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Proton exchange membrane fuel cells (PEMFCs) have emerged as a promising solution as the world is moving toward sustainable
energy resources. However, in order to compete economically with existing technologies, further improvements in performance are
necessary. Mathematical modeling and optimization are viable tools for designing better PEMFCs. This study aims to provide a
framework for topological optimization of the electrode structure, with the ultimate goal of enhancing cell performance. To achieve
this, a two-phase flow model of PEMFC is developed to characterize the cell performance. The model is then coupled with a
topology optimization technique, which is the main focus of the present work, to seek an optimized constituent distribution in the
catalyst layer. Results indicate that an electrode with a heterogeneous structure can enhance the overall cell performance by
balancing various transport and rate processes. The optimized designs are investigated for various key factors, including effective
diffusivity, effective conductivity, and liquid water management, to demonstrate how an optimized design can be advantageous.
© 2024 The Author(s). Published on behalf of The Electrochemical Society by IOP Publishing Limited. This is an open access
article distributed under the terms of the Creative Commons Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/
by/4.0/), which permits unrestricted reuse of the work in any medium, provided the original work is properly cited. [DOI: 10.1149/
1945-7111/ad8efe]
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As the world is moving toward carbon-free energy resources,
electrochemical energy conversion and storage technologies, such as
secondary batteries and fuel cells, received much attention.1,2 In
particular, proton exchange membrane fuel cells (PEMFCs) have
attracted significant attention due to their high efficiency, high power
density, and low startup time, as well as their scalability and ability
to operate at low temperatures. These characteristics make PEMFCs
suitable for a wide range of applications, from stationary power
generation3,4 to transportation.5,6 Although they offer various
advantages, their manufacturing cost remains high due to the use
of precious metals such as platinum as catalysts, which poses a
significant obstacle to their widespread commercial adoption.7–10

Therefore, it is crucial to focus on further enhancing their perfor-
mance and reducing costs to make these energy devices more
feasible for extensive deployment. This goal might be achieved by
enhancement of a vital component called catalyst layer (CL), which
is shown in Fig. 1a.

The significance of CL is twofold: (1) it is the largest cost
contributor, and (2) the electrochemical reaction is taking place in
this component. As previously mentioned, the former is attributed to
the usage of costly noble metals as catalysts to increase the
electrochemical reaction rate. CL is a crucial determinant of the
overall performance of a PEMFC, as it facilitates several coupled
transport phenomena, including mass and electric charge transfer,
alongside electrochemical reactions. As a result, any improvement in
CL not only reduces system costs but also enhances cell perfor-
mance. The CL of a PEMFC is a thin, porous medium consisting of a
catalyst supported by a support material (such as carbon-supported
platinum), a polymeric binder material (ionomer), and voids. This
triple-phase layer serves as the bed for redox reactions, where the
fuel and oxidant undergo reduction and oxidation, respectively, on
the catalyst material’s surface. The electrochemical reaction involves
chemical substances, electrons, and protons. In the CL, carbon-
supported platinum (PtC) and ionomer phases are responsible for
transporting electrons and protons, respectively. In addition, the
reactant is delivered to the reaction site through the pores.

Several approaches have been attempted in previous research
works to address the performance-cost challenge of CL. For
instance, some studies explored the use of cheaper catalyst materials,

such as non-platinum group metals, to reduce fabrication costs.11–16

However, substituting platinum group metals (PGMs) with other
elements in the fabrication of PGM-free catalyst layers can pose new
challenges, such as low durability and reduced oxygen reduction
reaction (ORR) activity. Thicker electrodes can be used to overcome
the low ORR activity issue, but this can increase mass transport
resistance and degrade liquid water discharge.17 In another attempt,
a number of studies18–21 employed electroanalytical methods to
assess and obtain a deeper understanding of electrode modification.
Moreover, over the last three decades, remarkable dedication and
substantial advancements have been devoted to improving PEMFCs
performance by focusing on modeling of CL with the goal of
optimizing its structure and composition.22–31 A summary of some
selected past research works on this topic is presented in Table I.
Numerical methods are efficient approaches in designing superior
CL and have been vastly used in the literature.32–36 This strategy is
based on mathematical modeling and optimization of CL structure.
Mathematical modeling provides a powerful tool for simulation of
cell characteristics under various structural and operational condi-
tions. By changing any structural or operational parameter, the
impacts of these changes might be determined. When integrated with
mathematical optimization algorithms, the best set of parameters
might be identified within a given bound.37 As aforementioned,
several coupled transport phenomena, including mass, heat, and
electric charge transfer, and a rate process (i.e., electrochemical
reaction) are happening simultaneously in CL. The cell performance
is mainly dictated by two mechanisms in CL: (1) charge transfer
rate, and (2) reactant supply/product discharge rate. Charge transfer
rate represents how fast the reactant species are consumed (or
likewise, product species are produced). On the other hand, the latter
mechanism specifies the pace of reactant delivery to the reaction site
(or product discharge from reaction site). This mechanism is also
known as mass transport resistance and becomes dominant when a
PEMFC is working at a high current density. At higher current
densities, the rate of the chemical reaction increases, causing the
reactant substance to be consumed more rapidly. To maintain the
desired reaction rate, it is necessary to compensate the available
amount of reactant accordingly. Insufficient reactant delivery leads
to a substantial performance drop at high current densities.
Moreover, excess liquid water production at these current density
regions blocks the pores and makes the reactant delivery more
complicated. This phenomenon is known as flooding.38,39 In azE-mail: alizadeh.mehrzad@gmail.com
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porous medium, like CL, the effective transport and electrochemical
properties depend on its microstructure. For instance, the effective
ionic conductivity of CL is related to the volume fraction of
ionomer. However, enhanced ionic conductivity (at a constant PtC
volume fraction) translates into lower porosity, which lessens the
effective reactant diffusivity. Therefore, an appropriate CL composi-
tion might provide a balance between the transport and rate

processes, which consequently results in an elevated overall cell
performance. The described trade-off between different mechanisms
gives a rise to an optimization problem.

The aim of this optimization problem is to maximize the
membrane electrode assembly (MEA) performance by providing a
compromise between the processes occurring in CL. A proper
balance between dynamics of these phenomena is obtainable by

Figure 1. Schematic representation of (a) a single PEMFC cell and (b) a CCL agglomerate.
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controlling the composition of CL. In other words, an appropriate
adjustment of volume fractions of constituent materials would
improve the performance. As a result, the volume fraction of PtC,
volume fraction of ionomer, and porosity could be considered as the
decision variables of this optimization problem. Several previous
studies in the literature focused on parametric optimization of CL
composition. For instance, He et al.33 investigated the impact of five
parameters of the cathode catalyst layer (CCL) on the current-
voltage (I-V) relationship of a mathematically modeled PEMFC.
These parameters include platinum loading, platinum to carbon (Pt/
C) mass ratio, ionomer to carbon (I/C) ratio, carbon particle radius,
and electrochemical surface area (ECSA). Their results revealed that
platinum loading substantially affects the cell performance. Also,
according to their findings, contrary to limiting current density that
might be increased by a smaller I/C ratio, a higher value of this
parameter is beneficial for enhancing maximum power density.
Some other studies40,42–46 tried to expand parametric analysis by
dividing CL into several sub-domains and finding the best composi-
tion of CL in a double- or multi-layer configuration. These studies
proposed that the cell performance improvement can be achieved
with a functionally graded multi-layer design for the catalyst layer.45

