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bstract

In this work, a three-dimensional, steady-state, multi-agglomerate model of cathode catalyst layer in polymer electrolyte membrane (PEM) fuel
ells has been developed to assess the activation polarization and the current densities in the cathode catalyst layer. A finite element technique is
sed for the numerical solution to the model developed. The cathode activation overpotentials, and the membrane and solid phase current densities
re calculated for different operating conditions. Three different configurations of agglomerate arrangements are considered, an in-line and two
taggered arrangements. All the three arrangements are simulated for typical operating conditions inside the PEM fuel cell in order to investigate
he oxygen transport process through the cathode catalyst layer, and its impact on the activation polarization. A comprehensive validation with the
ell-established two-dimensional “axi-symmetric model” has been performed to validate the three-dimensional numerical model results. Present

esults show a lowest activation overpotential when the agglomerate arrangement is in-line. For more realistic scenarios, staggered arrangements, the
ctivation overpotentials are higher due to the slower oxygen transport and lesser passage or void region available around the individual agglomerate.

he present study elucidates that the cathode overpotential reduction is possible through the changing of agglomerate arrangements. Hence, the
pproaches to cathode overpotential reduction through the optimization of agglomerate arrangement will be helpful for the next generation fuel
ell design.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Polymer electrolyte membrane (PEM) fuel cell is a promis-
ng candidate for the next generation power sources due to its
igh power density, low operating temperature, quick start-up,
nd fast dynamic response. Most importantly, its zero emis-
ion capabilities open up opportunities to wide practical use in
ortable, mobile, and stationary cogeneration applications [1].
ven though substantial improvements have been made over

he past few years in the cell design and material utilization in

EM fuel cells, several technical barriers still exist that prevent

he PEM fuel cells from commercialization. Among the various
bstacles, the most important are low cell performance due to

∗ Corresponding author. Tel.: +1 519 888 4567x36843.
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dimensional modeling

igh polarization, and high cost due to platinum (Pt) catalyst
sed in the catalyst layer (CL). Hence, there has been consider-
ble interest in the modeling and optimization of PEM fuel cells
iming at performance improvement and cost reduction [2–17].

The performance of a PEM fuel cell is mainly dictated
y ohmic, activation, and concentration overpotentials. At the
ost common operating ranges, ohmic and activation over-

otentials are dominant over the concentration overpotential,
r simply existence of concentration overpotential is negli-
ible. The estimation of the ohmic overpotential has already
een well-established that can be determined from the avail-
ble experimental data or from the empirical relation for the cell
olarization curve of PEM fuel cells [6–8,11,18]. On the other

and, the activation overpotential shows more complex nature
ue to its dependency on the catalyst layer structure; for instance,
hether it has agglomerate or macro-homogeneous structure,

omposition of the catalyst layer, types of the catalysts used,

mailto:x6li@uwaterloo.ca
dx.doi.org/10.1016/j.jpowsour.2007.12.085
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nd how the reactants transport in the catalyst layer. Therefore,
ctivation overpotential cannot be estimated easily. Further-
ore, activation overpotential in the anode catalyst layer is very

mall compared to the activation overpotential in the cathode
atalyst layer; hence, the activation overpotential in the cath-
de catalyst layer has major influence on the cell performance.
mong the various catalyst layer models investigated, three dif-

erent models of cathode catalyst layer have been established
n the past decade, namely, thin-film, macro-homogeneous, and
gglomerate model. In the thin-film model, the catalyst particles
re embedded on the thin-film of polymer membrane [19,20];
hereas in the macro-homogeneous model, the cathode catalyst

ayer is considered as a homogeneous matrix of supported cat-
lyst platinum, polymer electrolyte, and void spaces [4,5,9,10].
n the agglomerate model, the catalyst layer is considered as a
niform matrix of catalyst agglomerates, which is surrounded by
he gas pores. Each of these catalyst agglomerates are assumed
o be homogeneous mixture of catalysts, polymer electrolytes,
nd void spaces as well [15,21–27]. In addition, there are several
ther models that have also been developed, namely, cylindrical
gglomerate [28], ordered catalyst layer [29], and non-uniform
atalyst layer [30]. It should be noted here that experimental
tudies showed that the agglomerate model might be a close
pproximation to model the catalyst layer for PEM fuel cells
22,31].

On the other hand, in terms of the computational efficiency in
umerical modeling, three different approaches to catalyst layer
odeling would be more viable. In a most simplified approach,

he catalyst layer is considered as an ultra-thin layer between
he membrane and gas diffusion layer (GDL), ignoring the reac-
ion kinetics and transport processes within the catalyst layer
32]. This is useful, particularly for the three-dimensional full
ell model due to the limited computing power. Hence, the cat-
lyst layer is assumed as a source or sink boundary condition
hat is simple to implement for predicting the typical polarization
urve, optimizing the cell design parameters, and operating con-
itions. In the second approach, the catalyst layer is considered
s more realistic thin layer of catalyst particles and electrolyte
embrane or the agglomerate of catalyst particles and elec-

rolyte membrane sandwiched between the membrane and gas
iffusion layer [4,5,9,10,15,23–25,30,33]. All of these studies
sed the one-dimensional approach for the catalyst layer or for
he individual catalyst agglomerate. Recently, two-dimensional

odel results are presented for the agglomerate model [27].
nce again, the individual agglomerate is accounted by consid-

ring diffusion in the radial direction only. However, to improve
he performance of the cathode catalyst layer and reduce the cost
ssociated with the Pt-catalyst, it is required to study transport
rocesses in the cathode catalyst layer. Furthermore, transport
rocesses in the cathode catalyst layer are largely depend on
he structures of the catalyst layer or the arrangements of cat-
lyst agglomerates in the cathode catalyst layer. Therefore, the
hird and most practical approach would be detailed modeling

