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To make the polymer electrolyte membrane fuel cells (PEMFC) commercially viable, further reduction
in cost and improvement in performance are required. In this work, an innovative design of a PEMFC
with multiple catalyst layers (CLs) is considered and the design variables, weight fraction of platinum on
carbon (fy¢), platinum loading (m,), ionomer loading (fionomer) and thickness of all the CLs, are optimized
for cost reduction and performance enhancement. In the first optimization study, the cell performance
is maximized. The maximum current density of an optimized PEMFC with four CLs shows a significant
improvement over the base case design at all operating voltages. In another optimization study, the
platinum loading of the PEMFC with multiple CLs is minimized. With an increase in the number of catalyst
layers, the platinum required to achieve the base case design current density is reduced. Using four CLs, a
reduction of 17% (at 0.15 Acm~2) to 60% (at 0.7 Acm~2) in platinum loading is achieved in comparison to
the base case design. In addition, the maximum power density of the PEMFC with multiple CLs is found
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to be superior to that of an optimized PEMFC with a single CL at all voltages.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The cathode catalyst layer (CL) is one of the most important lay-
ers of a polymer electrolyte membrane fuel cell (PEMFC). Some of
the issues that have hindered commercialization of the PEMFCs are:
(i) under-utilization of the electro-catalyst (ii) lower performance
due to mass transfer losses, ionic and ohmic losses, and inadequate
removal of liquid water from the reaction sites. To mitigate these
problems, we investigated an innovative design of a PEMFC with
multiple catalyst layers in one of our previous papers [1]. There
are few other experimental and numerical studies that have also
highlighted the advantages of multiple catalyst layers over the
conventional single layer [2-4]. The motivation for using multi-
ple catalyst layers is to vary the design parameters of a CL spatially
according to the operational requirement of a PEMFC. The CL adja-
cent to the diffusion medium should be of higher porosity than the
other CLs as the concentration of oxygen decreases in a CL from the
diffusion medium-CL interface towards the polymer membrane.
The CL adjacent to the polymer membrane should contain more

Abbreviations: PEMFC, polymer electrolyte membrane fuel cell; GC, gas chan-
nel; GDL, gas diffusion layer; MPL, microporous layer; CL, catalyst layer; MEM,
membrane; MEA, membrane electrode assembly; ORR, oxygen reduction reaction.
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ionomer than the other CLs. Furthermore, liquid water should be
removed without causing significant mass transport and/or ohmic
losses. Because of the difficulty in manufacturing such a continu-
ously graded CL, a combination of layers can be synthesized where
each layer is manufactured with different design parameters. Our
previous paper showed the performance of the PEMFC with multi-
ple CLs is superior to the PEMFCs with a single CL[1]. Motivated by
these results we have performed optimization studies of a PEMFC
with multiple CLs to further improve its performance and reduce its
cost. The typical design parameters of the CL are: weight fraction of
platinum on carbon (fy¢), platinum loading (my) and ionomer load-
ing (fionomer)- For optimizing these design parameters, a detailed
steady state model of a PEMFC cathode with multiple layers is
required. In this work, we have considered our previously devel-
oped model with few modifications. The basic PEMFC configuration
remains similar to before. The model considers liquid water in
all the layers. The catalyst layer microstructure is modeled as a
network of spherical agglomerates. This characterization is based
on a previous study [5] that compared macro-homogenous and
spherical agglomerate characterizations and observed that spher-
ical agglomerate characterization is a better representation of the
CL. For improved water management, a thin micro-porous layer
is considered between the gas diffusion layer (GDL) and the first
catalyst layer.

