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A comprehensive mathematical model for the cathode catalyst layer (CL) of a proton exchange mem-
brane fuel cell (PEMFC) is developed to investigate its performance, which is determined by activation
overpotential. Numerous cathode CL parameters such as the saturation and eight structural parameters,
namely, ionomer film thickness covering each agglomerate, agglomerate radius, platinum loading, carbon

loading, ionomer volume fraction, gas diffusion layer penetration content and its porosity, and CL thick-
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ness are taken into account. The main effects of each parameter and their interactions are investigated
using the analysis of means (ANOM) and interaction plots, respectively. Analysis of variance (ANOVA) is
used to identify the influence of the CL structural parameters on the activation overpotential. Finally, an
evolutionary optimization algorithm is employed to maximize the cathode CL’s performance.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Over the past two decades, proton exchange membrane fuel
cells (PEMFCs) have received attention due to increases in energy
price and concerns about environmental pollution. Low pollutants
emission, high energy conversion efficiency, and low operating
temperature are characteristics of the fuel cells that are making this
technology attractive. PEMFCs are considered to be among the most
promising candidates for transportation, portable and stationary
applications. The performance of PEMFCs is significantly affected by
cathode catalyst layer’s (CL) performance. In recent years numer-
ous research works have been conducted to study the performance
enhancement of cathode CL. Despite achievements in this area the
CL losses due to reactant transport limitations and poor oxygen
reduction reaction (ORR) kinetics have major contributions toward
decreasing PEM fuel cell efficiency [1-3]. In order to enhance the CL
performance and therefore increase the PEM fuel cell efficiency, it is
important to realize the dependence of CL performance on its struc-
tural characteristics. In this study, a mathematical model of cathode
CL, which takes numerous CL parameters into account, is developed
and described. The interaction between the parameters (factors)
and their relative importance is investigated. Finally, optimization
is performed to find the best CL performance.
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Cathode CL models can be broadly classified into three differ-
ent categories based on their level of complexity: interface models,
macro-homogeneous models, and agglomerate models. Interface
models simply treat the CL as an infinitely thin layer. As a result
spatial variations within the CL are ignored and different phase
potentials are not considered. In these models exchange current
densities are usually modified to match experimental data and cell
current density is always over estimated. A macro-homogeneous
model can consider different phase potentials [4-6]. However,
it cannot assess the complex multi-material structure of the CL.
Unlike interface and macro-homogeneous models, the composition
and structural distribution of CL materials are taken into account
in agglomerate models. Agglomerate models results agree with
experimental observations which showed that a CL is composed
of the agglomeration of catalyst particles (platinum and carbon)
and an ionomer [7-9].

Beginning with the pioneering work of Ridge et al. [10] many
other agglomerate models have been developed especially in recent
years. Several parametric studies have been conducted to inves-
tigate the dependency of CL performance on CL structural and
operational parameters. Wang et al. [11] studied the performance
of two different types of spherical agglomerates: (1) filled with pro-
ton conduction ionomer; (2) filled with liquid water. They showed
that water-filled agglomerates can have a larger effectiveness factor
if the cathode transfer function is close to 1. In addition, the influ-
ence of the agglomerate radius on CL performance indicated that
there should be an optimum value for the agglomerate radius. Sun
et al. [12] employed a two-dimensional ionomer-filled spherical
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Nomenclature

a active surface area within the agglomerate, m~!

Gagg total external area of active sites of agglomerate per
unite volume of CL, m™!

A total active area of agglomerate per unite volume of
CL, m™!

As reaction surface area per unite mass of platinum,
m?2 kg1

c concentration, mol m—3

davg average pore diameter, m

Do, diffusion coefficient, m2 s—!

Dkn Knudsen diffusion coefficient, m? s~!

E effectiveness factor

f mass fraction of platinum to that of Pt/C particles

F Faraday constant, 96,485 coulombs mol~!

i local current density, Am—2

io exchange current density, Am=2

Is cell current density, Am—2

ki reaction rate constant, ms~!

Ie catalyst layer thickness, m

Lgc volume fraction of GDL penetrating into the CL

Linc volume fraction of ionomer phase in the CL

L volume fraction of the GDL material penetrated into
the CL

Mpy platinum mass loading, kg m—2

mc carbon mass loading, kg m—2

M molecular weight, kg mol~!

My Thiele module

Nagg number of agglomerates per unite volume of CL,
m-=3

P pressure, Pa

Tagg agglomerate radius, m

R dissolved oxygen molar rate per unit of agglomer-
ates, molm—3s-1

R universal gas constant, 8.314] mol~1 K1

s liquid water saturation

T temperature, K

v volume, m3

rz coordinate, m

Greek letters

o transfer coefficient

Sagg ionomer film thickness, m

agg ionomer volume fraction inside agglomerates

&c CL porosity

&g GDL porosity

n activation overpotential, V

oc carbon density, kgm—3

PPt platinum density, kg m—3

o electronic conductivity, Sm~!

K protonic conductivity, Sm~!