f the cathode catalyst layer using three-dimensional approach.
one of the previous studies has reported the three-dimensional
ature of the agglomerate catalyst layer that would be an accurate
pproximation of a practical catalyst layer.
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In this study, a three-dimensional (3D) agglomerate model of
athode catalyst layer in a PEM fuel cell is developed to study
he activation overpotential in the cathode catalyst layer. The
ffect of agglomerate arrangements on the activation overpoten-
ial of PEM fuel cells has been investigated for three different
ypes of agglomerate arrangements, namely, in-line agglomerate
rrangement as Case-I, and two staggered agglomerate arrange-
ents as Case-II and Case-III. The catalyst layer geometry is

enerated assuming that the agglomerates are aligned along the
hickness of the catalyst layer in the first case and then by consid-
ring staggered arrangements in the subsequent cases. Since the
overning equations are nonlinear partial differential equations
nd the catalyst layer has a complex geometry, finite element
echnique is used to solve the governing equations due to its
bility to handle complex geometrical domains [34,35]. The
imulation results presented here show a considerable insight
n how the activation overpotential changes with the arrange-
ent of catalyst agglomerates that will eventually be helpful for

he better understanding of PEM fuel cell performance and its
esign.

. Model description

A typical PEM fuel cell is considered that consists of a
athode and an anode electrode with a proton conducting mem-
rane as the electrolyte sandwiched in between. Generally, the
hickness of the electrodes and membrane are approximately
50 �m. Each of these electrodes also consists of approximately
0 �m (or thinner) catalyst layer between the electrode and
he membrane, known as the anode catalyst layer and cathode
atalyst layer, respectively. Typically, humidified H2 gas is sup-
lied under pressure into the anode flow channel which diffuses
hrough the porous electrode until it reaches the anode catalyst
ayer and forms protons (H+) and electrons via electro-oxidation
eaction at the catalyst surface. The protons are transferred
hrough the membrane to the cathode catalyst layer, and the
lectrons are transported via the external circuit to the cathode.
onversely, humidified O2 gas or air is supplied to the cathode
ow channel where O2 gas diffuses through the porous electrode
ntil it reaches the cathode catalyst layer and forms water react-
ng with protons and electrons. The overall electro-chemical
eaction occurring in the PEM fuel cell can be represented by
he following reaction:

2 + 1

2
O2 → H2O + Heat + Electric energy (1)

.1. Governing equations

In this study, a three-dimensional modeling domain is consid-
red, which is geometrically identical to our previous study [18],
xcept the catalyst layer structure. A schematic diagram of the
athode catalyst layer under consideration is shown in Fig. 1.

ere, the catalyst agglomerates are considered as a homoge-
eous mixture of electrolyte membrane, supported Pt-catalyst,
nd void space. The volume fractions of these components can
e varied as can the effective surface area of catalyst that can
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Fig. 1. Schematic of the cathode catalyst layer in a PEM fuel cell.

e characterized by different loadings and catalyst types. The
verall reaction in the catalyst agglomerate is taken as

2 + 4H+ + 4e− → 2H2O (2)

Assuming the cell is operating in steady-state condition and
he membrane is fully humidified, the conservation equation for
xygen in the cathode catalyst layer (inside the agglomerates)
an be written as

·
(
Deff

O2
∇CO2

)
+ �orr = 0 (3)

here Deff
O2

is the effective diffusion coefficient of the trans-
orted oxygen that is calculated using Bruggeman correction
rom the bulk diffusion coefficient, DO2 , and the corresponding
oid fraction, φi as [36]

eff
O2

= φ
3/2
i DO2 (4)

ince there is no reaction outside the agglomerates, the oxygen
eduction reaction rate or the rate of electro-chemical reaction
�orr) is equal to zero outside the agglomerates in Eq. (3); there-
ore, diffusion is the mechanism for oxygen transport in the
oid region outside the agglomerates. Conversely, the oxygen
eduction reaction rate inside the agglomerates is given by the
utler–Volmer equation as [1]

orr = AvJ0,ref

n�
(

CO2

CO2,ref

)γ {
exp

(
αan�ηact

�T

)

− exp

(
−αcn�ηact

�T

)}
(5)

ere, the catalyst reactive surface area per unit volume (Av) is
function of the catalyst mass loading per unit area of cathode

mPt), the catalyst surface area per unit mass of the catalyst (As),
nd the thickness of the catalyst layer (δc), which is calculated

sing the following relation [18]:

v = AsmPt

δc
(6) ∇
ources 179 (2008) 186–199

The reference current density (J0,ref) at the reference
oncentration of CO2,ref is calculated using the experimental
ata of Parthasarathy et al. [38] and the reference oxygen
oncentration, CO2,ref, is taken as 1.2 mol m−3[10,38]. The
xperimental data of the reference exchange current density in
cm−2 for oxygen reduction in Nafion® were correlated with

he cell temperature in Kelvins by [10]

og10(J0,ref) = 3.507 − 4001

T
(7)

n Eq. (5), γ is the overall reaction order, αa and αc are the
pparent transfer coefficients for the anodic and cathodic
eactions, respectively, and ηact represents the activation
verpotential for the electro-chemical reactions.

It is assumed that the electric current flowing through the
atalyst layer obeys the Ohm’s law, which relates the electrical
urrent density to the potential gradient as

i = −σeff
i ∇Ψi (8)

here σeff
i is the effective conductivity of the medium through

hich the current travels and index i refers the phases in the
atalyst layer. Since the catalyst agglomerate in the catalyst
ayer consists both the electrolyte membrane phase and the solid
atalyst, Eq. (8) can be written for the catalyst agglomerates as

m = −σeff
m ∇Ψm for membrane phase current (9)

s = −σeff
s ∇Ψs for solid phase current (10)

here Jm and Js are the membrane phase current density and the
olid phase current density, σeff

m and σeff
s are the effective protonic

onductivity of the membrane and the effective electronic con-
uctivity of the carbon support in the agglomerate, Ψm and Ψs
re the membrane potential and the solid phase potential, respec-
ively. In addition, the current conservation equation yields [37]

· Jm + ∇ · Js = 0 (11)

In the cathode catalyst layer, the protonic current is defined
s the flow of positively charged particles and the electronic
urrent is defined as the flow of negatively charged particles.
ince the flow of electrons depends on the flow of oxygen in the
athode catalyst layer through Eq. (2), the relationship between
he solid phase current and the oxygen reduction reaction rate
an be related as

· Js = −n��orr (12)

here n is the number of electrons transferred in the cathodic
eaction in Eq. (2).