The composition of each sub-layer is controlled independently of
other ones with the aim of amplifying the output power. In a more
advanced form, Havaej et al.,35 for instance, compared several non-
uniform catalyst loading distribution based on a set of predefined
functions. They found that by introducing a non-uniform distribution
of catalyst in the longitudinal direction, the cell current density could
be increased by 3.1% at a voltage level of 0.2 V. In a recent work,

Fan and colleagues47 used a 1D two-phase model to investigate the
impact of graded CL designs on output power and current density
distribution of a PEMFC. Despite some improvement in current
density uniformity and the output performance, their study is only
limited to a linear distribution of ionomer and catalyst within CL.
Reviewing the literature clearly shows that a graded or multi-layer
design of CL outperforms the simple parametric optimization due to
a relatively higher degree of freedom achieved thanks to the
heterogeneous distribution of design parameters. However, in graded
CL designs, the material distribution function should be usually
prescribed in advance. Topology optimization (TO) is a rigorous
mathematical optimization technique which provides a high degree
of freedom in controlling distribution of decision variables in a given
design domain.48–50 TO can automatically generate spatially graded
electrode designs with gradual variations in microstructural topology
to achieve favorable MEA performance. In contrast to parametric
optimization, which is restricted to adjusting decision variables at a
global level while maintaining a uniform distribution, TO allows for
control of decision variables values at a local scale.51–53 Moreover,
contrary to the graded designs, TO does not require any material
distribution function prior to the optimization. Thus, it is capable of
providing various heterogeneous distribution of decision variables
while maintaining their global average constant. TO was initially
emerged in the field of structural mechanics;54 however, its
application has been then extended to other disciplines, such as
fluid-based problems55 and reaction-diffusion systems.56,57 To date,
the implementation of TO for electrochemical energy devices has
been mainly limited to the flow field design58–60 and thermal

Table I. Summary of some selected papers from the literature.

Ref. Year Summary of approaches and results

40 2000 The impact of catalyst gradients on the performance of the active layer in a PEMFC has been verified through both experimentation and
modeling, encompassing both porous and non-porous active layers. The modeling of diffusion and ionic ohmic drop in the cathode’s
active layer further corroborated the experimental findings, demonstrating that the graded distribution of platinum nanoparticles enhances
performance.

23 2004 The study employs mathematical modeling and simulation to investigate transport and reaction kinetics in two types of CCL agglomerates:
ionomer-filled and water-filled. It reveals that ionomer-filled agglomerates display more consistent reaction rate distributions, while water-
flooded agglomerates exhibit high catalyst utilization due to significant proton penetration under specific conditions. The findings
highlight the importance of designing an idealized CL composite with hydrophobic secondary pores for effective macroscopic reactant
transport and water removal, along with hydrophilized primary micropores for optimal wettability and proton accessibility.

24 2006 A model linking spatial distributions, water handling capabilities, and performance is developed using statistical theories and a macro-
homogeneous model. The simulation results reveal the sensitivity of CCL operation to various factors, such as porous structure, thickness,
wetting angle, and gas pressure. Notably, the findings propose that with favorable parameters (i.e., 10 μm thickness, 5 atm cathode gas
pressure, and 89° wetting angle in case of this study), the flooding current density could reach as high as 2 to 3 A cm−2.

25 2007 The paper introduces a numerical framework for optimizing cathode electrodes under different operating conditions. By coupling an
agglomerate model with a gradient-based optimization algorithm, the study determines the ideal parameters setting. The results highlight
that higher platinum loading and moderate electrolyte volume fraction improve performance at low current densities, while reduced
platinum loading and increased electrolyte volume fraction and porosity enhance performance at higher current densities. The research
also suggests that reducing the solid phase volume fraction in the CL could lead to improved electrode performance.

41 2008 The study presents a model for the CCL, incorporating considerations of random porous morphology, transport properties, and
electrochemical conversion. Afeedback mechanism triggers a transition from low saturation, which leads to high voltage efficiency, to
excessive water accumulation, affecting reaction rate distributions and causing voltage losses. Optimizing the critical current density
during this transition enhances both voltage efficiency and power density, with optimal conditions favoring high porosity, a significant
fraction of secondary pores, an approximate 90° wetting angle, high gas pressure, and elevated temperature.

27 2012 This research explores the oxygen gain in hydrogen fuel cells, which refers to the performance difference observed between cathode fuel
streams with varying oxygen levels (depleted and oxygen-rich). The study develops mathematical models to distinguish between mass-
transport resistances in CL and GDL medium. Two extreme scenarios are examined: cases where mass transfer limitations occur solely
within CL and those external to it, in GDL. In the former situation, oxygen gain values are confined to a finite range, while in the latter,
they are unrestricted. The paper proposes a diagnostic technique aimed at identifying the primary source of mass transfer degradation.

28 2014 The study develops a model to investigates voltage losses and to explore how agglomerate size and ionomer distribution influence the
effectiveness of platinum utilization and the distribution of reaction rates during ORR. The results indicate that smaller agglomerates with
higher oxygen pressure at their surface exhibit higher effectiveness factors. Moreover, it is shown that the impact of pore diameter on
effectiveness factor is less significant compared to agglomerate size. While the variation of effectiveness factor with ionomer coverage is
insignificant within the range of 0.125 to 0.5, higher coverage reduces the effectiveness factor due to increased resistance to oxygen
diffusion. Ultimately, the study suggests that a high effectiveness factor is achieved by combining high oxygen pressure, small
agglomerate size, and medium ionomer coverage.
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management.61,62 However, there are only a few number of studies
that have investigated the employment of TO for designing
innovative electrodes with heterogeneous structures.63–66 In a recent
study, Beck et al.63 proposed a pioneer non-uniform structure design
procedure for electrodes of redox flow batteries based on mathema-
tical optimization. Their findings show that, as compared to
conventional electrodes with uniform porosity distribution, using
an engineered electrode with varying porosity can increase the
efficiency of the battery under various operating conditions. In
another study conducted by Deng and Lu,64 the authors used an
optimization algorithm integrated with self-directed online machine
learning to obtain the optimal topology of the porous electrode of a
lithium-ion battery. By controlling the distribution of solid volume
fraction in a 2D electrode, they successfully found a pattern for the
structure of the electrode, which leads to 18% increment in the cells
maximum specific energy. For the purpose of optimization, they
used a 5× 5 grid, which is coarser than the mesh used for finite
element calculations. Moreover, Lamb and Andrei65 implemented a
gradient-based topology optimization method to achieve the best
configuration for the spatial distribution of constituent materials in
the catalyst layer of a PEMFC. Unlike,64 which only considered
porosity or solid volume fraction as a decision variable, the
researchers in Ref.65 conducted a multi-variable optimization of
catalyst, electrolyte, carbon, and void volume fractions. They
reported that in the case of PEMFC, it is desired to increase the
volume fraction of catalyst and electrolyte in the region close to the
membrane and increase the volume fraction of carbon and voids in
the region near the gas diffusion layer (GDL) to obtain higher output
voltage. While the study presented in Ref.65 shows promising
results, it is important to note that the use of a single-phase model
for simulating the behavior of PEMFC means that the liquid water
transport mechanism was not accounted for. Since liquid water has a
significant impact on PEMFC characteristics, particularly at high
current densities, it is crucial to incorporate a multi-phase model to
obtain a more comprehensive understanding and more robust results
in the optimization process.