T CL tortuosity

agglomerate model to study the effects of ionomer volume fraction
and platinum loading. It was predicted that there is an optimum
level for the ionomer volume fraction. This conclusion was drawn
from analyzing the effects of ionomer volume fraction on CL perfor-
mance while other parameter levels (e.g., platinum loading) were
kept constant. Possible interaction between (or dependence on) CL
ionomer volume fraction and platinum loading was experimen-
tally examined by Sasikumar et al. [13] who concluded that the
optimum ionomer volume fraction should depend on the plat-
inum loading. This was numerically confirmed in Yin’s [14] work,

in which two different types of agglomerates were compared:
(1) agglomerate with platinum on its surface partially covered by
an ionomer; (2) agglomerate with an ionomer film covering the
agglomerate surfaces completely. A preliminary study was con-
ducted to evaluate the dependency of current density on platinum
and ionomer loadings, CL porosity, and CL thickness. However, Yin
[14] ignored the presence of liquid water in open macro-pores
between agglomerates and the penetration of GDL material into
the CL. A parametric study on the effects of CL structural param-
eters including agglomerate radius and ionomer volume fraction
was performed by Secanell et al. [15]. It was concluded that the
CL performance increases monotonically with the reduction of the
agglomerate radius. This conclusion was drawn without consid-
ering possible interactions between the agglomerate radius and
other parameters, i.e., CL pore diameter, porosity, and tortuos-
ity. Accordingly, Kamarajugadda and Mazumder [16] confirmed
that there is an optimal performance with changing ionomer vol-
ume fraction. This is due to local agglomerate level mass transport
and conductivity losses in the ionomer film thickness covering
agglomerates. However, the presence of liquid water in open macro
pores was neglected. The effect of liquid water was taken into
account by Madhusudana Rao et al. [17] without inclusion of
agglomerate geometrical properties and with an assumption that
there is a uniform liquid water film covering each agglomerate
surface.

Most of the papers mentioned above focused on analyzing
the effect of one factor at a time. The main drawback of ana-
lyzing one factor at a time is that such an approach ignores the
possible interactions between input (structural) factors. Two fac-
tors interact if the effects of one of the factors differs depending
on the value of the other factor. More comprehensive models
should be developed together with inclusive parametric stud-
ies in order to investigate possible interactions between the CL
parameters.

In this study a comprehensive steady-state one-dimensional
agglomerate model is developed. It takes into account (1) the effects
of nine operational and structural parameters, namely, the sat-
uration and eight catalyst layer structural parameters (ionomer
film thickness covering each agglomerate, agglomerate radius,
platinum loading, carbon loading, ionomer volume fraction, gas dif-
fusion layer penetration content and its porosity, and CL thickness);
(2) the material balance relationships in the CL; (3) the possi-
ble interactions between input parameters; (4) Knudsen diffusion
when the open pore diameter is small and solid wall effect is impor-
tant. Analysis of means (ANOM) and analysis of variance (ANOVA)
are performed. They indicate the main effects and relative impor-
tance of input parameters, respectively. In addition, an evolutionary
optimization method based on the harmony search algorithm (HS)
is employed to optimize the CL parameters (i.e., minimize the CL
activation overpotential) [25].

2. Catalyst layer mathematical model

In this study, a one-dimensional mathematical model which
considers an agglomerate structure for the cathode catalyst layer
is developed. Shown in Fig. 1 is a cathode CL as a layer which
is sandwiched between the cathode GDL and membrane. The CL
is composed of homogenous agglomerates. Each agglomerate is
composed of an intermixed Nafion ionomer, and platinum and
carbon particles. While secondary pores exist between the agglom-
erates allowing gas diffusion (i.e., oxygen gas diffusion), primary
pores inside each agglomerate are filled with an ionomer phase
and allow for (dissolved) oxygen diffusion and proton migration.
The following parameters are introduced to define the structural
characteristics of the CL
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Fig.1. Schematic representation of the agglomerate based cathode CL for a PEM fuel
cell.

e Secondary pores may be partially or fully filled with liquid
water. The volume fraction of the pores, which is filled with lig-
uid water is called the liquid water saturation and is denoted
by s.

e Each agglomerate has a radius ragg and may be covered with an
ionomer film of uniform thickness 8;gg.

¢ Platinum loading and carbon loading are denoted by mp, and mc,
respectively.

e The total volume fraction of the ionomer phase in the CL is
L.

¢ The GDL material has porosity &g and may also partially penetrate
in the CL. The penetration takes place due to compression during
MEA assembly. GDL penetrated content is shown by Lg .

e The CL thickness is denoted by [.

The mathematical model describes and derives the equations for
electrochemical reaction rate, diffusion of oxygen, and activation
overpotential. Each of these equations is addressed separately (see
below).