By combining Eqs. (9)–(12), the membrane phase poten-
ial and the solid phase potential equations within the catalyst
gglomerates are summarized as follows:

·
(
σeff

m ∇Ψm

)
= −n��orr for membrane phase potential
(13)

·
(
σeff

s ∇Ψs

)
= n��orr for solid phase potential (14)
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here σeff
m and σeff

s within the catalyst agglomerates are calcu-
ated with Bruggemann correction from the bulk conductivity
sing the following expressions:

eff
m = σm(lm × φc)3/2 (15)

eff
s = σs(1 − φc)3/2 (16)

here lm denotes the volume fraction of membrane in the
gglomerates, σm and σs are the bulk conductivities of the mem-
rane and the solid catalyst, respectively, and φc is the void
raction in the agglomerates.

.2. Boundary conditions

The overpotential in the cathode catalyst layer is defined as
he potential difference between the local value and the reference
otential. In order to be able to calculate the overpotential in the
athode catalyst layer, it is required to define a reference poten-
ial in the catalyst layer. In the present model, the solid phase
otential is considered as the reference potential that eventually
implified the electronic overpotential as zero and the protonic
verpotential as the total activation overpotential. Hence, the
ctivation potential in the cathode catalyst layer is simplified to

act = Ψs − Ψm (17)

Furthermore, following boundary conditions are used to solve
he governing partial differential equations. For the oxygen
ransport equation, the boundary conditions are defined as

O2 = Cint for ∂Ω ∈ GDL–CL interface (18a)

CO2 = 0 for ∂Ω ∈ membrane–CL interface (18b)

n.(Nin − Nout) = 0

for ∂Ω ∈ agglomerate–void space interface (18c)

here Cint is the oxygen concentration at the GDL–CL interface,
Ω represents the boundary of the computational domain, and n
s the unit normal vector. Nin and Nout represent the inward
nd outward fluxes at the agglomerate–void space interface,
espectively, that is defined as

i = −Di∇(CO2 )i (19)

here index i refers inward or outward direction. The calcula-
ion of Cint is not trivial since oxygen concentration is normally
nown in the flow channel, and decreases after transporting
hrough the GDL to reach the catalyst layer. However, an appro-
riate measure is required at the liquid–gas interface for partially
ooded agglomerates in the catalyst layer since the reactant gas

s weakly soluble in liquid water under the typical fuel cell oper-
ting condition, Henry’s law can be used to relate the reactant
oncentrations in the gas and liquid phases. The details are given
n our earlier work [18]. For the membrane phase potential, the

oundary conditions are

Ψm = 0 for ∂Ω ∈ GDL–CL interface (20a)

σeff
m ∇Ψm = Jm for ∂Ω ∈ membrane–CL interface (20b)

t
c
t
e

ources 179 (2008) 186–199 189

.Jm = 0 for ∂Ω ∈ agglomerate–void space interface (20c)

here Jm is the membrane current density at the membrane–CL
nterface. Finally, for the solid phase potential as

σeff
s ∇Ψs = Js for ∂Ω ∈ GDL–CL interface (21a)

s = 0 for ∂Ω ∈ membrane–CL interface (21b)

.Js = 0 for ∂Ω ∈ agglomerate–void space interface (21c)

here Js is the solid phase current density at the GDL–CL inter-
ace. Due to the geometric symmetry, the total membrane current
ensity at the membrane–CL interface is equal to the total solid
hase current density at the GDL–CL interface, i.e.,

m ∈ membrane–CL interface = Js ∈ GDL–CL interface = Jδ

(22)

here Jδ is the boundary value of the current densities for
he two interfaces as mentioned above. In addition to the
bove-mentioned boundary conditions, insulation or symmetry
oundary conditions are applied in the appropriate boundaries
hen required.

.3. Operating conditions and physical parameters

In the present investigation, it is considered that air is the
athode gas and the concentration of oxygen in the cathode flow
hannel is uniform. The electrode is considered dry; hence, the
xygen diffuses through the un-flooded electrode void region to
each the GDL–CL interface. In addition, the catalyst agglom-
rates are considered partially hydrated and water in the void
egion around the agglomerates is considered in gaseous phase
o simulate the un-flooded scenarios and the start-up case. The
hickness of the catalyst layer in the present study is considered
s 10 �m and the agglomerate diameter is considered as 5 �m.
ypically, the thickness of the catalyst layer and the agglomerate
ize depend on the amount of catalyst loading and the fabrication
ethods. It is found in our earlier study that for the typical oper-

ting conditions and physical parameters, the optimum catalyst
hickness ranges from 10 to 15 �m [18]. Furthermore, scanning
lectron micrograph (SEM) of membrane electrode assembly
hows that the catalyst layer thickness is around 10–20 �m and
he mean agglomerate diameter is about 6 �m [22]. The operat-
ng parameters and the physical properties used in the numerical
omputation are listed in Table 1.

