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Abstract—Proton exchange nembrane fuel cells (PEMFCs) are highly promising energy devices for future transporta-
tion and distributed power stations. The electrochemical performance of PEMFCs assembled with gas diffusion layer
(GDL) of different porosity gradient distributions has been analyzed using the lattice Boltzmann method. A single-
phase multi-component lattice Boltzmann model employing the active approach was developed to investigate the reac-
tive gas flow within the GDL. Two types of GDLs with the same porosity, namely multilayer porosity gradient GDLs
and linear porosity gradient GDLs, were generated to investigate the effect of the porosity gradient of the GDL on the
electrochemical performance of PEMFC. The results show that the two types of porosity gradient GDL improve oxy-
gen starvation problems and enhance water management, and that the GDLs with smaller porosity gradients can
increase the mean current density. This paper develops the study of pore-scale analysis of PEMFC performance and

can provide guidance for the design of GDL structures.
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INTRODUCTION

Energy and environment pollution are the main challenges fac-
ing human society at present, and clean energy efficient utilization
technology is an important guarantee for sustainable development.
Proton exchange membrane fuel cells (PEMFCs) have been favored
for their high efficiency and environmental protection, and have
the advantages of high energy conversion rate, high power density,
and zero-emission [1]. The gas diffusion layer (GDL) is an import-
ant component of the membrane electrode assembly in PEMFC,
which acts as a carrier for water and gas transport, heat transfer,
and electron conduction, and provides structural support for other
components during assembly and operation [2]. Therefore, GDL
directly affects the electrochemical reaction progress and the oper-
ation efficiency of the PEMEC [3].

As GDLs are porous media with complex structure and micron-
scale pores, fluid flow within them cannot be regarded as continu-
ous medium, making it difficult for macro-scale simulation methods
to accurately analyze the internal flow fields. The lattice-Boltzmann
method (LBM) is based on the Boltzmann equation for non-equi-
librium physics and can thus be a link between the molecular scale
and the macroscopic scale [4]. Some scholars have adopted LBM
to study the transport properties of the GDL. The transport param-
eters of the GDL characterize its performance as the heat, electricity,
gas, and water transport carrier, and have attracted the attention of
scholars [5,6]. Fang et al. [7] evaluated the effect of different struc-
tural parameters and perforation on the permeability; effective dif-
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tusion coefficient, and effective thermal conductivity of GDL. The
presence of droplets within the GDL was found to lead to an in-
crease in tortuosity and a decrease in diffusivity [8]. The effect of
porosity and fiber diameter on the anisotropic permeability of GDL
was evaluated by Jiang et al. [9]. Toray TGP-H-060 and Freuden-
berg H2315 were reconstructed by Zhang et al. [10] who found that
compression resulted in lower effective gas diffusivity and higher
effective thermal and electrical conductivity. There are other researches
based on LBM to study the transport properties of GDL, such as
permeability [11], gas diffusivity [12], electrical conductivity [13],
and tortuosity [14]. The transport of liquid water within the GDL
is also of considerable interest. Yang et al. [15] found that increas-
ing the rib width from 0.8 mm to 2mm increased the inconsis-
tency of liquid water distribution and the fuel cell impedance. The
effects of hydrophilic fiber ratio and compression on water trans-
port within the GDL were simulated by Ira et al. [16], who found
that hydrophilic fibers lead to discontinuous water clusters and com-
pression increases the number of discontinuous water clusters. The
effects of GDL thickness and rib width on water saturation within
the GDL were analyzed by Jeon et al. [17].