2.1. Electrochemical reaction rate

Molar conservation of dissolved oxygen inside a spherical
agglomerate along the radial direction is expressed by

1/d
~ (™ Noyr ) +Royr =0 (1)

where Np, ; shows radial molar flux of dissolved oxygen in the
ionomer phase of an agglomerate. The dissolved oxygen molar con-
sumption rate per unit volume, as aresult of ORR, is denoted by Ry, .
Fick’s diffusion law is used to relate the radial dissolved oxygen
molar flux No, , to a gradient of its concentration co,

dCo
No,.r = ~DE] =32 (2)

where Dy, i, is the effective dissolved oxygen diffusion coefficient
inside an agglomerate. The diffusion coefficient can be related to
its bulk value Do, , as

Deofzf,m = ggggDOZ,m (3)

where €agg is the volume fraction of the ionomer phase inside
agglomerates. 7 is tortuosity. The reaction rate Rp, in Eq. (1) is
first-order with respect to the dissolved oxygen concentration [18]

Ro,,r = —kqaco, r (4)

where ais the active surface area per unit volume within an agglom-
erate. A combination of Egs. (1)-(4) leads to

Deff dc
Opm(d 20000y b g =0 (5)
r2 dr dr

Eq. (5) can be solved analytically by employing the following
boundary conditions for a spherical agglomerate

dCOZ,T
dr

=0 (6)
r=0

C02,r| e Co,,agg—film (7)

I=rag,

where ¢o, qg¢_fiim denotes the dissolved oxygen concentration
at the interface of an agglomerate’s core and the ionomer film
covering the agglomerate. The solution can be expressed by an
effectiveness factor E. The factor is a measure of how much the reac-
tion rate reduces as a result of diffusion resistance. For the spherical
geometry of an agglomerate and first order reaction [18]

Co 1 1 1
F——0 1 (7 - —) 8
€0,,agg—film Mr \tanh(3Mr) 3Mr (8)

where Cp, is the mean dissolved oxygen concentration within an
agglomerate. In Eq. (8) Thiele module, M, is obtained as

ragg k]ﬂ
Mr === 9
ff
3\ Dg,.m

An expression for a mean source term Ry, versus the reaction order
k1 can be obtained using Egs. (4) and (8)

Ro, = —k1aCo, = —Ek1acCo, agg-fiim (10)

In Eq. 9 a is the active reaction surface area per total volume of the
agglomerates. Therefore, Ry, is obtained for the total volume of the
agglomerates. Following these derivations, a description of the dis-
solved oxygen concentration on the interface of the agglomerate’s
core and ionomer film co, qg¢_fiim Was sought. This can be done by
taking the molar conservation of dissolved oxygen in the ionomer
film into account. For the spherical shell of the ionomer film, 8,gg,
covering each agglomerate, in which no reaction (no production
or consumption of dissolved oxygen) takes place, the conservation
equation is

d dc
- (rZDOZ,m d‘f) -0 (11)

Dissolved oxygen flux should be continuous at the interface, i.e.,
I=Tagg, Which gives

daeeDo Tagg COz,ﬁlm—pore - COz,agg—ﬁlm
a; ,m
B2 M Iagg + Sage Sagg
= AEkl COZ,agg—ﬁlm (12)

where aagg is the total external area of active sites of agglomerates
per unit volume of the CL. A denotes the total active area of agglom-
erates per unit volume in the CL. In Eq. (12) the dissolved oxygen
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concentration on the agglomerate surface (on the ionomer film and

pores interface)is described by Henry’s law for an equilibrium state
Co2

€o,,film—pore = @ (13)

where Ko, is the dimensionless Henry’s constant calculated from
(19]

1 666
Ko, :ﬁexp <_T+14'1> (14)

Combining Egs. (12) and (10), an expression for the source term Ry,
with respect to ¢, is obtained as follows

(15)

-1
AEK18agg Tagg + Sagg> o,

€0,,agg—film = (1 + Ko
2

GaggDo,,m  Tage

-1
1 A 1) Tagg + ) Co

Ry = — - - —2 16

02 <Ek1a *a daggDo,,m  Tagg Ko, (16)

The oxygen source term (consumption rate) per unit volume of the
CL can be related to the protonic current density i as

A 1
Ro, G =—2F
In Eq. (17) Ro, is multiplied by A/a to give an oxygen consumption
rate per unit volume of the CL (see Eq. A.22). The volumetric pro-
duction of protonic current density V -i can be replaced by di/dz
for the present 1D analysis. For this purpose the volumetric source
term is corrected as

Vi (17)

di A
3 = ~4FRo, 7 (18)
therefore

-1
di _ LI Sagg  Tagg+0agg ) Cop (19)
dz Ek1A * daggDo, m  Tage Ko,

The first order reaction rate constant k; is related to an activation
overpotential 7 and exchange current density iy via Butler-Volmer
equation [21]

_ 1 iO,ref ocF ogF
ki = iF c{ff {exp (ﬁn) —exp (— RT n)] (20)
2

ioref is calculated from a relationship provided in Ref. [23] and is
equal to 1.76 x 10~*Am2,

2.2. Oxygen diffusion

The oxygen diffusion is modeled using oxygen molar conserva-
tion and Fick’s law of diffusion,
dc i—
0, _ 1 13 (21 )
dz 4FDEff
0,

where [ and Dgfi are the cell current density and the overall effec-

tive oxygen gas diffusion coefficient within the CL, respectively.
Liquid water exists in the cathode CL as a result of a oxygen reduc-
tion reaction (ORR). It may be partially or fully flooded in the
secondary pores. Therefore, the gas pores shrink and the resistance
against oxygen gas diffusion increases. Oxygen gas can reach the
agglomerate surface by two processes: (1) through the liquid water
flooded in the pores (denoted by s) and (2) through open fraction
of pores (denoted by (1 —s)). To take into account the effect of lig-
uid water in the pores, a parallel model for calculating the oxygen
diffusion coefficient is considered as