Reviewing the existing research works on optimal design of CL
composition shows that there is a relatively small body of literature
that is concerned with implementation of powerful mathematical
optimization methods, like TO, to find novel electrodes with
heterogeneous distribution of constituent materials. The objectives
of the present study are to establish a framework for topology
optimization of PEMFC electrode and to explore the optimal CL
structure that provides an appropriate balance between dynamics of
transport and rate processes, which as a result might enhance the
overall cell performance. To accomplish this goal, first, a 2D two-
phase model of PEMFC is developed that captures major electro-
chemical and transport phenomena of PEMFC. By considering the
liquid water transfer in PEMFC, the proposed model is capable of
accurately simulating the cell behavior even at high current
densities. The model is then validated against experimental data to
ensure the precision of the proposed mathematical formulation.
Next, a topology optimization algorithm based on density model67 is
used to obtain the best structure of CCL in a given design domain
with the aim of increasing the output current density at a constant
cell voltage. Whilst the models that were used in the previous TO
studies, such as,65 dominantly suffered from a lack of two-phase
flow effects, this gap is filled by adoption of a robust mathematical
description of PEMFC performance that considers those mechan-
isms. Hence, the findings of this research are more reliable and
consistent than those reported in the literature. However, it is
noteworthy that the primary aim of this study is establishment of
an optimization procedure that seeks optimized structure for CL of
PEMFC rather than overstated claims. The readers should bear in
mind that some limitations are present in the current cell-scale
modeling of PEMFC in the literature. For instance, the electrode
properties (e.g. porosity) vary between the regions beneath the rib
and beneath the channel due to differences in compression during the
cell assembly process. However, most modeling studies in the

literature assume uniform properties across these regions. Those
details are beyond the scope of this study, as the current work
primarily focuses on applying TO to achieve optimized material
distribution in the CL. Finally, PEMFC performance improvement
as a result of the optimized CL structure will be discussed in terms of
electrochemical aspects and transport phenomena.

The following parts of this paper is divided into five sections.
Section Mathematical Modeling deals with modeling of PEMFC,
where the governing equations used in the present work are described.
In addition, a brief explanation of various categories of PEMFC
modeling that exists in the literature is provided. All the processes
considered in this model are descried and their relevant mathematical
correlations are provided. Section Topology Optimization reviews the
topology optimization procedure and presents the optimization
problem formulation with an explanation of the objective function
and constraints. In Section Results and Discussion, first, the developed
model is validated against experimental results. Afterwards, the
results obtained from the optimization process are given together
with a comprehensive discussion of electrochemical and transport
phenomena. Finally, the conclusion of this paper is drawn in Section
Conclusions.

Mathematical Modeling

In the present study, a two-phase flow, non-isothermal model is
developed to simulate the performance of the PEMFC. The
computational domain is shown in Fig. 1a. The model considers
the flow channel as well as five layers of the cell, including two
GDLs, two CLs, and a proton exchange membrane (PEM). The
governing equations are given as follows.

Conservation of mass and species:
The conservation of species and mass for gaseous are described

by the Maxwell-Stefan and Brinkman equations, respectively.68,69

The Maxwell-Stefan, mass continuity, and Brinkman equations are
given as:

⎛

⎝
⎜

⎡
⎣⎢

⎤
⎦⎥

⎞
⎠

∑ρ ω ρω ω· ∇ − ∇· ∇ + ( − ) ∇

+ ∇ = [ ]

D x x
p

p

D
T

T
M R

u

1

i i

k

ik k k i

i
T

i i

ρ∇·( ) = [ ]Qu 2m

⎜ ⎟

⎜ ⎟
⎛
⎝

⎞
⎠

⎡
⎣⎢

⎤
⎦⎥

⎛
⎝

⎞
⎠

{ }
ρ

ε ε
μ

ε

μκ
ε

·∇ = −∇ + ∇

· (∇ + (∇ ) ) − (∇· )

− + [ ]

⊤

−

p

Q

u
u

u u u I

u

2

3

3

void void

void

1 m

void
2

in which u is velocity (m s−1), p is pressure (Pa), T is temperature
(K), ρ is density (kg m−3), and μ is viscosity (Pa s) of the gaseous
mixture. In addition, ω, x, DT, M, εv, and κ are mass fraction, mole
fraction, thermal diffusion coefficient (kg m−1 s−1), molecular
weight (kg mol−1), porosity, and permeability (m2), respectively.
Dik is multi-component diffusivity (m2 s−1). The subscripts i and k
denotes the gas species. Also, R and Qm represent the source terms.

Liquid water transport:
The liquid water transport equation is expressed by:

−∇·( ∇ ) + ∇ = [ ]D C C Ru 4cap lw lw lw

where Clw is liquid water concentration (mol m−3) and Dcap is
capillary diffusivity (m2 s−1). The source term, Rlw, is determined
by the rate of water condensation and evaporation in the cell.
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However, in CCL, where ORR is taking place, the produced liquid
water is also contributing to this source term. The water saturation,
slw, is correlated to the liquid water concentration through the
following relationship.

ε ρ
= [ ]s

M
C 5lw

H O

void lw
lw

2

Dissolved water transport:
The transport of dissolved water through membrane/ionomer in

ACL, PEM, and CCL is given by:

−∇·( ) = [ ]D C S 6dw dw d

In Eq. 6, Ddw and Cdw are dissolved water diffusivity (m2 s−1)
and dissolved water concentration (mol m−3), respectively. The
boundary conditions required for solving this equation are calculated
based on the relative humidity level (RH) at the interface between
CL and GDL. The dissolved water concentration at this interface is
formulated as:69

ρ
∣ = ( + − + )

[ ]

C
EW

0.043 17.81RH 39.85RH 36.0RH

7

dw CL GDL
2 3 m

where ρm is density of ionomer/membrane (kg m−3) and EW is the
equivalent weight of ionomer/membrane (kg mol−1).

Conservation of energy:
Given the assumption that all phases are in thermal equilibrium,

the energy conservation is governed by:62,68

⎛

⎝
⎜

⎞

⎠
⎟

⎛

⎝
⎜

⎞

⎠
⎟∑ ∑ρ∇· [ ] − ∇· ∇ = [ ]

= =

c T k T Su 8
i g,l

p i

i g,l,s

i T

where cp and k are specific heat capacity (J mol−1 K−1) and thermal
conductivity (W m−1 K−1), respectively. The subscript i denotes
the gas mixture, liquid water, and solid phase. It is noteworthy that
the energy source term, ST, is a summation of heat generation/
consumption by electrochemical reaction, Joule heating, and the
water phase change process. All source terms are listed in Table II.

Conservation of charge:
The electrons and protons are transferred through carbon-

supported platinum and ionomer, respectively. The electron

transport in GDLs and CLs of both anode and cathode sides, as
well as proton transport in CLs and PEM, is modeled by Ohms law.
The conservation of charges are expressed by:

σ ϕ∇ · (− ∇ ) = − [ ]i 9s
eff

s src.

σ ϕ∇ · (− ∇ ) = [ ]i 10m
eff

m src

in which σs
eff and σm

eff are effective electric and ionic conductivities
(S m−1), respectively. Moreover, φs and φm are solid and electrolyte
phases potentials (V), respectively, and isrc is volumetric current
density source (A m−3). The current density source is zero within
both the GDLs and PEM. The calculation of isrc within the CLs is
addressed in the next subsection.