It is worthwhile to note that the bulk diffusion coefficient of
xygen is calculated according to the following relation [39]:

O2,bulk = 1 − XO2

(XN2/DO2−N2 ) + (XH2O/DO2−H2O)
(23)

here XO2 , XN2 , and XH2O are the mole fractions of oxygen,
itrogen, and water vapor, respectively. The binary diffusion
oefficient of oxygen and nitrogen, DO2−N2 , is calculated using

he Chapman-Enskog formula and the binary diffusion coeffi-
ient of oxygen and water vapor, DO2−H2O, is calculated using
he Slattery-Bird equation [39,40]. Since the catalyst agglom-
rate is a mixture of electrolyte membrane, solid catalyst, and
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Table 1
The operating and physical parameters in the present model calculations [10,18]

Parameter Value

Operating temperature, T (◦C) 50 and 80
Operating pressure, P (atm) 1 and 3
Electrode thickness, δe (�m) 250
Catalyst layer thickness, δc (�m) 10
Agglomerate diameter (�m) 5
Void fraction of the cathode electrode, φe 0.4
Fraction of membrane in the agglomerate, lm 0.4
Fraction of flooding in the agglomerate, ll 0.5
Catalyst loading per unit area, mPt (mg cm−2) 0.2
Fraction of catalyst, fPt 0.2
Catalyst surface area per unit mass of the catalyst, As (m2 g−1) 112
Membrane conductivity, σm (S cm−1) 0.17
Solid catalyst conductivity, σs (S cm−1) 727
Density of platinum, ρPt (g cm−3) 21.5
Density of carbon black, ρc (g cm−3) 2.0
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nodic transfer coefficient, αa 0.5
athodic transfer coefficient, αc 0.5

oid region filled with liquid water and water vapor, the overall
iffusion coefficient in the catalyst layer can be estimated using
he following relation:

1

DO2−c
= lm

DO2−m
+ ll

DO2−H2O(l)

+ lg

DO2−H2O(g)

(24)

here lm, ll, and lg are the fractions of membrane, liquid water,
nd water vapor in the catalyst agglomerate, respectively.

. Numerical technique

The governing equations, Eqs. (3), (13), and (14) for inside
nd Eq. (3) for outside of the agglomerates, were solved sub-
ected to the boundary conditions mentioned in the previous
ection. It should be pointed out that two approaches exist in
iterature for the numerical modeling of a fuel cell. In the first
pproach, current densities can be solved numerically by speci-
ying overpotentials, and in the second approach, overpotentials
re solved by specifying current densities. In the present work,
he second approach was used.
The finite element method using COMSOL Multiphysics TM

unning on a 64-bit Linux CPU with 3 GB of RAM was used.
he computational domain was initially discretized into a tetra-
edral mesh and Lagrangian elements of second order (quadratic

l

l
O

Fig. 2. Schematic of the computational domain: (a) three-dimens
ources 179 (2008) 186–199

lements) were used. Stationary nonlinear solver was chosen
o solve the governing partial differential equations (PDEs).
ince the governing PDEs are highly nonlinear, the general
orm of solution was chosen with the GMRES iterative solver
nd the geometric multigrid or SSOR techniques were used
s pre-conditioners. Furthermore, governing equations are cou-
led together with the reaction rate term, hence, in the solution
ethodology an initial solution first obtained in a lower mesh

nd then the governing equations were solved individually at
he higher level of mesh. The solutions were considered as con-
erged solution when the preset tolerance value goes below
0−6 for each case. Detail description of the solver, the pre-
onditioners, and the error estimation used in this study can be
ound in the COMSOL Multiphysics TM user’s guide [41].

.1. Numerical validation

As mentioned earlier, none of the previous studies has consid-
red the three-dimensional agglomerate arrangements; hence,
irect comparison is not possible. Rather a limiting case of
gglomerate model has been invoked for the validation of the
ccuracy of three-dimensional numerical calculation, where
gglomerates are considered in a cylindrical computational
omain. The advantage of using such three-dimensional domain
s it can be solved as two-dimensional axi-symmetric problem,
ence, the accuracy of the three-dimensional calculation can eas-
ly be verified with two-dimensional calculation. The thickness
f the catalyst layer is chosen as 10 �m and the agglomer-
te diameter as 5 �m, i.e., two agglomerates can exist along
he thickness of the catalyst layer. A schematic diagram of
he three-dimensional computational domain and correspond-
ng axi-symmetric computational domain used for the validation
s shown in Fig. 2 along with the coordinate systems. Here,
he number of agglomerates was kept as two, however, to

aintain sufficient contact between the agglomerates, between
he agglomerates and GDL, and between the agglomerates
nd membrane, the size of the each agglomerate has been
ncreased by 2% keeping the centers of the agglomerates fixed.
oundary conditions for both the axi-symmetric model and

he three-dimensional model were identical as described ear-

ier.

Fig. 3 shows the oxygen concentration profile across the cata-
yst layer thickness along the centerline of the agglomerates (line
O

′
in Fig. 2) for two current densities as indicated in the legend.

ional domain, (b) two-dimensional axi-symmetric domain.
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Fig. 3. Oxygen concentration profile in the cathode catalyst layer along the x-
axis shown in Fig. 2 in a PEM fuel cell operating at 80 ◦C and 3 atm. Lines
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epresent the axi-symmetric model results, whereas the symbols represent the
hree-dimensional model results of the present investigation for two current
ensities as indicated in the legend.

he operating pressure and temperature of the fuel cell is consid-
red as 3 atm and 80 ◦C, respectively. The numerical procedure
or the three-dimensional models is similar as described earlier.
owever, for axi-symmetric model, the advantage of adaptive
esh refinement technique has been employed for better accu-

acy. Conversely, Fig. 4 depicts the activation polarization for
he three-dimensional model and the axi-symmetric model. As
bserved in Fig. 3 for both current densities, numerical solu-
ion of the three-dimensional model shows good agreement
ith the axi-symmetric model results. Furthermore, the acti-
ation polarization results also show excellent agreement. The
ccuracy of the two-dimensional finite element model using

daptive mesh refinement with commercial software, like COM-
OL Multiphysics TM, is well-established [34,42]. Furthermore,

wo-dimensional numerical model required less number of grid
o represent the curve surfaces. Whereas, three-dimensional

ig. 4. Activation polarization of a PEM fuel cell operating at 80 ◦C and 3 atm.
ines represent the axi-symmetric model results, whereas the symbols represent

he three-dimensional model results of the present investigation.
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odels required significantly large number of gird for proper
epresentation of spherical surfaces that is limited by com-
uter memory. This limitation of computer memory eventually
ower the accuracy of the three-dimensional numerical cal-
ulation. Since the comparisons shown here provide a good
greement with each other, it can easily be concluded that
he three-dimensional model results presented in this study are
ufficiently accurate for studying the effect of catalyst layer
tructures on the performance of PEM fuel cells. Once again,
hese results show the accuracy level of three-dimensional
umerical computation, whereas the accuracy of the mathe-
atical formulation has already been established elsewhere

18].