Del — peft (1 —s)ec eff Séc
2

_— _— 22
02-8 ¢, +Lg (1 —&g) * O2-wg, + Lg (1 — &) (22)

where D‘a’;g is the effective oxygen gas diffusion coefficient show-

ing diffusion through gas pores (see Appendix A). Dgﬂzlw is related
toits bulk value, i.e., dissolved oxygen diffusion coefficient in liquid
water Do, _w, as [22]

D', = (£c5)" Do,-w (23)
2.3. Activation overpotential

There exists a resistance to protons and electrons migrating
through the polymer and solid portions of a CL. The activation
overpotential can be described by Ohm'’s law
dn _ i i— 15
dz — geff T geff
where «°ff and off are the effective protonic and electrical conduc-
tivities. The effective conductivities are obtained by employing the
Bruggeman correlation [24]

&=gg—13) p (25)
(1 + Sagg/Tagg)

oM =(1-ec = Lnc)o (26)

(24)

k= (1 -¢) (1 +

Egs. (19), (21) and (24) comprise a coupled system of nonlinear
ODE's with the unknowns i, Cp, and 7 that govern the transport of
oxygen, protons and electrons within an agglomerate CL. To solve
the ODE’s, we need to specify several boundary conditions for the
unknowns (see below).

2.4. Boundary conditions

All of the Boundaries are shown in Fig. 1. The oxygen concen-
tration at the GDL/CL interface is determined using the ideal gas
law

Po,
Co,|2=0 = (27)
in which P, is the oxygen partial pressure at the GDL/CL inter-
face. Oxygen is consumed in the CL as a result of ORR, and its mole
fraction decreases along the GDL thickness from the gas channel
to the CL. Reduction in the oxygen mole fraction and therefore in
Py, is obtained by modeling of the gas species transport in the GDL.
Mathematical modeling of all mass transport processes occurring
in the GDL is performed using the Maxwell-Stefan equations for
the diffusion of multi-component ideal gasses [31,32]

n —
RT .
inzzm (XiNig —xNig) i=1,....n—1 (28)

j=1 i

x is the species mole fraction, R is the universal gas constant
(=8.3143Jmol~1 K-1), Tis the temperature which is constant in this
isothermal computation, P is the gas mixture pressure, and N is the
species molar flux defined using superficial velocity components.
The subscript i takes a value of 1, 2 or 3 and is related to O, H,Og,
and Ny, respectively. D;ff is the effective binary diffusion coefficient
within the GDL and is related to the binary diffusion D;; by [22]
D' = Dyeg? (29)
Two other boundary conditions are defined for the protonic current
densities at the GDL/CL and CL/membrane interfaces:

f.0=0 . =15 (30)

To fully consider the effects of the CL agglomerate structure,
a number of parameters must be defined (see derivation in
Appendix A).
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3. Optimization methodology using harmony search
algorithm

The harmony search (HS) algorithm [25,26], which is a newly
developed optimization method, is utilized to determine the min-
imum activation overpotential, n. This algorithm is conceptually
simple, involves only a few parameters, and can be easily imple-
mented. It has been successfully applied to various benchmark and
real-world optimization problems [27-29]. In the following sub-
sections the optimization methodology is described in brief. More
details about the algorithm can be found in Refs. [25,29]. An inter-
ested reader can download the source code of the HS algorithm
written in MATLAB from the authors’ web page [30].

3.1. Objective function

The objective of the optimization problem is to minimize the CL
activation overpotential, 7. To calculate 1, one needs to solve the
coupled system of ordinary differential equations (ODEs), that is,
Egs. (19), (21) and (24).

3.2. Design variables

Design variables and the associated ranges are given in Table 1.

3.3. Solution methodology

Firstly, the initial values of the design variables are randomly
assigned by the HS within the defined respective ranges. A simu-
lation is then done to calculate the 1 of a specified PEMFC. The HS
algorithm, based on the obtained results from the first simulation,
sets new values of the design variables and another simulation is
performed to evaluate the n of the new design. The new values of
the design variables can be chosen either randomly or by using the
best obtained values, which are already stored in the algorithm’s

Table 1

Input parameters and their corresponding values used in this work.
Input parameters Level 1 Level 2 Level 3
s 0 0.6 1
Oagg 0 40 x 10-° 80 x107?
Tagg 5x107° 5x 107 1x10-6
Mpy 0.04 0.05 0.06
me 0.002 0.003 0.004
Line 0.05 0.3 0.4
Lgc 0.05 0.1 0.15
&g 0.3 0.4 0.45
I 1x10°° 35%x107° 7 x1073

harmony memory. If 5 of the new design is less than the worst solu-
tion available in the harmony memory, the new solution replaces
the worst solution in the harmony memory. As the optimization
process proceeds, little by little, the solutions stored in harmony
memory approach an optimum solution. The process is continued
until a pre-specified maximum number of iterations for the HS algo-
rithm is reached. More details about the harmony search can be
found in Refs. [25,26].