Agglomerate model.—A spherical agglomerate sub-model (see
Fig. 1b), adopted from,68–71 is utilized to determine the electro-
chemical kinetics. It is assumed that the agglomerate is covered with
a thin ionomer film. Moreover, owing to the hydrophilic properties
of the ionomer, the liquid water produced during the electrochemical
reaction is considered to form an additional layer, overlaying the
ionomer film.69 The ionomer film thickness is treated as an input for
the model, whereas the water film thickness is calculated based on
the liquid water saturation, as described in a subsequent equation.
Previous experimental and numerical studies reported various values
for the thickness of ionomer film, spanning from a few nanometers
to as much as 100 nm.72–75 Moreover, although microscopy
studies76,77 reported a value between 50 to 170 nm for the
agglomerate radius, numerical studies typically reported larger
values in a range between 50 and 5000 nm.68,73,75,78 This occurs
because, in cell-scale modeling, the intricate microstructure of CL is
substituted with volume-averaged characteristics, like porosity.
Consequently, certain adjustments or fittings are necessary to mimic
the experimental performance results. The summation of constituent
volume fractions in CL is as follows:

ε ε ε+ + = [ ]1 11PtC l void

where εPtC and εl are volume fractions of carbon-supported platinum
and ionomer, respectively. The volume fraction of platinum and
carbon might be separated according to Eqs. 12 and 13.

Table II. Source terms.
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in which mPt is platinum loading (kg m−2), tCL is thickness of CL
(m), ρPt and ρC are platinum and carbon densities (kg m−3), and
γPtC is platinum mass fraction. Knowing the carbon loading mC

(kg m−2), the platinum mass fraction is expressed as:
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+

[ ]m

m m
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The radius of agglomerate ragg and thickness of ionomer film δN
(m) are given as model input. The agglomerate density, which is
defined as the number of agglomerates per unit volume of CL, reads
as:

ε
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The specific surface area of agglomerate with water coating is
given by:
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where aagg and ′aagg are specific surface area of agglomerate without
and with water coating (m−1), respectively, and δW is the thickness
of liquid water coating (m) covering the agglomerate. The value of
aagg is computed by:

π δ= ( + ) [ ]a N r4 17agg agg agg N
2

Knowing that Nafion ionomer is hydrophilic, it is assumed that
the generated water by the electrochemical reaction forms a liquid
water coating on the ionomer film.69 The thickness of liquid water
coating is estimated by:69
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For CCL, the volumetric current density source is expressed
by:69,70
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where −DO N2 and −DO W2 are diffusivity of oxygen in ionomer and
water (m2 s−1), respectively. In Eq. 19, PO2 is oxygen partial
pressure (Pa) and HO2 is Henry’s constant for oxygen dissolution
(Pa m3 mol−1). In addition, the reaction rate coefficient (kc) and
effectiveness factor (Er) in this equation are calculated as follows:69
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in which APt is total reaction area per unit volume of agglomerate
(m−1), i0,c is exchange current density for oxygen reduction reaction
(A m−2), CO

ref
2
is oxygen reference concentration (mol m−3), αc is

cathode charge transfer coefficient, ηc is cathode overpotential (V), R
is gas constant (J mol−1 K−1), and Th is Thiele modulus. It is
noteworthy that the dependence of ORR rate on the local concentra-
tion (pressure) of oxygen is considered in Eq. 19. The temperature
dependence of exchange current density is expressed using an
Arrhenius relationship as:79
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where i0,c
ref , Ea, and Tref are reference exchange current density

(A m−2), activation energy (J mol−1), and reference temperature
(K). The activation energy of ORR on platinum is 66000 J mol−1.79

In addition, APt reads as:
69

= [ ]A A
m

t
27Pt 0
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where A0 (m
2 kg−1) is given by the following empirical relationship

as a function of platinum mass fraction.69,70
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Additionally, Thiele modulus is evaluated as:
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where Dagg
eff is effective diffusivity of oxygen within agglomerate

(m2 s−1) and is computed based on Bruggeman equation as follows:
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In Eq. 30, εagg is fraction of agglomerate volume filled with
ionomer and might be evaluated as:
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For ACL, the hydrogen reduction kinetics follows the well-
known Butler-Volmer relationship as:69

⎜ ⎟

⎜ ⎟

⎛
⎝

⎞
⎠

⎛

⎝
⎜

⎞

⎠
⎟

⎡
⎣⎢

⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

⎤
⎦⎥

ε
ε

α η

α η

= −

−
−( − )

[ ]

i A i
P

H C

F

RT

F

RT

1
exp

exp
1

32

src
a

Pt 0,a
ref void

PtC

H

H H
ref

0.5
a a

a a

2

2 2

in which i0,a
ref is anode exchange current density, PH2 is hydrogen

partial pressure (Pa), HH2 is Henry’s constant for hydrogen dissolu-

tion (Pa m3 mol−1), and CH
ref

2
is hydrogen reference concentration

(mol m−3). Moreover, αa is anode charge transfer coefficient and ηa
is anode overpotential (V). Since anode charge transfer coefficient
and anode exchange current density exhibit weak dependence on
temperature, they are considered constant across various operating
temperatures.69 However, considering the relatively greater influ-
ence of temperature on the cathode charge transfer coefficient, this
parameter was fine-tuned during the validation process to achieve
results that effectively replicate the experimental data.69 For both
anode and cathode CLs, activation overpotential is given by:

η ϕ ϕ= − − [ ]E 33s m
eq

where Eeq is equilibrium potential (V). A list of additional relation-
ships and physical properties are given in Tables III and IV.

Boundary conditions.—The electric potential on the anode rib
( − ′A A and A″− A‴) and cathode rib ( − ′F F and F″− F‴) are
defined as Dirichlet boundary conditions. The value on anode side is
set to be zero and on the cathode side corresponds to the cell voltage.
The dissolved water concentration at the CL/GDL interface for both
anode and cathode sides ( − ′B B and − ′D D ) are defined as
Dirichlet boundary condition according to Eq. 7. The conditions at
anode inlet ( ′ − ″A A ) and anode rib ( − ′A A and A″− A‴) are
given by:
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in which x represents the mole fraction. Likewise, the boundary
condition at cathode inlet ( ′ − ″F F ) and cathode rib ( − ′F F and F
″− F‴) are expressed as:
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The liquid water saturation at the cathode inlet ( ′ − ″F F ) is set to
be zero. A symmetry boundary condition is considered for all other
boundaries.

Topology Optimization

TO is a relatively more advanced method compared to other
conventional optimization techniques, such as shape and size
optimizations. Compared to other optimization approaches that
usually focus on globally tuning a set of decision variables to
maximize or minimize one or more objective functions, TO stands
out for its ability to finely control those variables at a local level.
From this standpoint, the higher degree of freedom provided by TO
makes it a robust and strong optimization tool. TO considers
optimization process as a material distribution problem and seeks
to generate creative layouts within a defined design domain to either
maximize or minimize a specified objective function. In this sense, a
material allocation problem might mathematically read as:

⎧
⎨⎩

θ ( ) =
∈ Ω
∈ Ω⧹Ω [ ]x

x
x

1 if
0 if

36
M

M

in which x is any position in the given design domain (Ω) and θ is a
material distribution function. The distribution θ takes a value of one
(θ= 1) in regions where material exists (ΩM), while it is set to zero

Table III. Additional relationships and definitions.