.2. Grid sensitivity

In addition to the validation shown in the previous section,
comprehensive grid sensitivity test has been performed for

ll the three cases (Case-I, Case-II, and Case-III) to ensure the
esults are independent of grid sizes. This test also ensures
he number of grid used in the three-dimensional numerical
alculation is sufficient. The schematic of the agglomerate
rrangement in the cathode catalyst layer and the computational
omain for the three cases used in the present investigation is
hown in Fig. 5. Here, Case-I represents in-line agglomerate
rrangement, whereas Case-II and Case-III depict two stag-
ered arrangements (uni-directional and bi-directional staggered
rrangements). The orientation of the catalyst agglomerates in
he catalyst layer for different agglomerate arrangements are
isted in Table 2. Different level of meshes have been con-
idered starting from approximately 0.4 million to 1 million
egrees of freedom (DOF) for the three-dimensional models.
hese types of geometry cannot be solved as axi-symmetric,

herefore, full three-dimensional computational domain is used
o estimate oxygen concentrations and activation overpoten-
ials. For illustration purpose, the grid sensitivity results are
hown for Case-I only. Fig. 6 illustrates the variation of the
xygen concentration and the activation overpotential in the
athode catalyst layer along the centerline of the two refer-
nce agglomerates for Case-I. As mentioned earlier for Case-I,
gglomerate arrangements are in-line in all directions, hence,
he geometry is almost identical to three-dimensional domain
hown in Fig. 2a, except the outer domain is rectangular instead

f cylindrical. All the simulation parameters are identical to
hose for Fig. 4. Accuracy of the three-dimensional model
as already been validated in Figs. 3 and 4, therefore, these
esults can be as accurate as Figs. 3 and 4. From Fig. 6, it

able 2
gglomerates orientation in different directions for the cases considered in the
resent investigation

x-Direction y-Direction z-Direction

ase-I In-line In-line In-line
ase-II In-line Staggered In-line
ase-III In-line Staggered Staggered
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ig. 5. Schematic of the agglomerate arrangements in the cathode catalyst la
gglomerate arrangement, Case-II represents staggered arrangement in y-direct

s observed that all three grid levels show identical results.
close inspection of these results show about 0.5% varia-

ion in the oxygen concentration and about 0.2% variation in
he activation overpotential between the highest and the low-
st level meshes. Nevertheless, results shown in Fig. 6 are
lmost independent of the grid sizes. Since the Case-II and

ase-III consist more spherical surfaces than the Case-I and
lso for better accuracy, results are presented for the highest
rid level (approximately 1 million DOF) in all the subsequent
gures.

c
l
d
s

part (a) and the computational domain in part (b). Case-I represents in-line
nd Case-III depicts staggered arrangement in both y- and z-directions.

. Results and discussion

The accuracy of the three-dimensional finite element cal-
ulations has already been shown in the previous section
y comparing three-dimensional model results with a two-
imensional axi-symmetric model, as well as results were

ompared for the grid sensitivity for the three different grid
evels. In this section, results of a parametric study with three-
ifferent catalyst agglomerate arrangements are presented. As
hown in Fig. 5, in Case-I, the catalyst agglomerates are con-
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ig. 6. Variation of oxygen concentration in the cathode catalyst layer along x
orresponding variation of the activation overpotential in part (b) for two curren
owest degrees of freedom (DOF), whereas the symbols represent the results of

idered as in-line arrangement in all directions. For Case-II
nd Case-III, two staggered arrangements are considered as
hown in Fig. 5. Here, staggered arrangement is considered in
-direction for Case-II, and for Case-III, both y- and z-directions
ave staggered arrangements of the catalyst agglomerates. For
ll the cases, x-direction is considered as in-line arrangement
o keep symmetry between these cases. Due to the symmetry
n x-direction, all the results are presented along the centerline
etween the two reference agglomerates (lied on the x-axis) as
hown in part (b) of Fig. 5.

.1. Case-I (in-line arrangement)

Fig. 7 shows the profiles of oxygen concentration with dif-

erent current density values for Case-I. Each of these profiles is
lotted inside the reference agglomerates along the x-axis that
s identical of line OO

′
as shown in Fig. 2. Five different cur-

ent density values were considered as indicated in the legend.

e
c
p
t

ig. 7. Oxygen concentration profile in the cathode catalyst layer along the center lin
t (a) T = 50 ◦C and P = 1 atm, and (b) T = 80 ◦C and P = 3 atm. Each line repres
he symbols show the oxygen profile along a line parallel to x-axis at y = 0 and z =
for Case-I in a PEM fuel cell operating at 80 ◦C and 3 atm in part (a) and the
ity values (Jδ = 0.4 A cm−2 and 0.6 A cm−2). Lines represent the results at the
ighest degrees of freedom as indicated in the figure.