At present, the main methods to analyze the influence of GDL
properties on fuel cell performance are mainly experimental and
macroscopic simulation techniques. Lin et al. [18] measured the per-
formance of PEMFCs assembled with compressed GDL and found
that there is an optimum value of compression ratio that maximizes
PEMFC power density. Wavy surface gas flow channels capable of
increasing the power density of PEMFC were designed and numeri-
cally simulated by Li et al. [19]. However, GDL is a highly inhomo-
geneous porous medium with micron-scale pores, so pore-scale
simulation methods that can capture the microstructure of GDL
are more reliable, but it is currently not given enough attention. The
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distribution of water vapor, oxygen, and current density for GDLs
with different fiber diameters was obtained by Bahoosh et al. [20].
Nazemian et al. found that an increase in GDL thickness led to a
decrease in current density, while fiber diameter had a negligible
effect on current density [21]. The reactive gas flow through the car-
bon cloth GDL was simulated by Molaeimanesh et al. [22], who
found that the more fibers in the bundle, the lower the average
current density. Due to the limitation of computational resources,
the 3D numerical model can only represent the local mass trans-
fer and electrochemical performance within the PEMFC. There-
fore, the reactive gas transfer process within the cathode electrode
was also investigated by the 2D model for the PEMFC with inter-
digitated flow field. Chen et al. [23] adopted a passive method to
obtain the species distribution within the GDL and the current den-
sity distribution on the surface of the catalyst layer. The other compo-
nents are treated as solutes of the main component in the passive
method, whereas it will lack accuracy when the other component
fractions are comparable. An active method based on multi-compo-
nent multi-phase model has been developed to more accurately sim-
ulate reactive gas flow problems, based on the idea that when the
number of phases is reduced to 1, the inter-particle forces that cause
phase separation do not exist. The influence of inlet and outlet pres-
sure difference, channel to rib width ratio, and flow channel width
were studied by Molaeimanesh et al. [24], employing the active
method and finding that increasing the pressure difference, reducing
the channel to rib width ratio, and reducing the channel width can
increase the current density. Bahoosh et al. [25] found that in-
creasing the fiber diameter resulted in a more uniform distribu-
tion of oxygen, a higher current density and facilitated the removal
of water vapor.

Designing GDL with porosity gradients has become one of the
key research hotspots for PEMFC. Habiballahi et al. [26] found
that the GDLs with smaller porosity on the side of the catalyst layer
were more conducive to liquid water removal than uniformly porous
GDLs, with a reduction in water saturation of over 20%. GDL with
a V-shaped porosity distribution was demonstrated to remove water
more quickly by Shangguan et al. [27]. Huang et al. [28] revealed
that GDLs with linear porosity gradients were able to increase the
PEMEFC limiting current density and oxygen usage. Kanchan et al.
[29] found that a reduction in GDL porosity from the gas chan-
nel to the catalyst layer resulted in the greatest current density and
the smallest overpotential. The gas flow in the anode of a solid oxide
fuel cell with porosity gradient was simulated by Espinoza-Anda-
luz et al. [30], who found that decreasing the porosity gradient in
the flow direction resulted in a greater gas flow rate, facilitating the
transport of reactants to the active region for reaction. In our pre-
vious study [31], we found that a suitable porosity gradient can lead
to greater GDL permeability resulting in an enhanced ability for
gas to pass through the GDL.

Simulation of GDL cathodic reactive gas flow based on pore-
scale techniques enables a more accurate analysis of PEMFC elec-
trochemical performance, which has not received sufficient atten-
tion. The porosity gradient distribution has been a hot topic of GDL
research in recent years and has been proven to have a significant
effect on the mass transfer process within GDLs. In this paper, an
innovative study of the electrochemical performance of PEMFC

assembled with porosity gradient GDLs has been carried out. A
two-dimensional single-phase multi-component model based on
the active method was developed to simulate reactive gas flow within
the GDL. GDLs with linear and multilayer porosity gradient distri-
butions were generated, with three porosity gradients of each type.
The molar fraction distribution of oxygen and water vapor within
each GDL was analyzed and the current density at the surface of
the catalyst layer given.