4. Results and discussion
4.1. Main effects of the input parameters

The main effects plot of each input parameter (shown in
Table 1) on the CL activation overpotential is shown in Fig. 2. The
ANOM value for each level of a parameter is an average determined
while all other parameter levels are varied. The ANOM plot shows
the average trend of the CL activation overpotential versus each
input parameter. A reference line, shown in Fig. 2, is a horizontal
line, which is drawn at the grand mean (the average CL activation
overpotential for all input parameters). In Fig. 2 a general trend of
the mean activation overpotential versus each input parameter is
displayed.

0.50 (a) Saturation (b)  Film Thickness/m (c) Agglomerate Radius/m
0.45 :
>
"_-. ¢
£ 0.40 //
whed
: T T T T T T T T T
3 0.0 0.6 1.0 0 40e-9 80e-9 5e-9 5e-7 le-6
g_ — d)Platinum Loading/Kg m~-2 |(e)Carbon Loading/Kg m~-2 (f) Ionomer Volume Fraction
= . 1
3
- 0.45
K-} — - .?_g—‘. \ —————
® 0.40
2
el T T T T T T T T T
g 0.04 0.05 0.06 0.002 0.003 0.004 0.05 0.30 0.40
£ 050 (9)  GDL Volume Fraction (h) GDL Porosity () CL Thickness/m
© 0.50-]
)]
=
0.45
\———-_.
0.40
T T T T T T T T T
0.05 0.10 0.15 0.30 0.40 0.45 le-5 3.5e-5 7e-5

Fig. 2. Main effects of the input parameters (ANOM plot).
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The mean activation overpotential increases as the liquid water
saturation increases (see Fig. 2(a)). Increasing liquid water satura-
tion reduces the effective oxygen diffusion coefficient by limiting
the oxygen diffusion and accessible area to pass through. If this plot
is compared to other subplots, it can be seen that saturation has the
greatest effect on the activation overpotential. The CL performance
is reduced by 30% when the liquid water saturation is increased
from s=0 to s=1, which corresponds to the situations of open and
fully flooded pores, accordingly.

The average effects of the agglomerate ionomer film thickness
on the CL activation overpotential are shown in Fig. 2(b). Although
an ionomer film is necessary on the surface of an agglomerate to
provide pathways for protons to reach the reaction sites on the
surface, Fig. 2(b) shows that the increasing ionomer film thickness
increases the mean CL activation overpotential due to the increased
diffusion length.

The main effect of the agglomerate radius on the mean CL activa-
tion overpotential is displayed in Fig. 2(c). The mean CL activation
overpotential initially decreases and then increases as the agglom-
erate radius increases. In other words, there is an optimum value
for the agglomerate radius, which maximizes the CL performance.
The agglomerate radius affects a number of parameters, namely,
the number of agglomerates n,gg, tortuosity 7, the ionomer volume
fraction inside the agglomerates &,4¢, the external active surface
area aagg, the active surface area within the agglomerates a, and
the diameter of the pores between the agglomerates davg. As the
agglomerate radius increases the diffusion length of dissolved oxy-
gen inside the agglomerate increases as well (see Eq. (19)) but
tortuosity decreases (see Eq. A.26). The former effect tends to dete-
riorate the CL performance whilst the latter tends to enhance the
CL performance. The net effect is as shown in Fig. 2(c).

Fig. 2(d) and (e) demonstrate that the main effects of the plat-
inum mass loading mp; and carbon mass loading m¢ on the CL
activation overpotential are almost linear. The linear main effects
indicate that only two levels, i.e., the minimum and the maximum
values, of these two input parameters are enough to find their corre-
sponding main effect variations. Furthermore, Fig. 2(d) shows that
an increase in the platinum mass loading reduces the activation
overpotential. This effect is due to the increased active reaction
area. On the other hand, Fig. 2(e) shows that an increase in the
carbon mass loading increases the activation overpotential due to
limiting of the CL porosity.

The average changes of activation overpotential in response
to changes in the ionomer volume fraction of the CL are dis-
played in Fig. 2(f). As the CL ionomer volume fraction increases,
the mean CL activation overpotential decreases at first, and then
increases. This behavior implies that there is an optimum for the CL
ionomer volume fraction. This can be explained by the fact that as
the ionomer volume fraction increases inside the CL, the porosity
reduces and the agglomerate ionomer volume fraction increases.
The two effects compete and the net result is shown in Fig. 2(f).

The main effects of the GDL penetration content in the CL and
its porosity are shown in Fig. 2(g) and (h), respectively. The mean
activation overpotential increases with respect to GDL penetra-
tion content and decreases with an increase in GDL porosity. In
other words, the added GDL volume fraction in the CL (as a result
of compression in membrane electrode assembly (MEA) process)
deteriorates the CL performance. This is due to the penetration
of solid material of GDL into the CL and therefore to a limitation
of CL porosity. However, a higher GDL porosity increases the CL
porosity (through the last term in Eq. (A.12)) and enhances the CL
performance.