n both figures, the symbols represent the oxygen concentration
rofile along a line parallel to the x-axis at y = 0 and z = 2.5 �m
equal to agglomerate radius) for Jδ = 0.1 A cm−2, i.e., along
he interface between two agglomerates on xz-plane. The sim-
lation parameters used to estimate the oxygen concentration
re listed in Table 1. Two parts of this figure depict two differ-
nt combinations of operating parameters, namely, T = 50 ◦C
nd P = 1 atm, and T = 80 ◦C and P = 3 atm. Here x = 0 rep-
esents the membrane–CL interface and x = 10 �m represents
he GDL–CL interface. It is observed that the oxygen concentra-
ion decreases along the centerline from the GDL–CL interface
o the membrane–CL interface. For low current densities, the
ariation in the concentration is less whereas for high current
ensities an oscillatory behavior is observed in the profile. As

xpected, the minimum oxygen concentration is observed at the
enter point of the agglomerate and the two undulations in the
rofiles represent the two agglomerates. Although the concen-
ration profile shows a decreasing behavior, significant amount

e (x-axis in Fig. 5) of the agglomerates for Case-I in a PEM fuel cell operating
ents result of different current density values as indicated in the legend, while
2.5 �m for Jδ = 0.1 A cm−2. All other parameters are listed in Table 1.
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4.2. Case-II (staggered arrangement-I)
For the staggered arrangements of catalyst agglomerates,

two cases were considered. In the first staggered arrangement,
agglomerates were considered as staggered in y-direction, i.e.,
ig. 8. Distribution of the activation overpotential in the cathode catalyst laye
epresents different current density values as indicated in the legend while part

f oxygen concentration still exists in the membrane–CL inter-
ace due to the fast oxygen diffusion through the void region
round the catalyst agglomerates. Further, in this study, an ideal
ase scenario is considered when there is no flooding outside
he catalyst agglomerates, whereas the catalyst agglomerates
re partially flooded. Hence, oxygen diffusion across the dry
oid region dominates over the diffusion through the partially
ooded catalyst agglomerates as shown by symbols in both fig-
re for Jδ = 0.1 A cm−2. Here, oxygen concentration is almost
onstant in the void region along x-axis due to the favorable oxy-
en transport. Only variation is observed at the contact surfaces
etween the reference and surrounding agglomerates. Since no
ariation is observed in the oxygen concentration profile, in sub-
equent figures, results in the void region have not been reported.
t is also clear from Fig. 7 that in the agglomerate, oxygen is
ransported in two ways: first oxygen diffuses along the axial
irection or the thickness of the catalyst layer in the void region,
hen from the void region, oxygen diffuses in the radial direction
owards the center of the each agglomerate.

In Fig. 8, the cathode activation overpotential is plotted
s a function of spatial coordinate x in the catalyst layer for
ifferent current density values as indicated in the legend. Sim-
lar to Fig. 7, two parts show two different combinations of
he operating parameters as indicated in the figure. Each line
orresponds to the activation overpotential for the oxygen con-
entration shown in Fig. 7. Identical to the concentration profile,
he variation of the activation overpotential in the catalyst layer
s small at low current densities, whereas the activation overpo-
ential decreases rapidly from the membrane–CL interface to the
DL–CL interface for the higher current densities. For all the

urrent densities, the activation overpotential is higher for lower
ressure and temperature than the overpotential for the higher
ressure and temperature. This is mainly due to the fast oxygen
ransport in the catalyst layer at 80 ◦C and 3 atm.

Fig. 9 illustrates the variations of the reaction rate in the cat-

lyst layer corresponding to the oxygen concentration and the
ctivation overpotential shown in Figs. 7 and 8, respectively,
or five different current densities. Here, the lines represent
he results for T = 50 ◦C and P = 1 atm, and the symbols are

F
f
P

P

Case-I corresponding to the oxygen concentration shown in Fig. 7. Each line
r T = 50 ◦C and P = 1 atm, and part (b) for T = 80 ◦C and P = 3 atm.

= 80 ◦C and P = 3 atm. Surprisingly, changing the operating
ondition does not show any significant effect on the reac-
ion rate. However, slightly higher reaction rate is observed
or T = 80 ◦C and P = 3 atm at the center of the agglomer-
tes for high current densities. These similarities show that the
ate of the electro-chemical reaction is not responsible for the
ifference observed in the activation overpotential in Fig. 8 for
ifferent operating conditions, which is solely due to the vari-
tion of oxygen concentration in the catalyst layer. Although
he reactions are faster at higher temperatures and pressures,
ere it has not been significantly observed since a higher operat-
ng temperature and pressure is known to reduce the activation
verpotential which is the driving force for the electro-chemical
eactions occurring in the fuel cells.
ig. 9. Variation of the reaction rate in the cathode catalyst layer along x-axis
or Case-I. Lines represent the results for operating conditions of T = 50 ◦C and

= 1 atm, and the symbols depict the corresponding results for T = 80 ◦C and
= 3 atm.
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ig. 10. Oxygen concentration profile in the cathode catalyst layer along x-axi
= 80 ◦C and P = 3 atm. Each line represents result of different current densi

ni-directional staggered arrangement, as shown in Fig. 5 as
ase-II. To maintain a similarity with Case-I, the thickness of

he catalyst layer is kept 10 �m. Here, the reference agglom-
rates (lied on the x-axis) are considered as spherical, whereas
he surrounding agglomerates can be either spherical or hemi-
pherical to maintain the thickness of the catalyst layer same
or all cases. All the model results for this case (Case-II) are
lso presented along the centerline of the two middle agglom-
rates, i.e., along the x-axis. The oxygen concentration profile
n the catalyst layer for Case-II is shown with different cur-
ent density values in Fig. 10. All the simulation parameters
re identical of Case-I. Results of two different combination
f operating parameters, namely, T = 50 ◦C and P = 1 atm,
nd T = 80 ◦C and P = 3 atm are shown in Fig. 10 a and b,
espectively. Although the oxygen concentration at the inter-

ace of GDL–CL for similar temperature and pressure are equal
or both Case-I and Case-II; for Case-II, a smaller value of oxy-
en concentration is observed at the interface of membrane–CL.