A few papers are available in the open literature on the cathode
CL optimization. Song et al. [6] have obtained optimal distributions
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Nomenclature

C}‘ concentration of species i in region k (mol m~=3)

Cio Inlet concentrations of i (molm~3)

Co,lns  concentration of dissolved oxygen at the interface
of ionomer and agglomerate (molm~—3)

e concentration of liquid water in the membrane
(molm—3)

fof k effective diffusivity of the species i in region k
(m?s71)

Dgem - diffusivity of oxygen in ionomer (m2s-1)

pmem  diffusivity of liquid water in the membrane (m? s—1)

fionomer  Weight fraction of ionomer in the catalyst layer

Sot weight fraction of platinum on carbon

F Faraday’s constant (Cg~! equiv.~1)

ipase current density for base case design conditions
(Am=—2Ppt1)

icell cell current density (Am~2Pt~1)

fopt current density for optimized design (Am—2Pt~1)

Iw interfacial transfer of water between liquid and
vapor (molm=—3s-1)

]lf‘ local flux due to diffusion of species i in region k
(molm=2s-1)

ke condensation constant (s—1)

ky evaporation constant (atm~1s-1)

Mpy platinum loading inside the catalyst layer
(kgPtm—2CL-1)

My, molecular weight of water (gmol-1)

n number of electrons taking part in the oxygen
reduction reaction

Ny k flux of liquid water in region k (molm~-2s-1)

P capillary pressure (atm)

Pw partial pressure of water vapor (atm)

psat saturation pressure of water vapor (atm)

q switching function

Tagg agglomerate radius (m)

R universal gas constant (Jmol~! K-1)

Ro, rate of oxygen reduction reaction per unit volume
of the catalyst layer (molm=—3s-1)

Sk liquid water saturation level in region k

Teell cell temperature (K)

ta thickness of the catalyst layer (m)

Veen cell voltage (V)

Yw mole fraction of water in the gas phase

Greek letters

Ug
Q¢

Ek

Eionomer

§
Keff,c
Keff,mem

k
e)l‘]gl
eff.k
Kele

Pc
Pionomer

Ppt

K

vapor activity in the gas phase in the anode catalyst
layer

vapor activity in the gas phase in the cathode cata-
lyst layer

void fraction inside region k

fraction of volume occupied by the ionomer inside
the catalyst layer

effectiveness factor

effective proton conductivity in the catalyst layer
(mhom™1)

effective proton conductivity in the membrane
(mhom™1)

electric conductivity in region k (Sm~1)

effective electric conductivity in region k (Sm~1)
density of carbon (kgm~3)

density of ionomer (kg m~—3)

density of platinum (kg m~3)

Ow density of water (kgm~3)

v Thiele modulus

Subscripts

i index for the species: O3, Ny, H,0

k index for the region: diffusion layer, micro-porous

layer, catalyst layer

of platinum and Nafion for the maximization of current density at a
given voltage. The authors concluded that the optimal distribution
of Nafion content is a linearly increasing function and the optimal
distribution of platinum is a convex increasing function across the
thickness of the catalyst layer. Lin et al. [7] optimized the chan-
nel to width ratio, porosity of the GDL, and porosity of the catalyst
layer. Secanell et al. [8] performed multivariable optimization stud-
ies of the PEMFC cathode. The authors considered platinum loading,
volume fraction of the ionomer in the agglomerate, fraction of the
platinum on carbon, and porosity of the GDL as decision variables.
The authors suggested that the performance at medium and high
current densities can be improved by increasing the ionomer con-
tent and reducing the carbon and platinum loadings. The authors
did not consider the liquid water effect on the cell performance.
The liquid water generated in the ORR reaction plays a major role
especially in the mass transfer limiting regions. Later Jain et al. [9]
reformulated the agglomerate model of Secanell et al. [8] into a con-
densed form for minimization of the platinum loading at various
current densities. They obtained optimum platinum distribution
along the CL width by dividing the CL into various zones.

Our group recently published a multivariable optimization
study of a PEMFC cathode considering the effect of liquid water
[10]. In the current work, multivariable optimization studies of a
PEMFC with multiple CLs are performed. Two objective functions
are considered here. In the first study, the objective is to maximize
the cell current density for a given voltage. The second study focuses
on minimization of the platinum loading for a given current den-
sity. The design parameters of all the catalyst layers are the decision
variables for both the optimization studies.