Fig. 2(i) shows the main effects of the CL thickness on the mean
activation overpotential. The CL thickness is changed from 10 to
70 wm [37]. It can be seen that the activation overpotential initially
decreases and reaches minimum, and then slightly increases as the

0.74

% Ionomer
E Volume
0.6 i
H l.\ Fraction
= ™~ —— 0.05
2 | ~ - - 0.30
5 0.5 ~s 0.40

- a7
E -~
o 0.4 LT
= -
S -
- EE
8 .
Q
£
& 0.2+
5
= 0.1
s
3
= i
0.0 . . .
0 40E-9 80E-9

Ionomer FAlm Thickness/m

Fig. 3. Interaction plot of ionomer film thickness and ionomer volume fraction on
mean ionomer volume fraction inside agglomerate.

CL becomes thicker. Increasing the CL thickness has two main com-
peting effects. Firstly, it increases the CL porosity which decreases
the activation overpotential. Secondly, it increases the diffusion
length of oxygen and consequently it gives rise to the diffusion
resistance resulting in an increase of the activation overpotential.

4.2. Interaction plots

An interaction plot is a plot of means for each level of an input
parameter with a level of a second input parameter being con-
stant. An interaction exists when lines in an interaction plot are
not parallel. Parallel lines indicate no interaction, i.e., response to
an input factor does not depend upon the level(s) of the other input
parameters. The greater the divergence of the lines from parallel
is, the higher is the degree of interaction obtained [38]. Presence
of interactions indicates important implications for the interpreta-
tion of data, i.e., one thing that cannot be brought up by main effects
plots. Generally, if two input parameters interact, the relationship
between each interacting input parameter and the third dependent
variable, i.e., activation overpotential, depends on the value of the
other interacting input parameter. This makes it difficult to pre-
dict consequences resulting as an input parameter’s value changes,
especially if the variable it interacts with is hard to measure.

Fig. 3 displays the ionomer thickness 8,5z and ionomer vol-
ume fraction Ly, ¢ interaction on the mean ionomer volume fraction
inside agglomerate €,g¢. The profiles are almost parallel and there-
fore do not indicate any significant interaction. In other words, the
effect of ionomer film thickness on the agglomerate ionomer vol-
ume fraction is not dependent on the CL ionomer volume fraction.
Having looked at the main effects plot, one would not recognize
any possible interactions. In addition, it can be seen that the mean
ionomer volume fraction inside the agglomerates £ag¢ reduces
as the ionomer film thickness d,g¢ increases at each CL ionomer
volume fraction level Ly, . It results in the effective protonic con-
ductivity reduction inside each agglomerate x°ff (see Eq. (25)).

Interaction between the GDL porosity and GDL volume fraction
(&g x Lg,c) for activation overpotential is plotted in Fig. 4, in which
the non parallel lines indicate an interaction. Fig. 4 shows that the
effects of GDL porosity on activation overpotential depend on the
GDL penetration content.

To explain more the influence of CL thickness, the interactions
plots of CL thickness with platinum loading and ionomer volume
fraction are shown separately in Figs. 5 and 6.

The interaction plot of CL thickness and platinum loading on
the CL activation overpotential in Fig. 5 shows that a higher plat-
inum mass loading does not necessarily lower the CL activation
overpotential. This is due to the trade-off between porosity and the
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Fig. 4. Interaction plot of GDL porosity and GDL penetration volume fraction on
mean activation overpotential.
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Fig. 5. Interaction plot of CL thickness and platinum loading on mean activation
overpotential.

reaction surface area. There is a mid-range value for the CL thick-
ness, in which the highest platinum loading results in the lowest
loss. The interaction plot of the CL thickness and the ionomer vol-
ume fraction on CL activation overpotential in Fig. 6 demonstrates
strong interaction of these two input parameters. The lowest acti-
vation overpotential is obtained when the CL thickness and the
ionomer volume fraction values are in the mid-range of their cor-
responding intervals.
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Fig. 6. Interaction plot of CL thickness and ionomer volume fraction on mean acti-
vation overpotential.
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Fig. 7. Interaction plot of ionomer volume fraction and platinum loading on mean
activation overpotential.

The interaction plot of ionomer volume fraction L, and plat-
inum loading mp; on the mean activation overpotential is shown in
Fig. 7. The highly non-parallel profiles indicate significant interac-
tions between Ly - and mp;. In other words, the effects of ionomer
volume fraction on the activation overpotential depend on the
amount of platinum loading, especially for high ionomer volume
fraction values. This is also discussed by Sasikumar et al. [13], and
by Yin [14]. To better illustrate this, a contour plot of the mean
activation overpotential versus the ionomer volume fraction and
platinum loading is shown in Fig. 8. Each patterned zone corre-
sponds to a range of the activation overpotential and the black dots
shows the main levels of L;;, - and mp¢, shown in Table 1. Generally,
the lower the activation overpotential is, the better the CL perfor-
mance is at high ionomer volume fraction and platinum loadings.
However, an optimum design may not be obtained at the highest
ionomer volume fraction and platinum loading values. The reason
is that the optimum ionomer volume fraction and platinum loading
depends on the values of other parameters as a result of possible
interaction with them.