t
l
e

ig. 11. Distribution of the activation overpotential in the cathode catalyst layer for C
epresents different current density values as indicated in the legend while part (a) fo
ase-II in a PEM fuel cell operating at: (a) T = 50 ◦C and P = 1 atm, and (b)
ues as indicated in the legend. All other parameters are same as Case-I.

his is reasonable, since in Case-II, agglomerates are staggered
n y-direction. Hence, Case-II has less void space around the
gglomerates compared to Case-I, which eventually prevents
aster oxygen diffusion through the constricted void spaces. Fur-
hermore, the undulatory profile in the oxygen concentration is

ore prominent in this case. Qualitatively, oxygen concentration
rofile for both the pressure and temperature combinations show
imilar behavior except their magnitudes. Further inspection on
he values of oxygen concentration at the GDL–CL interface
hows that at higher temperature and pressure, concentration is
igher than the smaller temperature and pressure combination.
his is mainly due to the faster transport processes through the
n-flooded GDL at higher pressure and temperature, though oxy-
en concentration in the gas channel is less for T = 80 ◦C and
= 3 atm due to the higher fraction of water vapor. Irrespec-
ive to the magnitude of the oxygen concentration in the catalyst
ayer, temperature and pressure does not show any significant
ffect on the profile of oxygen concentration in the catalyst layer.

ase-II corresponding to the oxygen concentration shown in Fig. 10. Each line
r T = 50 ◦C and P = 1 atm, and part (b) for T = 80 ◦C and P = 3 atm.
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Fig. 12. Variation of the reaction rate in the cathode catalyst layer along x-axis
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or Case-II. Lines represent the results for operating conditions of T = 50 ◦C and
= 1 atm, and the symbols represent the corresponding results for T = 80 ◦C

nd P = 3 atm.

he variations observed here is mainly due to the catalyst layer
tructures, or in the other words, operating conditions dictate the
uantity in the transport process whereas agglomerate structures
ictate the quality of the diffusion in the transport processes.

Similar to the Case-I, the results of Case-II for T = 50 ◦C
nd P = 1 atm show higher activation overpotential than the
orresponding overpotential for T = 80 ◦C and P = 3 atm as
hown in Fig. 11. Comparing Fig. 11 with Fig. 8 reveals higher
ctivation loss for staggered agglomerate arrangements, since
esser path available for the oxygen transport due to the stag-
ered agglomerate orientation in the catalyst layer. The variation
f the reaction rate in the cathode catalyst layer for the Case-
I is shown in Fig. 12. Here, the lines represent the results for
= 50 ◦C and P = 1 atm, and the symbols represent results

orresponding to T = 80 ◦C and P = 3 atm for five current
ensities as indicated in the legend. Here a distinct difference is
bserved in the reaction rate profile in two operating conditions.
or higher temperature and pressure, the rate of reaction is higher
earby the center of the agglomerates at high current density val-
es. An undulatory nature has been observed in the reaction rate
rofile, while a crest exists at the interface between the two refer-
nce agglomerates. This undulatory behavior is more prominent
n higher operating parameter values and high current densi-
ies. Furthermore, in some instance, the higher current density
hows lower reaction rate at the center of the agglomerates for
= 50 ◦C and P = 1 atm, which might be due to insufficient

xygen available on the surface of the agglomerates or slow dif-
usion towards the center of the agglomerates at higher current
ensities.
.3. Case-III (staggered arrangement-II)
In the second type of staggered arrangement, the arrange-

ents of catalyst agglomerates were considered as staggered

t
C
r
e

ources 179 (2008) 186–199

n y- and z-directions, i.e., bi-directional staggered arrange-
ent, as shown in Fig. 5 as Case-III. Like the other two cases,

ll the results are presented along the centerline of the two
eference agglomerates that is along x- axis (see Case-III in
ig. 5). Fig. 13 shows the variations of the oxygen concentration
ith different current density values as indicated in the legend

or T = 50 ◦C and P = 1 atm (Fig. 13a), and T = 80 ◦C and
= 3 atm (Fig. 13b). The oxygen concentration profiles show

lmost identical behavior like Case-II. However, at the center
f the agglomerates, oxygen concentration is slightly higher
han the Case-II. Since the Case-III has staggered structures
f agglomerate arrangements in two directions, the diffusion
round the agglomerates is non-uniform. This non-uniformity
ventually provides favorable environment for the oxygen dif-
usion in the radial direction of the agglomerates for Case-III.
urthermore, better oxygen diffusion also reduces the activa-

ion overpotential for the Case-III as shown in Fig. 14 for both
perating conditions compared to the Case-II. This can be bet-
er explained by visualizing the agglomerate arrangements. For
ase-II, staggered arrangement exists in one direction, there-

ore, oxygen diffusion outside the agglomerates is faster in the
irection where in-line arrangements exist, and slower in the
taggered direction. When it comes to the agglomerates sur-
ace, then more oxygen is available in certain areas, whereas
ot all oxygen can diffuse inside the agglomerate through the
adial direction. This can be visualized by plotting oxygen con-
entration in the void region for Case-II and Case-III. Fig. 15
hows oxygen concentration profile outside the agglomerates
long a line parallel to the x-axis at y = 0 and z = 2.5 �m for
= 80 ◦C and P = 3 atm. Here, the lines depict results for

ase-II and the symbols for Case-III for different current den-
ity values as indicated in the legend. As observed in Fig. 15,
xygen concentration on the catalyst surface for Case-III is
igher than Case-II at the interfaces between two agglomerates
2 �m < x <3 �m and 7 �m < x <8 �m) for all the current
ensity values. Therefore, more oxygen available for Case-III
o diffuse in the y-direction that is due to the staggered arrange-