2. Model description

Because of some modifications to the previously developed
model [1] and to ensure completeness, the model used in the opti-
mization studies is briefly described here. The schematic of the
model domain considered in this study is shown in Fig. 1. The
cathode flow field consists of parallel channels. The reactants fed
to the channels diffuse to the CL through the gas diffusion layer
(GDL) and micro-porous layer (MPL). The two-dimensional two-
phase model with four CLs considers transport of the reactant
gases, O,, Ny, and H,0 (v), in the GDL, MPL, and CLs. In addi-
tion, liquid water transport in the membrane (considering both
electro-osmotic drag and back diffusion), CLs, MPL, and GDL is con-
sidered. Furthermore, protons transport in the membrane and CLs,
and electrons transport in the GDL, MPL, and CLs are modeled. Elec-
trochemical oxygen reduction reaction (ORR) is considered in all
the CLs. The model assumptions are: (i) isothermal, isobaric, and
steady-state operation; (ii) water generated due to ORR is in lig-
uid form; (iii) physical properties of ionomer in all the CLs and in
the membrane is same; (iv) negligible contact resistance between
the cathode layers. The model equations and boundary conditions
are shown in Tables 1 and 2, respectively. The system of equa-
tions is solved using a combination of MAPLE® and MATLAB®.
The partial differential equations (PDEs) along with the bound-
ary conditions are written in MAPLE®. The PDEs are discretized
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Fig. 1. Schematic of the model domain.

Table 1
Conservation equations (C=concentration, J = gas flux, N=liquid flux).
Variables Gas channel Diffusion layer (DL) Micro porous layer (MPL) Catalyst layers (CLs) Polymer membrane
Co, ~2(Cou) =V -Jo, =0 —v4(—Dgffdvc02)=0 —V(—DZT'"VCOZ):O —v-(—Dgfffvcoz)—Ro2 -0 -
Cr, —2(Cyu) =V Jy, =0 —v-(—Dijfdchz):o —vl(—Di,ff'"chz)zo —v-(—DijfZ-fchz):o -
Cinyo — 2 (Caot) =V Juyo —lw =0 =V (=D aVCi0)—lw =0  —V-(-DfVCi0)—lw =0  —V-(-D{VCio0)—lw =0 -
s BB (su)~V Nwa+lw=0 =V Nyg+lw=0 —V-Nym +Iw=0 —V - Nw,c +Iw +2Ro, =0 —~V -Nwmem =0
ér - - - kT2, + nFRo, =0 —kefimem 2, =0
s - TV =0 kT2 =0 KTV2 9 —nFRo, = 0

Where Ly = kc(er(1 = 5)/RTcen )yw(pw — Py )q + ku(&spw/Mw )(pw — i (1 — q) (interfacial transfer of water between liquid and vapor phases) and Ro, = —&kixnCo, Ins (rate of
oxygen consumption).