4.3. ANOVA table

To determine the significance of each input parameter on the
CL performance, an analysis of variance (ANOVA) is performed.
The data obtained in this study are summarized in Table 2. The
components of the ANOVA table are explained as follows[33].
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Fig. 8. Contour plot of activation overpotential versus platinum loading and
ionomer volume fraction.
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Table 2

The analysis of variance (ANOVA).
Source DF SS MS F
s 2 26.5986 13.2993 2306.79
Sagg 2 5.7153 2.8576 495.66
Tagg 2 0.8840 0.4420 76.66
Mpt 2 0.0002 0.0001 0.02
me 2 1.2701 0.6350 110.15
Line 2 3.3410 1.6705 289.75
Loc 2 1.8727 0.9363 162.41
&g 2 0.1313 0.0657 11.39
Ie 2 17.5262 8.7631 1519.97
Error 11,379 65.6032 0.0058
Total 11,379 116.2923

e Source: indicates each input parameter

e DF: degree of freedom, which is the number of each level minus
one

e SS: sum of squares between the input parameters

e MS: mean squares obtained by (SS/DF)

e F: calculated dividing the MS of each input parameter by the error
MS

The F-value illustrates how significant a given input parame-
ter is. A F-value higher than 4 means that the effect is “strong”; if
it is less than 1 it means that the effect is negligible [38]. A value
in between, i.e., 1<F<4 means that the effect is mild. As seen on
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Table 2, saturation and CL thickness have the highest influence on
the CL performance. The ionomer film thickness, CL ionomer vol-
ume fraction, GDL volume fraction inside the CL, carbon loading,
agglomerate radius, and GDL porosity also have significant effects
on the CL performance. The effects of platinum loading on the
CL performance for the given short range of platinum loading are
small. In this study the range of change of the platinum mass load-
ing is small since there is a cost limitation of platinum usage for
manufacturers.

4.4. Optimization results

The HS algorithm is applied to find the optimum values of the
input parameters in their base case ranges (see Table 1) which result
in optimum performance (minimum CL activation overpotential,
n). Table 3 shows the optimum solution. It can be seen that the
optimum performance is achieved at several intermediate points
for the agglomerate radius ragg, ionomer volume fraction Ly ¢, and
one of the endpoints of other parameter ranges.

The optimum solution is obtained when the platinum loading
is at a maximum. In cases where the mp; is less than maximum,
n increases. We can add another objective function, such as
minimum platinum loading, to the problem to find if a trade-off
between two objectives exists. A solution of the multi objective
optimization problem is called Pareto optimal if there exist no
feasible vectors of design variables, which would lower one
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Fig. 9. Pareto plot.
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Table 3
Optimum input parameters’ values and corresponding activation overpotential.

Variables s Sage Tagg Mpy me Line Lgc &g le U
Optimum values 0 0 3.47x 108 0.06 0.002 0.074 0.05 0.45 7x1075 0.303
objective without causing a simultaneous increase in at least one L. — Vin (A5)

other objective. Pareto optimal sets are called non-dominated. The ™7 Viot ’

plot of the objective functions whose non-dominated vectors are Vinlnuel

. . . . nucleus

in the Pareto optimal set is called the Pareto front [36]. Fig. 9 shows Eagg = Voo (A.6)
. a

the Pareto front for the  and mpy, ragg, I, and Ly . As it can be &8

seen in Fig. 9, the optimum CL activation overpotential decreases L= Vs (A7)

with an increase in mp. The final optimum solution among the Viot

optimum points existing on the Pareto front needs to be selected
by a decision-making process. In fact, the selection process is
usually based on engineering experience and importance of each
objective for decision makers. The Pareto optimal front for n versus
Tagg is shown in Fig. 9(b). It shows that any increase in ragg results
in an increase in the optimum 7. While an increase in I leads to a
better optimum value (Fig. 9(c)), an increase in L;; - monotonically
increases the optimum value for 7 (Fig. 9(d)).

5. Conclusions

A comprehensive mathematical model for the homogenous
agglomerate CL was developed to investigate the effects of nine CL
parameters on the CL activation overpotential. These parameters
include saturation (s) and eight structural parameters (dagg, Tagg,
Mpg, Mc, Linc, Lgc, € and I¢). An analysis of means was performed to
show the main effect of the CL activation overpotential with respect
to each parameter. The potential interaction between parameters
was analyzed using interaction plots. They show strong interac-
tion between mpg, L, and Ic on activation overpotential. Using
the ANOVA method, saturation and CL thickness were found to be
the most influential parameters affecting the CL performance. In
addition, the HS algorithm was used to find the optimum values of
input parameters. It was found that the optimum performance was
achieved at several intermediate points for the agglomerate radius
and the ionomer volume fraction and at one of the endpoints of
other parameter ranges.
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Appendix A.