Description Equation Unit

Ionic conductivity68 ⎡⎣ ⎤⎦( )σ λ= ( − ) −0.514 0.326 exp 1268
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0 1

303

1 S m−1

Effective ionic conductivity68 σ σ ε=m
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m
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l
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s
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(θ= 0) in void regions. Given the fact that working with a
discontinuous function is mathematically troublesome, a “density
method”67 is usually used in real applications. This method replaces
the discontinuous function, θ, with an analogous continuous density
function, θC, which can take any value between zero and one
(0 ⩽ θC(x) ⩽ 1). In structural mechanics problem, where any inter-
mediate value for the density function (other than zero or one) is
physically meaningless, some additional considerations, such as
“Simplified Isotropic Material with Penalization” (SIMP) method,67

are taken into account to obtain a more accurate correlation between
density value and material properties. However, in this study, as we
are working with volume fraction of constituent materials (rather
than Boolean-type distribution of materials), the effective material
properties are correlated to the volume fraction of corresponding
materials through power-law relationships as expressed in Table III.
In other words, a power-law (Bruggeman equation) penalization
scheme is utilized to reflect the effect of TO homogenization on the
material parameters in the governing equations. Standard regulariza-
tion methods are implemented on optimization solutions to prevent
the checkerboard pattern problem. It is a well-studied problem in the
field of TO83–85 and has been resolved by utilization of solution
filtering and projection. This research exploits a Helmholtz-type
filter83 as well as a hyperbolic tangent projection86 to address this
problem. Helmholtz filter is expressed as a solution to the following
partial differential equation (PDE).

θ θ θ
θ

− ∇ ˜ ( ) + ˜ ( ) = ( )
∇ ˜ · ˆ = Γ [ ]

R x x x

n 0 on 37
f
2 2

C C C

C

In Eq. 37, θ̃C and Rf are filtered density function and the filter radius,
respectively. To obtain filtered density function, Helmholtz PDE
should be solved based on a homogeneous Neumann boundary
condition, as shown in the above equation (Γ is the boundary of the
design domain). Additionally, a hyperbolic tangent projection86 is
used to further regulate the optimization solutions, as follows:

θ
β θ θ βθ
β θ βθ

=
( ( ˜ − )) + ( )
( ( − )) + ( )

[ ]β β

β β

≈ tanh tanh

tanh 1 tanh
38C

C

where θ ≈
C is the density function after projection, and β and θβ are

projection tuning parameters. In the literature, β is called projection
steepness and θβ is known as projection point. Next, “globally
convergent method of moving asymptotes” (GCMMA) algorithm87

is used to update the decision variables. GCMMA is a gradient-
based algorithm; as a consequence, the sensitivity of objective

function with respect to the decision variables should be calculated.
Sensitivity analysis is performed using the adjoint state method.88

Contrary to other approaches, like forward method, which are
computationally expensive, the adjoint method is independent of
the number of the decision variables. Hence, it is a very efficient
technique from the computational perspective, which makes it
especially suitable for TO problems that typically include numerous
decision variables. According to this method, the total derivative of
an objective function (Fobj) with respect to each decision variable, ζi,
is indicated as:
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39
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in which λ is the vector of adjoint variables and G is the system of
governing PDEs. As this study deals with CL structure optimization,
the decision variables (ζ) are considered being volume fractions of
PtC (εPtC) and ionomer (εl). The adjoint variables are given as the
solution to the following adjoint equation:
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where U is a vector of state variables that are determined from the
governing equations.

Problem formulation.—As previously mentioned, the perfor-
mance of PEMFC depends on several coupled transport and rate
processes that are taking place in the cell. In such a situation, the
overall cell performance is dictated by the slowest process. For
instance, the rate of an electrochemical reaction not only depends on
charge transfer rate but also is affected by the rate at which reactant
species are supplied (or product species are removed). The effective
transport and rate properties of CL might be controlled by the
volume fraction of constituent materials. For example, a very high
volume fraction of PtC is beneficial to increase the rate of reactant
consumption. On the other hand, this means a lower porosity, which
in return causes sluggish gas transport. A huge drop in reactant
delivery might deteriorate the overall cell performance. Hence, the
composition of CL should be adjusted in a way that a compromise
would be obtained between various processes. The output power
density of PEMFC, which indicates the cell performance, could be
estimated knowing the cell voltage and current density. At any
specific current density, the cell voltage can be calculated using the
governing equations expressed in Section Mathematical Modeling.

Table IV. Physical and transport properties.

Parameter Symbol Value/Expression Unit

Platinum density69 ρPt 21 450 kg m−3

Carbon density69 ρC 2000 kg m−3

Ionomer density69 ρm 1800 kg m−3

Ionomer equivalent weight69 EW 1.1 kg mol−1

Permeability (GDL, CL)69 κ 4.97 × 10−13, ε ε× ( )−4.97 10 13
void
CL

void
GDL 1.5 m2

Agglomerate radius75 ragg 7 × 10−7 m
Ionomer film thickness72 δN 7 × 10−9 m
Oxygen reference concentration82 CO

ref
2

3.39 mol m−3

Hydrogen reference concentration82 CH
ref
2

56.4 mol m−3

Water surface tension coefficient82 σlw 0.0625 N m−1

Evaporation rate constant69 hevp 100 atm−1 s−1

Condensation rate constant69 hcond 100 s−1

Electric conductivity69 σs
0 1250 S m−1

Latent heat of condensation/evaporation69 ΔhH O2 2.308 × 106 J kg−1

Entropy of hydrogen oxidation69 ΔSa 161.2 J mol−1 K−1

Entropy of oxygen reduction69 ΔSa −324 J mol−1 K−1
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Therefore, at any given current density, a superior performance
might be achieved if the overpotential is decreased and conse-
quently, the cell voltage is increased. The optimization problem at a
given current density (Icell

in ) is defined as:

ε ε ε
ε ε

ε ε

= ∣
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where ΩCCL is the CCL domain. Since the overpotential in CCL is
greater than that of the anode catalyst layer (ACL), this study only
focuses on the spatial structure of this component. However, the
described procedure might be applied to any other component of
PEMFC by considering appropriate decision variables. Furthermore,
according to the formulation of Eq. 41, the optimization objective is
defined as maximization of the cell voltage at a specific current
density Icell

in . The optimization problem is subject to some physical and
design constraint as shown in Eq. 41. First, at the local level, a
physical constraint applies to any position x in the CCL domain,
which requires that the summation of volume fractions of constituents
adds up to one. Additionally, by definition, the volume fraction of
each decision variable cannot be more than unity at a local level. In
practical implementation, the optimization algorithm updates the
value of decision variables (εPtC and εl) in each iteration while
calculating the porosity automatically through εvoid= 1− (εPtC+ εl).
At a global level, the optimization problem might be subject to some
additional constraints. In the present study, the problem is formulated
so that the average mass loading of platinum (mPt

avg) and average
ionomer volume fraction (εl

avg) over the entire CCL do not exceed a
maximum value (mPt

max and εl
max ). A major difference between

parametric and TO rises from the fact that parametric optimization
can only control the average mass loading (or average volume
fraction) of constituent materials; however, TO not only controls the
average mass loading but also adjusts their distribution. When
performing parametric optimization, a higher loading of platinum or
ionomer may lead to enhanced output power. Nevertheless, it should
be noted that a higher platinum (or ionomer) loading implies more
expensive cell as well. Opposed to conventional parametric optimiza-
tion, TO does not necessarily improve CL design by using more
amount of platinum or ionomer. However, it promotes the cell
performance through more effective distribution of the available
materials. It is also noteworthy that while the previously introduced
density function (θC) does not appear explicitly in the optimization
problem Eq. 41, a unique density function is assigned for determina-
tion of each decision variable during the optimization process. In this
regard, the decision variables (εPtC and εl) are updated according to
the value of their relevant density function after regularization.