Table 2
Boundary conditions in thickness direction.
Variables Co, Cn, Chyo s ér &5
Entrance Co, = Coy0 Cn, =Cny0 Chyo = Chy0.0 0 - -
GC/DL g =cg g =cpt o=y 56C = gDt - PPl = Vo
DL/MPL CoL = cynt R = Chlo = Cit pPL = pMPL kT4 ooy = kT g
]g; _ ](I\)/IZPL ’ezL _ ]'I\V/IZPL géo _ 1"1/12% N‘L/)vL _ N‘l/\\/l/PL _ @PL = P
MPLCL1 ar-cy Q=i afi-ciy e V=0 K"V = kL gy
](I\)/IZPL _ j(%l ll\\,/lZPL _ 1%1 Jln;lzpé _ 1%10 NwPL _ N\Sv“ PUPL = Pt
CL1/CL2 CSH =Cg2 = Cio=C% ptt = pgt? Pricu1 = Prici kTN g = kT PV
2 2 2 2 2 2 ele ele
]glz.l =](C)I£2 Jﬁ? — ,5152 IS?O — 1%20 N‘%l — NSVLZ Keﬁ‘.CLl v‘PrICLl =Keff,CL2 V¢r\CL2 ¢SCL1 — ¢5CL2
CL2/CL3 CGr=C Q=GP  Cip=Cip  p?=p® $rici2 = briais ke sz = kP Vepaas
Ig2 =I5 =1 IS = NG? =Ng? K2V @ricip =BV @ryars o5 = ¢
CL3/CL4 Gr=Cgt  qP=Clt Gy =G pet =pit Pricis =ricia K BVgas =MV gaa
]5!2.3 :ng;l ]51;3 — ,Sl;l -’}S’fb — IS’;‘}J Nal/.’;l — NSVL‘I KejT.CB V¢r|CL3 =Keff,CL4 V¢r\CL4 ¢5CL3 — ¢SCL4
CL4/MEM Vgt =0 Ve =0 Ve, =0 CMEM = I+ (ar) Pricta = Prmem Vit =0
N\?\’/A — N{/WVEM KejT,CM v ¢r|CL4 = Kejjf,mem v ¢r|MEM

MEM/ANODECL CMEM _ CCLEQ(ganode) ¢r=0
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Table 3
Base case design decision variables.

Table 5
Performance comparison between base case and optimized designs.

Decision variable Base case design

my (mgcm-—2) 0.4
ot 0.2
fiunomer 0.34
te (pm) 20

Table 4

Range of design parameters for optimization.
Decision variable (i=1-4) Lower bound Upper bound
Mpe; (Mg cm~—2) 0.0125 0.1 and 0.25
foti 0.05 0.95
fionomer, 0.05 0.95
teri (om) 25 5

in MAPLE® using forward difference technique. Analytical Jaco-
bians are generated and then the system of equations along with
the analytical Jacobians is exported to MATLAB®. The optimization
is performed in MATLAB® using the function “fmincon” available
in the MATLAB’s optimization tool box. The constrained nonlin-
ear optimization has been carried out by a feasible path approach
in which the PEMFC model equations are converged at each iter-
ation by a general-purpose nonlinear solver “fsolve” available in
MATLAB®. “fmincon” takes about 20-25 iterations to converge
depending on the operating voltage. For each iteration, “fsolve”
takes about 20 iterations to converge. The details of modeling and
optimization framework can be found in our previous publications
[1,10].

3. Optimization studies

The base case design parameters are given in Table 3. The ranges
of the decision variables considered in this study are provided in
Table 4. The upper bound on the thickness of the ultrathin CL (t¢;)
is kept at 5 wm so that the total thickness of all the CLs would not
exceed 20 pm. Constraints are imposed on the volume fractions of
voids, ionomer, and the solids in all the CLs to ensure that these
fractions are non-negative and less than one.

3.1. Problem formulation-I

In formulation I, the cell current density is maximized for a
given operating voltage. To understand the effects of platinum
loading in each CL, the problem is solved with different upper
bounds and constraints. Since the platinum loading in each CL in
the base case design is 0.1 mg cm~2, the upper bound on platinum
loading for each CL is kept at 0.1 mgcm~2 in case 1. This ensures
that the maximum overall platinum loading on the cathode side is
0.4mgcm~2. In the second case, the upper bound in each CL is kept
at 0.25 mg cm~2. The overall platinum loading is 1 mgcm~2 in this
case. Cases 1 and 2 will be referred to as low Pt case and high Pt
case, respectively, in our subsequent discussion.