First, a relationship between the volume of the existing material
and open pores in the CL needs to be defined. Having noted that each
agglomerate has a nucleus (with a diameter of rag¢) and an ionomer
film covering the nucleus (with thickness of dagg), the following
relationships between the volumes can be established

Viot = Vin + Ve + Vpe + Vp + Vs (A1)

Vagg = Ve + Ve + Vinlnucleus (A.2)
, 4

Vi = lenudeus + nagg §7T [((ragg + 5)3 _ r;’gg)] (A3)

where ng,, is the number of agglomerate within the CL. The follow-
ing parameters are also employed in the mathematical model
Vp

= A4
Vot (A4)

Ec

A.1. CL porosity

A relationship for the CL porosity can be developed using Eq.
(A.2) with respect to catalyst particle masses

_ (mass)p, . (mass)c

+ Vi + Vs (A.8)

V.
e Ppt Pc

Dividing both sides of the above relationship by the total CL volume
which is Vit =Aclc gives
Vagg _ (mass)p ~(mass)c

= + +Ln+Lgc(1—¢
Viot PptAclc ocAcle m & ol & )
Having noted that the left hand side is equal to (1-¢&.), and
(mass)/Ac denotes loading, rearranging gives

1 /mpy mc
8=177<7+—>7L —Lgc(1—¢
‘ le \'ppt  pc m = Ll 2

Introducing f as a mass fraction of the platinum to that of the Pt/C
particles

(A.9)

(A.10)

Mpy

=M (A11)
Mmpe + Mc

gives a relationship for mc in terms of mp. Then, the CL porosity
can be rewritten as

8c:1_@(i ﬂ

1
— ) =Lm—Lec(1—¢ A.12
Ppt 1 Pc) m = La.ol 2 ( )

A.2. Calculation of nggg

Nagg is the number of agglomerates per total volume of the CL.
In order to derive a relationship for nagg, Egs. (A.2) and (A.3) are
substituted into Eq. (A.1), and then is divided by Viot. Rearranging
gives
1= o R (r Sage)® — 13 (A.13)

=Tagg | 370 agg+§”( agg + agg)” — Tagg) | + &c -

In the derivation of the above equation, V,gg for the spherical geom-
etry is replaced by

, 4
Vagg = Mhgq (§) Mg (A.14)
Solving Eq. (A.13) for nagg gives:
n; 4
Mage = 7128 = [gn(ragg + Sagg) 3} ~1(1-&0) (A15)

A.3. Ionomer volume fraction inside the agglomerate

A relationship for the ionomer volume fraction inside agglom-
erates is obtained by dividing both sides of Eq. (A.3) by the total CL
volume and gives

/
Vin _ Vm‘nucleus nagg 4

Vm _ Vminucleus , "‘agg = 3 3
Viot Viot Viot 3 T [((ragg + (Sagg) ragg)} (A.16)
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The first term on the right side can be written as

Vinlnucleus _ Vinlnucleus Vagg —¢ Vagg

= = A.17
Vot Vagg  Viot 88 Vior ( )

Substituting Eq. (A.17) in Eq. (A.16) and solving for &,¢¢ gives

. Lin,c + Nagg(4/3)135,
agg = -
Nagg(4/3)7(Tagg + 5agg)3

(A.18)

A.4. Calculation of A and As and aggg

A is the reaction surface area per unit mass of platinum and is
a function of f[23]

As = (227.79f% — 158.57f2 — 201.53f + 159.5) x 103 (A.19)

The total active area of agglomerates per unite volume of the CL A
can be obtained as [34]

A=
le

(A.20)
aagg defined as the external area of active sites of agglomerates per
volume of the CL is given by

Uagg = 4TI 35 Magg (A21)

Finally, the active surface area within the agglomerates can be cal-
culated using Eqs. (A.14) and (A.15) as

Vo A (A22)

a= =
Vagg Nagg(4/3 )”rggg

A.5. Knudsen diffusion

In the CL, when the agglomerates radii are small, pore diame-
ters may be very small, comparable to mean free path of oxygen
molecule. Therefore, a Knudsen diffusion prevails. The Knudsen
number is defined as

A

Kn=—
davg

(A23)

where A denotes the mean free path and is a function of tempera-
ture and pressure

A= _keT (A.24)
ﬁrm,-,»P

where kg and o;; are the Boltzmann constant and collision diameter.

The mean free path for oxygen molecule at T=353 Kand P=5 atm is

2.4 x 10~8 m. The average pore diameter in the CL, davg, is obtained
as [35]

4 &

das =375,

e, e (A.25)

Tortuosity is a function of the average pore diameter and is calcu-
lated by [39,16]

v= L 4 1.196% (A.26)
Ec davg
In this study, the Knudsen effect is taken into account when the
Knudsen number Kn is greater than 0.1. The Knudsen diffusion is
determined from the kinetics theory and is calculated by

8RT

o, (A27)

1
Dl(n = § davg

Then, the equivalent diffusion coefficient of oxygen gas in the micro
and nano pores of the CL is obtained from

111
DOZ—g,e - Doz—g Dgn

(A.28)

where Do, _ is the bulk oxygen gas diffusion coefficient in its mix-
ture with nitrogen and water vapor gases and is calculated by

D 1=, A29
02-8 = Ty, XH,0 (A.29)
Do,-N, ' Do,-Hy0

In order to take the effect of porosity and tortuosity into account,
the Brugmann correction factor is employed

Deff

0,-g :Doz—g,e(gc(l _5))r (A.30)

The bulk diffusion coefficients are given in Refs. [23,40].
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