Numerical implementation.—The numerical procedure used in
the present study to find the optimal CL design is as follows. The
mathematical model developed in the previous Section is imple-
mented in COMSOL Multiphysics® (version 5.6) software to solve
the governing equations by a finite element method. The parameters
used in this study are tabulated in Table V. By solving these
equations for a wide range of current densities, polarization
characteristics of the PEMFC are obtained. The obtained I-V is
then compared to an experimental data set to confirm the validity of
the proposed model. Next, an optimization is conducted to obtain the
optimal distribution of material in CCL. TO process begins with
initialization of the design variables and evaluation of the objective
function according to Eq. 41. Next, the sensitivity (gradient) of
objective function with respect to the design variables is computed.
By regularization of the design variables using a Helmholtz filtering
and hyperbolic tangent projection schemes, the optimization process

is continued. In the subsequent step, the GCMMA algorithm is used
to update the design variables. As the measured sensitivity has a
different value at each position in the calculation domain, the design
variables are updated at a local level accordingly. Hence, the updated
values of design variables vary with the position, which gives a rise
to a heterogeneous layout. TO favors non-uniform distribution of
design variables in order to maximize the objective function. In other
words, it enhances utilization of the constituent materials by placing
them in areas that they are needed more. This iterative procedure is
repeated till the maximum number of iterations is reached. In
summary, the optimization process is described as follows:

Step 1:The PEMFC model, related parameters, and the design
variables are initialized.

Step 2:The mathematical model is solved at a given current density
and the objective function is computed according to Eq. 41.

Step 3:A sensitivity analysis is performed using the adjoint variable
method to calculate the gradient of objective function with
respect to the design variables.

Step 4:A regularization process is conduced to smooth the design
solutions over the calculation domain.

Step 5:Using the GCMMA method, the design variables are updated.
Step 6:If the maximum number of iterations is reached, the optimiza-

tion process is terminated. Otherwise, steps 2 to 5 are repeated.

Results and Discussion

Mathematical model validation.—To verify validity of the
developed model, the simulated I-V curves are compared with the
experimental ones adopted from69 for a single cell with an active
electrode area of 1× 1 cm2. The mathematical model of Section
Mathematical Modeling is solved using the values reported in
Table V for two different cell temperatures. The values of these
structural and operational parameters are according to those reported
in69 for the experimental condition. It is noteworthy to note that,
similar to69 where the experimental data was adopted from, the
model in the present work is based on parallel straight channels. This
results in mass transport within the catalyst layer being primarily
driven by molecular diffusion rather than convection. Other flow
channel configurations, such as serpentine or interdigitated designs,
warrant further investigation, which lies beyond the scope of this

Table V. Operational and structural parameters of the cell.

Parameter Validation
Base
case Unit

Relative humidity (RH) 10069 100 %
Cell temperature (T) 80/6069 80 °C
Cell pressure (P) 1.069 1.0 atm
Channel width (Wch) 169 1 mm
Rib width (Wrib) 1.569 1.5 mm
GDL thickness (tGDL) 30069 300 μm
CL thickness (tCL) 1569 8 μm
PEM thickness (tPEM) 5569 55 μm
Pt/C mass ratio (γPtC) 0.269 0.4 –

Cathode platinum loading (mPt,c) 0.469 0.25 mg cm−2

Anode platinum loading (mPt,a) 0.169 0.1 mg cm−2

Cathode ionomer volume fraction (εm,c) 0.13369 0.2 –

Anode ionomer volume fraction(εm,a) 0.13369 0.1 –

GDL porosity (εvoid, GDL) 0.8 0.8 –

Cathode charge transfer coefficient (αc) 1(80°C) 1 –

0.95(60°C)
Anode charge transfer coefficient (αa) 1 1 –

Cathode exchange current density (i0,c
ref ) 10−468 10−4 A m−2

Anode exchange current density (i0,a
ref ) 10469 104 A m−2

Anode equilibrium potential (Ea
eq) 0 0 V
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study. The simulation and experimental curves are plotted in Fig. 2.
Comparison of the experimental and simulated polarization curves
reveals good agreement across different operating temperatures. At
low current densities, a sharp decline could be observed in the cell
voltage due to the activation losses. This overpotential is followed
by Ohmic and concentration voltage drops at higher current
densities. The former is caused by transport of electrons and protons
through PtC and ionomer, which becomes considerable at medium
current densities. The concentration overpotential, however, is
dominant at high current density regions. The observed phenomenon
is the result of slow transport of oxygen through the water and the
ionomer films that surround the agglomerates. This sluggishness
creates an oxygen delivery rate that is outpaced by the rate at which
oxygen is consumed, leading to an imbalance in the cell perfor-
mance. Furthermore, at high current densities, liquid water forma-
tion accelerates, leading to an excessive accumulation of liquid
water in the CCL. This surplus of liquid water can block the pores
that are responsible for oxygen delivery. This is included in the
developed model by introducing an effective porosity. Figure 2
confirms that the present model well follows the polarization trend of
a real PEMFC over a range of current densities and operating
conditions.

Optimization of electrode structure.—This study focuses on the
optimization of CCL structure at high current density levels. Under
such working condition, the excess liquid water generated as a result
of high electrochemical reaction rate blocks the pores. This makes
the reactant delivery complicated and results in considerable oxygen
depletion. Moreover, a thicker water film formed around the
agglomerates at a relatively high current density increases the
resistance against diffusion of oxygen into the agglomerate, where
could react in the presence of platinum particles. Therefore, an
optimal distribution of the constituents could enhance the utilization
of available materials and provide a compromise between various
transport and rate processes. The optimization is performed on a
base case with a uniform material distribution. The parameters of

this reference cell is reported in Table V. At a current density of
1.69 (A cm−2) the base case corresponds to a voltage of 0.1 (V),
which is computed by solving the governing equations. This is the
operating point at which the optimization is conducted. Moreover,
the generic form of the designated optimization problem in Eq. 41,
considers two decision variables, including volume fractions of PtC
and ionomer, as well as two global constraints. To extend the
analysis scope of this study, various possible combinations of
decision variables are considered in form of three different optimi-
zation scenarios as summarised in Table VI. As indicated in this
table, scenario OPT-I represents the formulation of Eq. 41. This
scenario includes simultaneous optimization of volume fractions of
both PtC and ionomer. In this case, the average mass loading of
platinum and volume fraction of ionomer are kept the same as the
base case to obtain a fair comparison between the results. In scenario
OPT-II, only the volume fraction of PtC is considered as the decision
variable and the average platinum loading is restricted to that of the
base case. In the final scenario (OPT-III), the volume fraction of the
ionomer is the only decision variable and the average of this variable
cannot exceed that of the base case.