Objective function: Maximization of ic at a given Vg

Decision variables : fyt i, fionomer,i» Mpt,i» teri 1=1-4
Subject to0 < &,; <1, 0 < &jgnomer,i < 1, 0 < &ggpigi <1 i=1-4

The volume fractions of the voids, ionomer, and solids in the
catalyst layer are a function of the optimization variables. For all
the CLs (i=1-4)

&= 1 Pt,i fPt,x fPt,l

fionomer,i
, _ (1)
tenifpei | Pc Ppt

[1 _fionomer,i ]pionomer

Voltage (V) Current density (mA cm~2)
Base case design Low Pt High Pt
0.9 12.6 13.86 23.65
0.7 457.3 462.68 548.47
0.5 1223.71 14191 1481.76
& L 1 mPt,i fionomer,i (2)
ionomer,i =
' tCL,ipiunomer fP[,i 1 _fionomer,i
Esolids,i = 1- &r,i — Eionomer,i (3)

3.2. Discussion of the results

The comparison between the base case design and optimized
conditions at various operating voltages for both the cases is shown
in Table 5. In Table 5, it is observed that the performance enhance-
ment is quite less at high operating voltages (low current densities)
when the maximum platinum loading is the same as that of the
base case design. On the other hand, the enhancement in the per-
formance is almost double (12.6 mA cm~2 to 23.65 mA cm~2) when
the upper bound on the platinum loading is high (1 mgcm=2) as
seen in the first row of Table 5. This is due to considerable reduc-
tion of the activation losses by using high platinum content at low
voltages. With an increase in the current density, two trends are
observed. First, for the same low platinum loading (0.4 mgcm=2),
the optimized design improves the performance by roughly 16%
(1223.71-1419.1 mA cm~2). Second, the impact of higher platinum
loading decreases as the operating voltage becomes lower mainly
due to the increase in the ohmic and diffusion losses (high Pt case).
The results also show that the optimum platinum loading hit the
upper bound (0.4 mg cm~2) in the low Pt loading case. In the high
Pt case, though the optimum loading reached the upper bound at
low current densities, it decreased at high current densities. These
results indicate that the cell performance can be enhanced for the
same platinum loading with the optimized design. However, since
the best performance can be achieved at higher platinum loading
and the objective of the first study is to maximize cell performance,
detailed analysis presented below is performed with high Ptloading
case only.

The comparison between the base case design and optimized
conditions is shown in Fig. 2. Optimized cell current densities are
shown as dashed lines as each current density is obtained using a

—— Base case design
-=#- Optimum design [

54
©

Cell voltage (V)
g e e
(=] ~ (-]

e
2

I
'S

0.3 : : :
0 500 1000 1500 2000

Current density (mA/cm?2)

Fig. 2. Performance comparison between base case design and optimized condi-
tions.
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Fig.3. Optimum distribution of (a) weight fraction of platinum on carbon, (b) weight
fraction of ionomer and (c) platinum loading.

different set of catalyst layer parameters. Here, the base case design
represents a single CL of thickness 20 wm. For the base case design
performance curve, the design parameters are uniform in the entire
catalyst layer. The optimum values of the CL parameters at various
voltages are shown in Fig. 3. In these plots, CL1 corresponds to the
MPL/CL interface and CL4 represents the CL/MEM interface.

Fig. 2 shows that there is significant improvement in the cell
performance inall limiting regions. The improvementin the current
density due to optimization is found to be about 33% at 0.4 V. At low
current densities, the platinum loading in the optimal design hit
the upper bound in all the CLs in order to minimize the activation
losses. A similar trend is observed earlier in the studies with single
CL[10].

