxygen mass fraction with GDL
contact angles inside the CCL and GDL are illustrated in
Figure 11b along the through‐plane direction at y= 3w/4
and y=w/4. Although a significant change in liquid
saturation is observed with the GDL contact angles, it
Int. J. Energy Res. 2011; 35:1325–1339 © 2011 John Wiley & Sons, Ltd.
DOI: 10.1002/er
seems that the amount of liquid saturation observed in
Figure 11a does not hinder the oxygen transport,
particularly under the flow channel (y= 3w/4). However,
it does show that the oxygen transport is hindered by the
liquid water under the rib. Because the liquid saturation
decreases with GDL contact angles, the oxygen mass
fraction also decreases with GDL contact angles under the
rib (y=w/4).

Figure 12 depicts the local activation overpotential
profiles in the catalyst layer along the CCL thickness for
different GDL contact angles. Similar to the effect of CCL
contact angles on the activation overpotentials, the GDL
contact angles also show insignificant effect on the
activation overpotentials. In fact, the activation over-
potentials (highest value at the membrane/CCL interface)
for all of the contact angles remain almost constant. The
GDL contact angles, however, show local variations that
can be attributed to the local variations of oxygen
concentration. Although the liquid water saturation
reduces about 30% under the rib (y=w/4) when the
1335



Figure 12. Local activation overpotential profiles along the
catalyst layer thickness under the rib at y=0 for different GDL

contact angles.
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GDL contact angle changes from 100° to 150°, the local
activation overpotentials at the membrane/CCL interface,
that is, the total activation losses, remain identical. As
mentioned earlier that the widely used linear reduction of
active reaction area with liquid water saturation is
insufficient to capture the effect of liquid saturation on
the activation overpotential, Figure 12 is again providing
the evidence. Figures 11 and 12 also indicate that the
higher GDL contact angles enhance the liquid water
removal without significantly hindering the oxygen
transport and without increasing the activation losses;
hence, a higher GDL contact angle will always improve
the fuel cell performance. However, a higher hydropho-
bicity requires a higher polytetrafluoroethylene (PTFE)
loading for the GDL,whichmay reduce theGDL’s electronic
and thermal conductivities. Hence, a proper measure should
Figure 13. Variations of liquid water saturation with GDL porosity a
and y=w/4 (und
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be taken to find the optimum PTFE loading for the GDL.
Although the present model is not capable of quantifying the
effect of PTFE loading, it indicates new avenues for future
research. Overall, the results shown in Figures 11 and 12
provide some useful insights on how GDL hydrophobicity
impacts the cell performance and liquidwater transport inside
the CCL. It is worthwhile to note that the detailed analyses of
GDL and microporous layer’s properties are available in
Ref. [23,44–47].

4.5. Effect of gas diffusion layer porosity

Figure 13 shows the variations of liquid water saturation
along the through‐plane direction of CCL and GDL for
three different values of GDL porosity as indicated in the
legend. The liquid saturation profiles are almost uniform
throughout the entire thickness under the rib (y=w/4), but
the liquid saturations decrease with GDL porosities.
Hence, liquid transport is hindered by the low GDL
porosity. Similar saturation profiles are observed under the
flow channel (y= 3w/4). Here, liquid water saturation
profiles sharply decrease at the GDL/GFC interface, which
indicates the removal of liquid water through the flow
channel. These results also indicate that the higher GDL
porosity will keep the liquid water saturation low inside
the CCL.

The local activation overpotential profiles along the
CCL thickness with GDL porosities are shown in
Figure 14. Because the activation overpotential is seen to
be a maximum under the rib, the profiles shown in
Figure 14 are plotted along the line of symmetry under the
rib. It is observed that changing GDL porosity from 0.7 to
0.6 yields about 7.4% reduction of activation loss, whereas
the reduction of activation loss is about 2.7% when GDL
porosity changes from 0.6 to 0.5. Hence, a GDL porosity
of 0.6 would provide a better cell performance without
sacrificing the significant amount of cell output. Clearly,
long the through‐plane direction at y=3w/4 (under the channel)
er the rib).

nt. J. Energy Res. 2011; 35:1325–1339 © 2011 John Wiley & Sons, Ltd.
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Figure 14. Local activation overpotential profile along the catalyst layer thickness under the rib at y=0 for different GDL porosities.
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the results shown in Figures 13 and 14 suggest that the
higher GDL porosity is always favorable for the liquid
water transport, which will eventually provide better
reactant transport, and it would also be possible to run
the fuel cell at a higher current density without the
concentration polarization losses. At the same time, we
should keep it in mind that the higher GDL porosity would
reduce the mechanical strength of GDL.
5. CONCLUSIONS

A two‐phase numerical model of liquid water transport in
the CCL of a PEM fuel cell has been developed to
investigate the effects of catalyst layer structure and
wettability on transport processes and fuel cell perfor-
mance. The governing conservation equations have been
derived from the microscopic conservation equations
using a volume‐averaged technique. The numerical
results have been compared with literature, and a good
agreement has been observed. It has also been observed
that the catalyst layer wetting properties control the
flooding behavior inside the CCL, and the mobile liquid
water saturation in a hydrophilic CCL can be reduced by
increasing the surface wettability or lowering the contact
angle. However, the catalyst layer wettability has little
influence on the liquid water transport inside the GDL. A
similar statement can be made for the oxygen transport
through the GDL. Conversely, the CCL structure
(platinum and Nafion loadings) has a significant effect
on both the liquid water and oxygen transports throughout
the CCL and GDL thicknesses. Furthermore, the linear
reduction of active reaction area with liquid water
saturation seems insufficient to capture the true nature
of oxygen transport because the linear reduction
approach overestimates the active reaction surface area
inside the CCL. The catalyst layer surface wettability
has not shown any significant effect on the activation
Int. J. Energy Res. 2011; 35:1325–1339 © 2011 John Wiley & Sons, Ltd.
DOI: 10.1002/er
overpotential, hence neither on the cell performance.
However, surface wettability may reduce the cell
performance depending on the true relationship between
the active reaction surface area and liquid water flooding.
Overall, the results of this study provide insight on how
the CCL structure and wettability can be optimized to
improve the fuel cell performance and reduce water
flooding inside the CCL.
NOMENCLATURE
A
 interfacial mass‐transfer rate, kg/m3 Pa s

As
 catalyst surface area per unit mass of catalyst, m2/kg

Av
 reactive surface area per unit volume, 1/m

c
 concentration, mol/m3
F
 Faraday’s constant, C/mol

J
 current density, A/cm2
kr
 relative permeability

K
 permeability, m2
M
 molecular weight, kg/mol

P
 pressure, Pa

Pc
 capillary pressure, Pa

Psat
 saturation pressure, Pa

R
 gas constant, J/mol K

s
 saturation

T
 temperature, K

u
 velocity, m/s

w
 mass fraction

x
 mole fraction
γ
 surface tension, N/m

αa,
 αc anodic and cathodic transfer coefficients,

respectively

Γ
 source term

δ
 thickness, m

ε
 porosity, volume fraction

ηc
 activation overpotential, V
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μ

1338
viscosity, Pa s

Ω
 computational boundary

Φ
 potential, V

ρ
 density, kg/m3
θc
 contact angle, °

σ
 conductivity, S/m
CL
 catalyst layer

eff
 effective value

g
 gas phase

l
 liquid phase

m
 membrane phase

Pt
 platinum

O2
 oxygen

ref
 reference value

H2O
 water
BP
 bipolar plate

CCL
 cathode catalyst layer

GDL
 gas diffusion layer

GFC
 gas flow channel

PEM
 polymer electrolyte membrane
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