ents in the z-direction. Furthermore, due to the higher oxygen
oncentration in certain areas, diffusion will be faster for Case-
II in y-direction. Also, due to the in-line arrangements in two
irections, less oxygen available in certain areas on the agglom-
rate surface for Case-II whereas capacity of diffusion through
he radial direction is more. When it comes to the diffusion
hrough the individual agglomerate, all the geometries have
ame composition inside the agglomerate; hence, the entire dif-
usion processes is control by the amount of oxygen available
t the surface of the agglomerates and how the concentration
s distributed over the agglomerate surfaces. In other words,
apacity of the diffusion is higher than the amount of oxygen
vailable on the agglomerate surfaces for Case-II. Combining
hese effects eventually lower the oxygen concentration at the
gglomerate center in Case-II (see Fig. 10). For Case-III, since
taggered structures exist in two directions, available oxygen on

he surface of the agglomerates is higher in the y-direction than
ase-II. This eventually enhances the diffusion process in the

adial direction due to the higher oxygen availability and low-
rs the activation overpotential as shown in Fig. 14. It might
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Fig. 13. Oxygen concentration profile in the cathode catalyst layer along the x-axis for Case-III in a PEM fuel cell operating at: (a) T = 50 ◦C and P = 1 atm, and
(b) T = 80 ◦C and P = 3 atm. Each line represents result of different current density values as indicated in the legend.

F for Case-III corresponding to the oxygen concentration shown in Fig. 13. Each line
r (a) for T = 50 ◦C and P = 1 atm, and part (b) for T = 80 ◦C and P = 3 atm.
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ig. 14. Distribution of the activation overpotential in the cathode catalyst layer
epresents different current density values as indicated in the legend while part

e questionable, though Case-III has higher non-uniformity in
he catalyst arrangements then why Case-III show better dif-
usion results. The simple answer will be it provides better
assage in the void region in z-direction due to the staggered
rrangements.

In the reaction rate of Case-III, similar behavior is observed
ike Case-II. The plot of the reaction rate for Case-III is shown in
ig. 16 for T = 50 ◦C and P = 1 atm as lines, and for T = 80 ◦C
nd P = 3 atm as symbols. For all the current densities, the reac-
ion rate is higher for higher operating parameters and lower for
ower operating parameters. The local variation in the reaction
ate observed here mainly due to the local change of oxygen
oncentration observed in Fig. 13 for different operating con-
itions. Like the activation overpotential, the rate of reaction is
lso lower for Case-III compared to Case-II as shown in Fig. 17.

n Fig. 17, the reaction rates are plotted for all the three cases
long the x-axis for Jδ = 0.6 A cm−2 for the fuel cell oper-
ting at T = 80 ◦C and P = 3 atm. For the entire thickness of
he catalyst layer, reaction rate is highest for the Case-II and

Fig. 15. Oxygen concentration profile in the cathode catalyst layer along a line
parallel to x-axis at y = 0 and z = 2.5 �m for T = 80 ◦C and P = 3 atm. Lines
represent the result for Case-II, while the symbols represent Case-III for five
different current density values as indicated in the legend.
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Fig. 16. Variation of the reaction rate in the cathode catalyst layer along x-axis for
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ase-III. Lines represent the results for operating conditions of T = 50 ◦C and
= 1 atm, and the symbols represent the results for T = 80 ◦C and P = 3 atm.

owest for the Case-I. This might be another possible cause for
he lower oxygen concentration observed at the center of the
gglomerates for Case-II (cf. Fig. 10) compared to Case-III.
n addition, concentration, reaction rate, and activation over-
otential are coupled; therefore, it is required to optimize those
ariables in order to find better cell performance and design.
evertheless, the results obtained from the present investigation

eveals a considerable insight on how the governing parameters
or PEM fuel cells change with the structures of the catalyst
ayer as well as with the operating conditions. Like the Case-II
hows highest reaction rate that means the speed of the chemical
eaction is faster, hence less catalyst will be required to pro-
ote the electro-chemical reaction. On the other hand, Case-II
lso shows higher activation losses. Therefore, the results pre-
ented in this paper providing information, and the direction
hen and where the optimization is possible or at what extent it is
ossible.

ig. 17. Comparison between the reaction rates at Jδ = 0.6 A cm−2for the fuel
ell operating at T = 80 ◦C and P = 3 atm. Each line represents the reaction
ate along the x-axis for three cases as indicated in the legend.
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. Conclusions

In this paper, a three-dimensional agglomerate model for
he cathode catalyst layer in a PEM fuel cell has been devel-
ped to study the effect of catalyst agglomerate arrangements.

comprehensive validation has also been shown that indi-
ates complex staggered arrangement of catalyst agglomerates
n three-dimensional catalyst layer modeling is possible. Consid-
ring the three different arrangements of catalyst agglomerates
nvestigated here, it is found that the agglomerate arrangements
n the catalyst layer have significant effect on the oxygen trans-
ort processes in the catalyst layer, consequently the activation
osses and the rate of reactions. Therefore, in the fuel cell mod-
ling, detailed catalyst layer structures should be considered
o capture the true nature of the PEM fuel cell performance,
articularly, its activation losses. It has also been observed
hat in-line arrangement of the catalyst agglomerates yields
owest activation loss, although in reality catalyst agglomer-
tes may be staggered in all directions. For example, almost
7% of reduction in the activation overpotential is possible by
sing in-line arrangement of the catalyst agglomerates at the
urrent density of 0.4 A cm−2 for T = 80 ◦C and P = 3 atm.
mong the two staggered arrangements, bi-directional (Case-

II) staggered arrangement shows less activation overpotential
han uni-directional (Case-II) staggered arrangement. In fact,
–4% of activation losses can be recovered (considering Case-II
ith Case-III) just by changing the agglomerate arrangements.
ence, it might be possible to identify an optimum catalyst layer

tructures by further investigating such staggered arrangements.
urthermore, it seems that the present catalyst layer models will
e useful in optimizing the catalyst layer structures and catalyst
istribution.
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