As the ohmic and mass transport losses become significant at
medium and high current densities, an increase in the ionomer and
void fractions and reduction in the platinum loading are observed
in all the CLs. The optimized design variables which support this
observation can be seen from Fig. 3. An increase in the optimum
weight fraction of ionomer can be observed in Fig. 3b with the
increase in current density. Overall optimum platinum loading
reduces by 16% when the operating voltage is reduced from 0.6V
to 0.4V (Fig. 3c). The enhancement in the cell current density for

0.35
= 0.3
=]
=
S 0.25
&
= 02 1 CL1
]
z 015 mCk2
g ol = CL3
£ mCL4
O 0.05

0

0.7V 0.6V 0.5V 0.4V

Cell voltage

Fig. 4. Optimum distribution of void fractions in the CLs.

the optimal design is more significant at high current densities.
This is due to a reduction in the cathode overpotential due to opti-
mum distribution of voids and ionomer in all CLs. For example at
a voltage of 0.5V, the optimum void and ionomer fractions in CL1
through CL4 are 0.29, 0.24, 0.19, 0.13 and 0.27, 0.37, 0.45, 0.56,
respectively. The optimum void and volume fractions of all the CLs
at various operating voltages are shown in Figs. 4 and 5, respec-
tively. As the flux of oxygen decreases from the MPL/CL interface
towards the membrane due to the electrochemical reaction, the
optimum void fractions also decrease. Since more amount of oxy-
gen is required at higher current densities, a gradual rise in the
optimum void fractions is observed from 0.7V to 0.4V in all the
CLs.

The trend of the optimal ionomer fraction is opposite to that
of the void fraction due to the consumption of protons from the
CL/MEM interface towards the MPL/CL interface. The optimal dis-
tribution of the ionomer fraction is shown in Fig. 5. The thicknesses
of the individual CLs are found to hit the upper bound of 5 um in
both high and low Pt loading cases. This study shows that the overall
CL thickness of an optimized multiple CL PEMFC can be higher than
the typical CL thickness of 10 um or less used in the conventional
single CL PEMFCs.

Although the optimum design values of the CLs are different
for each operating voltage, an optimized MEA can be prepared only
with one set of these parameters. To choose such a combination, the
optimum design parameters corresponding to 0.5V (power den-
sity is maximum at this voltage in the base case design) have been
selected. The steady state simulations are carried out with this opti-
mum design to find the power densities throughout the operating
range. The comparison between the power-voltage curves of the
base case design PEMFC and the PEMFC with optimally designed
multiple CLs is shown in Fig. 6. The profile of oxygen partial pres-
sure in the base case design and optimized designs is shown in

0.7
£ 06
<
% 0.5
2 04 mCLl
=}
g 03 uCL2
g = CL3
E E': mCL4
O—' .

0

0.7V 0.6V 0.5V 0.4V
Cellvoltage

Fig. 5. Optimimum distribution of ionomer volume fractions in all CLs.
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Fig. 7. The partial pressure of oxygen is higher in most part of the
CLs in the optimized multiple CL design. As explained above, this is
due to the optimum distribution of voids in the multiple CL design.

3.3. Performance comparison between the optimized single CL
cathode and multiple CL cathode

Fig. 8 shows a comparison between the performance of the opti-
mized PEMFC with four CLs and the optimized PEMFC with single
CL. In Fig. 8, the vertical axis represents the percentage increase
in the cell performance compared to the base case design. The blue
and red colors represent the performance of the optimally designed
PEMFCs with single CL and multiple CLs, respectively. About 3-6%
increase in the cell performance is observed with the PEMFC with
optimally designed multiple CLs in comparison to the PEMFC with
optimally designed single CL throughout the polarization range for
the same platinum loading. Fig. 9 shows the difference between
the power density achieved using optimized multiple CL PEMFC
and optimized single CL PEMFC in the entire polarization range.
As seen in the figure, the power density of the optimized multiple
CL PEMEFC is 23 mW/cm? higher at 0.5 V. For a large stack totaling
thousands of cm? of area, the gain in total power generation can be
very high.
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3.4. Optimization formulation Il

In this formulation, the platinum loading is minimized while
maintaining the same performance as the base case design. In addi-
tion to the inequality constraints in formulation I, an additional
constraint on the cell performance is considered (iop¢ = ipqse ). Here,
iope is the cell current density at the optimum design and ip is the
base case design current density.