Figure 3 demonstrates the optimization history of material
distribution for OPT-I. The volume fractions of PtC, ionomer, and
void (i.e., porosity) are shown at initial, intermediate, and optimized
steps. Although the optimization process started with a uniform
distribution of various phases, the optimal design shows a hetero-
geneous distribution of materials over the CCL domain. As can be
seen in this figure, the optimized design solution exhibits high
porosity in regions underneath the rib, while areas closer to the
channel have relatively higher PtC and ionomer concentrations. This
is because of the significant depletion of oxygen concentration in the
regions farther away from the channel, specifically beneath the rib
where oxygen delivery is insufficient. Closer examination of the
optimal design depicted in Fig. 3 shows that the spatial distribution
of materials remains uniform in the through-plane direction, which is
attributed to the low thickness of CCL. Therefore, the optimization
favors a heterogeneous distribution in lateral direction rather than
through-plane direction. A similar behavior is observed in other
optimization scenarios as well. Hence, for other cases, only the
projected distributions on the lateral direction (y-direction) are
plotted as shown in Fig. 4. According to the findings of this figure,
materials distribution for various optimization scenarios is different.
However, in any case, the optimal design shows a complicated
heterogeneous material allocation, which provides a balance be-
tween different transport process and the electrochemical reaction.
While the exact optimum solution depends on the cell characteristics
and problem settings, analyzing the outcomes of Fig. 4 provides
some useful qualitative information. What is striking about the
optimized designs in this figure is that the porosity increases when
getting farther from the channel. In the areas under the rib, oxygen
concentration drops due to the sluggish mass transport. This causes a
significant concentration overpotential. To overcome this problem,
the optimization algorithm favors designs with higher porosity in
those regions to compensate for the insufficient oxygen delivery
through a higher effective diffusivity. Moreover, an increment in
porosity might improve discharge of liquid water generated in those
areas as a result of ORR. In addition, distribution of both PtC and
ionomer have a local minimum in the middle of CCL, followed by
symmetrical maxima close to the border of the regions under the
channel and rib. Such a structure further facilitates dispersion of
oxygen from areas under the channel, where oxygen concentration is
relatively higher, and assures an improved proton transport and an
escalated ECSA, where there is a potential for a higher reaction rate.
The topologically-optimized distribution of PtC in our study shares
similarities with the layout proposed by Havaej et al.35 In their work,
they achieved improved cell performance by employing a predefined
parabolic distribution of catalyst material in the lateral direction.
However, their approach relied on trial and error, searching for the
optimal catalyst loading distribution through prescribed functions. In
contrast, the present study introduces a novel optimization

Figure 2. Validation of the simulation results against experimental ones.69

Table VI. Optimization scenarios.

Optimization scenario Decision variable(s) mPt
max (mg cm−2) εl

max

OPT-I εPtC and εl 0.25 0.2
OPT-II εPtC 0.25 –

OPT-III εl – 0.2
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framework that offers a more robust and informed procedure for
discovering such functionality. Our method does not depend on any
prior information regarding the distribution and allows for a high
degree of freedom to conduct multi-variable optimization. This
advancement ensures greater accuracy and efficiency in identifying
the best material distribution, ultimately leading to enhanced cell
performance. Also of note is that achieving a finely graded design
for CL in practice may not be possible at a high precision.
Nevertheless, recent progress in additive manufacturing and 3D
printing technologies has introduced new opportunities for realizing
topologically optimized microstructures.89–91

Table VII compares the cell voltage (objective function) of
optimized designs with that of the base case. The objective function
increased between 18% and 42% after different optimization
scenarios. From the data in this table, it is apparent that scenario

OPT-I outperforms the two other ones thanks to its higher freedom
in material arrangement provided by simultaneous optimization of
two decision variables. While the cell voltage is enhanced

Figure 3. Optimization history of material distribution in CCL for scenario OPT-I (contour plots are not to scale).

Figure 4. Spatial distribution of constituents in lateral direction of CCL (a) before optimization, and after optimization with scenario (b) OPT-I, (c) OPT-II, and
(d) OPT-III.

Table VII. Performance enhancement for various optimization
scenarios.

Scenario Base case OPT-I OPT-II OPT-III

Cell voltage (V) 0.1 0.142 0.118 0.133
Voltage change (%) – 42 18 33
Overpotential change (%) – −3.89 −1.67 −3.06

Activation – 0.47 0.46 0.52
Ohmic – 4.94 3.03 4.50
Concentration – −19.78 −9.89 −16.43
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considerably in all optimizations, the overpotential improvement is
relatively lower. However, it is anticipated that optimization of a 3D
model, in which longitudinal effects are also included, may result in
further enhancement. Evidently, such an optimization would require
a significant amount of computational resources and it falls outside

the scope of the present study. The total overpotential is decomposed
using an applied-voltage breakdown (AVB) method proposed by
Gerhardt et al.92 which made it possible to separate contribution of
each process quantitatively. Figure 5 provides an overview of total
overpotential breakdown, including activation, ohmic, and concen-
tration losses for different scenarios. Moreover, the changes of
overpotential components with respect to the base case are given in
Table VII. These findings suggest that, in all optimization scenarios,
there is a slight increase in both activation and ohmic overpotentials.
Despite these factors at play, the reduction in concentration over-
potential ultimately proves to have the greatest impact on overall
performance improvement.

Figure 5. Overpotential breakdown analysis for various scenarios at current
density of 1.69 (Acm−2).

Figure 6. Spatial distribution of oxygen concentration: (a) compression of
base case with three optimal designs and (b) optimization history for scenario
OPT-I.

Figure 7. Spatial distribution of (a) liquid water concentration, (b) liquid
water saturation, and (c) capillary diffusivity before and after optimizations.
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According to the problem formulation of Eq. 41, the optimization
algorithm favors those topological structures that maximize the cell
voltage. This aim may be accomplished by obtaining a proper
balance among transport and rate processes, such as oxygen
diffusion, liquid water discharge, proton transport, and electroche-
mical reaction. To elucidate how an optimized design enhances the
overall cell performance from a physical standpoint, some key
parameters are inspected more in detail. To do so, first, the
distributions of oxygen concentration are compared before and after
optimization. Investigation of oxygen concentration shows that the
gradient of this parameter along CL thickness (through-plane
direction) is mainly negligible with a maximum difference of 10%
in some limited parts. This variance is significantly smaller than that
of lateral direction. Similar to what was mentioned before, the small
thickness of CCL is the reason that makes the concentration gradient
insignificant in this direction. Therefore, for the sake of clarity, the
projected concentration along the cell width is presented in Fig. 6.
As shown in Fig. 6a, all optimized designs have a higher average
concentration compared to the base case. Significant improvements
have been made, particularly in the concentration under the rib,
which previously suffered from oxygen starvation in the base case.
The observed increase in average concentration could be attributed
to the more effective distribution of porosity, which augmented
effective diffusivity in the areas under the rib. It could also be related
to an enhanced product discharge which prevents pores blockage

with the liquid water. This is discussed in a later part. Moreover, it
can be clearly confirmed that such heterogeneous porosity distribu-
tions do not adversely affect the concentration in the rest of CCL,
where the optimized porosity is lower than that of the uniform base
case (see Fig. 4). Figure 6b illustrates the changes of concentration
over the course of optimization OPT-I, as a representative scenario.
According to this figure, at the initial step, the oxygen concentration
shows a large drop in the lateral direction. As the optimization
algorithm modifies the material distribution (see Fig. 3), it gradually
compensates for oxygen depletion. In the final optimized design
(step 50), the concentration at the two ends of CCL is almost two
times higher than the initial uniform configuration. Interestingly, this
significant improvement is achieved because of a better material
distribution, despite the fact that the average porosity remains
consistent in both the initial and final stages.