Objective function: Maximization of iy /mp; at a given Vg

Decision variables : fyr i, fionomer,is Mptis teri i=1-4

Subjectto0 < &; < 1, 0 < Eionomer,i < 1, 0 < Egqtia,i <1 1=1-4, lopr = ipase

Optimization is performed at low and high currents, and the
optimum platinum loadings are shown in Fig. 10. In Fig. 10, black
and blue colors represent the platinum loading of the base case
design and optimum designs with four CLs, respectively. There is
a significant increase in the current generation per mg of catalyst

05

£
2 04
E mBase case
2 03 design
§ = Optimum design
2 0.2 with single CL
g = Optimum design
£ 041 with 4CLs
[3+]
o

0

0.15 0.73
Average cell current density (Alcm?2)

Fig. 10. Comparison of optimized and base case design platinum loadings.



M. Srinivasarao et al. / Journal of Power Sources 206 (2012) 197-203 203

04 ¢

0.38 |

0.36

0.34 |-

Platinum loading (mg/cm?)

0.32 |

1

4CLs

0.3

icL 2CLs 3CLs

Fig. 11. Optimum platinum loading with single and multiple CLs cathode.
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loading. In other words, there is a considerable reduction in the
platinum loading for the same performance. When the current den-
sity is 0.15 Acm~2, the optimum platinum loading is 0.33 mgcm—2
against the base case design platinum loading of 0.4 mg cm~2. This
is a 17% reduction in the platinum loading. When the current den-
sity increases further to 0.73Acm~2, the platinum reduction is
about 60%. The platinum reduction is more at high current densities
because of lower activation losses and stronger effect of ohmic and
mass transport losses. Once again, the thicknesses of the individual
CLs are found to hit the upper bound of 5 pm.

The obtained results are compared with the optimum design
of a single CL. The red color in Fig. 10 represents the optimum
platinum loading required to produce the same current density
(0.15Acm~2and 0.73 Acm~2) using the optimized single CL design.

Fig. 11 shows the optimized platinum loadings of single CL and
multiple CL PEMFCs at 0.8 V in comparison to the base case design.
The base case design conditions are given in Table 3. Here, opti-
mization is carried out with the steady state model of a PEMFC
cathode containing one, two, three, and four catalyst layers. The
total thickness of the reaction medium is kept constant at 20 pm.
The thickness of each CLis calculated such that the overall thickness
is 20 wm. For example, while considering two CLs, the thickness
of each CL is 10 wm. When a single CL (20 wm) is considered, a
4% reduction in platinum loading is achieved. With two CLs (each
of 10 wm thickness), the reduction is 9%. The reductions in plat-
inum loading with 3 and 4 CLs are 12.5% and 15.5%, respectively. As
the number of catalyst layers increases, the design variables also

increase. As a result, flexibility in selecting the optimum design
variables also increases.

4. Conclusions

In this paper, two optimization studies of a PEMFC with an inno-
vative multiple CL cathode using a two-dimensional two-phase
model are presented. The decision variables used in these studies
are the design parameters of all CLs. In the first optimization study,
the cell performance is maximized. The optimization improves the
cell current density by about 15% in the high current density region
and by about 85% in the low current density region. The PEMFC with
optimized multiple CLs shows an improvement of 3-6% in the cell
performance over the optimized PEMFC with single CL. In the sec-
ond optimization study, the platinum loading has been minimized
for a given performance. The optimization results in a reduction of
17-60% platinum loading at various current densities in compar-
ison to the base case design without sacrificing the performance.
When the optimization is performed with single, two, three, and
four catalyst layers at 0.8V, it is observed that a higher reduction
in the platinum loading can be achieved with an increase in the
number of CLs. This study shows that an optimized multiple lay-
ered PEMFC is a promising option to improve the performance of
the PEMFCs and to decrease its cost.
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