Water management is a critical issue in the design of low
temperature PEMFCs since the water exists in the liquid phase.
The liquid water accumulation increases the gas transport resistance
in the secondary pores. Moreover, due to the hydrophilic nature of
the ionomer, a greater amount of water results in a thicker liquid
water film around the agglomerates. This, in turn, leads to an
additional resistance against the delivery of oxygen to the platinum
particles. Figure 7 compares distribution of water concentration,
saturation, and capillary diffusivity before and after optimizations.
According to Fig. 7a, the overall amount of accumulated water is

Figure 8. (a) Projected distribution of effective ionic conductivity and (b) distribution of current source and overpotential before and after optimizations.
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decreased in CCL after all optimizations. This decline is more
significant in areas under the rib. As discussed before, the oxygen
concentration is low in those areas due to the sluggish mass
transport. A decrease in the liquid water accumulation may facilitate
the oxygen delivery process. This has been already confirmed by
inspection of oxygen concentration distribution (see Fig. 6). Liquid
water saturation, that represents the ratio of water volume to void
volume, is another critical index. Despite the decrease in local water
concentration in the CCL after optimization, as depicted in Fig. 7b,
the saturation exhibits a non-monotonic trend. Since saturation is
related to both water volume and porosity, this behavior is attributed
to the non-uniform porosity distribution after optimization.
Optimization favored low porosity in certain areas, which, in turn,
led to an increase in saturation within those regions. The capillary
diffusivity is correlated to the water saturation through Leverett J-
function. A higher saturation in some part of the CCL improved the
capillary diffusivity in those areas as illustrated in Fig. 7c. This
higher diffusivity is the reason behind the enhanced water manage-
ment in optimized designs.

As previously mentioned, during the process of hydrogen
oxidation in ACL, hydrogen ions (protons) are produced. These
ions are then transported across a polymeric membrane to the CCL,
where they participate in ORR. These protons are transported
through the ionomer phase within CCL. Therefore, ionic conduc-
tivity of CCL is another crucial factor in determining the overall cell
performance. The intrinsic ionic conductivity of the ionomer is much
lower than the electric conductivity of PtC. Hence, electron transport
is not a limiting phenomenon. The effective ionic conductivity
depends on water content as well as volume fraction of ionomer.
While excess water generation at high current densities can have
negative impacts on oxygen delivery, it may have a positive effect
on ionic conductivity. Since in this study it is assumed that the cell is
working at a high current density and RH level, the ionomer is fully
hydrated. In such a case, the ionomer volume fraction becomes the
determining factor. The distribution of effective ionic conductivity is
depicted in Fig. 8a. Because the ionomer distribution is kept
unchanged during OPT-II, as expected, the conductivity plot of
this scenario coincide that of the base case. The conductivity
distribution after OPT-I and OPT-III follows the trend of the
ionomer volume fraction distribution. A heterogeneous distribution
of ionomer leads into a non-uniform conductivity. Although the
ionic conductivity in the two ending parts far from the channel is
reduced compared to the base case, it is considerably enhanced in the
rest of CCL. The average effective conductivity throughout CCL is
increased from a value of 1.19 S m−1 for the base case to
1.33 S m−1 and 1.32 S m−1 for OPT-I and OPT-III, respectively.
This 11% enhancement is achieved thanks to an uneven ionomer
distribution. According to Fig. 8b, which shows the distributions of
current source, overpotential, and power loss, a higher reaction rate
can be observed in the areas beneath rib/channel border before
optimization. Also, in a through-plane direction, the regions close to
the CCL/PEM interface show a higher potential for ORR. As a
result, instead of distributing the ionomer phase uniformly, the
optimization algorithm places more ionomer in areas with a high
possibility for reaction. Increasing the ionic conductivity in regions
where there is a high potential for reaction may further improve the
conversion rate in those areas thanks to an improved proton
transport. Thus, this variation in ionomer distribution made the
ionic conductivity to match the reaction rate and consequently
enhanced the material utilization. It is noteworthy that, since the
optimization is performed at a constant current density, the average
current density in all current source contour plots (∣ ∣isrc

c ) are the same.
However, its distribution is changed so that the overall performance
is enhanced. Investigating the overpotential magnitude (∣ηc∣) pre-
sented in Fig. 8b shows a local increase in some parts of the CCL
after optimization. However, this increase in overpotential is
accompanied by a decrease in the current source in those regions
as well. The combined effect of these two changes resulted in a

lower power loss ( η∣ × ∣isrc
c

c ) over the entire CCL that has been
confirmed before through the overall cell performance. The power
loss contour plots ( η∣ × ∣isrc

c
c ) are compared for all scenarios in

Fig. 8b. For instance, after OPT-I, the average power loss decreases
by 8% compared to the base case, from an initial value of
1.59× 109 W m−3 to a final value of 1.46× 109 W m−3.

Conclusions

This research provides a mathematical optimization approach for
the mathematically optimized design of material distribution in CL
of PEMFC based on TO. First, a two-phase flow model of PEMFC is
developed to simulate the cell performance. The model is validated
against experimental data. Next, TO is employed to optimize the
material distribution in CCL with the objective of increasing the cell
performance. While a mathematical model is an essential part of any
optimization, this work primarily focuses on applying TO to
PEMFC, rather than on the model itself. The performance enhance-
ment is formulated as a higher voltage at a given current density. The
optimization is performed with various decision variables. Under a
high working current density, the excess liquid water generated in
CCL may cause significant mass transport losses. An optimal design
can reduce the concentration overpotential through an improved
distribution of materials within the electrode. In general, an optimal
CL design showed a higher volume fraction of PtC and ionomer in
areas under the channel compared to those under the rib. The
optimization results are further investigated through the breakdown
of overpotential contributions. It is confirmed that the concentration
overpotential is considerably decreased after optimization.
Moreover, inspecting the oxygen distribution in the CCL proves
the improvement in oxygen delivery to those areas under the rib that
suffer from oxygen starvation. This improvement in oxygen trans-
port is achieved thanks to a better porosity distribution, which in
return increases the effective gas diffusivity and enhances the liquid
water discharge. A better ionomer placement in accordance to
reaction rate also positively affected the cell performance. In the
application of TO for electrode design, reliable design solutions
require validating the models against experimental data to ensure
real-world performance improvements. While existing models of
PEMFC, including the present work, have been validated under
varying operational conditions, their applicability to different
structural designs remains uncertain. To enhance the robustness of
TO applications for electrode design and ensure the practical
relevance of the results, future PEMFC modeling efforts should
prioritize validation across a wider range of structural conditions,
which is currently less common compared to validation under
operational conditions. Furthermore, continuum models must accu-
rately capture the relationship between local microstructure and
overall performance. In this regard, structural optimization based on
alternative modeling approaches, such as the lattice Boltzmann
method93 or pore network modeling,94 may offer valuable insights.
Subsequent studies may explore the optimization of a 3D model,
which is expected to provide additional benefits after introducing the
effects of concentration depletion in longitudinal direction.
However, solving a 3D multiphysics finite element model of a
PEMFC at high current densities requires substantial computational
resources. Furthermore, incorporating this into an optimization
process, which involves repeated simulations, significantly increases
the computational burden.
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