MODEL DESCRIPTION

1. LB Model

To simulate single-phase multi-component gas flow; the active
method developed by Molaeimanesh et al. [24] was employed for
modeling reactive gas flow within the GDL. In the LBM, the fluid
region is divided into regular lattices and the motion of the fluid is
treated as the motion of fluid particles located at the lattice points.
The LBM is based on the Boltzmann equation, which describes the
evolution of particles through their collisions and streaming. The
velocity distribution function is the fundamental variable of the
LBM, which evolves as follows [32]:
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where, p" is the density of component k and ¢, is the lattice speed
of sound. w; and ¢; are the weight factor and particle velocity vec-
tor, respectively. In the two-dimensional nine velocity (D2Q9) model,
they can be given as:
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The density of component k and the composite velocity can be
calculated as follows:
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2. Computational Domain and Boundary Conditions

To investigate the reactive gas flow in the PEMFC with interdigi-
tated flow field, a two-dimensional model containing gas channel
(GC), rib, and GDL was constructed and presented in Fig. 1(a).
Carbon paper GDL has a porous structure with micron-scale pores
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Fig. 1. (a) Computational domain scheme for the 2D LB model; (b) Local porosity of the GDLs employed in this paper.

and is composed of stacked carbon fibers. To represent the stochas-
ticity of the carbon fiber distribution, the GDL was reconstructed
based on the stochastic reconstruction method. In the two-dimen-
sional model, the carbon fibers are simplified as cylinders with uni-
form diameters and are generated layer by layer [17,33]. By con-
trolling the frequency of carbon fibers in each fiber layer, the local
porosity of the GDL is specified and ultimately a porosity gradient
GDL can be obtained. As the GDL performs the function of load-
ing the catalyst, a smaller local porosity of the GDL on the catalyst

Table 1. Structural and operational parameters

Parameter Value
Width of the GC 1,000 um
Width of the rib 1,000 um
GDL thickness 200 pm
GDL porosity 0.78
Operating temperature 353K
Operating pressure 1.5atm
Oxygen molar fraction at the inlet 0.21
Nitrogen molar fraction at the inlet 0.79
Dynamic viscosity of oxygen 2.34x10° kg/(m-s)

2.01x107° kg/(m-s)
1.20x10° kg/(m-s)
1.891x107° m%/s

Dynamic viscosity of nitrogen
Dynamic viscosity of water vapor
Diffusivity of oxygen in the mixture

Roughness coefficient 2,000
Reference current density 1.3874x107> A/m’
Forward oxygen reduction transfer coefficients 0.5
Reverse oxygen reduction transfer coefficients 1
Overpotential 05V

July, 2023

layer side facilitates the catalyst loading. Two types of porosity gra-
dient GDLs, linear type (Case 2, 3, and 4) and multilayer type (three
layers, Case 4, 5, and 6), are considered and compared with the
uniform GDL (Case 1). The local porosity of the GDLs employed
in this paper is illustrated in Fig. 1(b). All GDLs have the same
porosity of 0.78 and more computational domain parameters are
listed in Table 1. Consistent with many previous studies, the total
width of the computational domain was selected to be 2,000 pm,
with the rib to GC width ratio of 1: 1. Here, 1 pm equals 1 lattice
unit (lu). The condensation and evaporation processes of liquid
water were not considered.

Dry air at a pressure of 1.5 atm with an oxygen/nitrogen molar
fraction ratio of 0.21/0.79 flows through the inlet gas channel and
participates in the electrochemical reaction at the surface of the
catalyst layer. The pressure boundary condition proposed by Zou
et al. [34] was applied to the inlet and outlet with a pressure differ-
ence of 0.01 atm. The no-slip bounce-back boundary condition
was applied to solid part (rib and carbon fibers). Symmetric bound-
ary conditions were used at the left and right boundaries.

The modified bounce-back boundary condition for reactive
surface developed by Molaeimanesh et al. [24] was applied to the
bottom of the computational domain, which is the catalyst layer
simplified to a thin interface. When the oxygen particles hit the cata-
lyst layer, K’ of the oxygen is consumed and converted to water,
and the remaining (1-K.) of the oxygen bounces back into the
GDL. K is the electrochemical reaction rate in lattice unit and
can be calculated as follows:

KLB_(6kS,At)/(1 ks,Ax) )
+“Tax /U 2D

where, k,, is the electrochemical reaction rate constant, At and
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Fig. 2. Validation of the LB model for reactive surface at various Fo and Da, (a) Da=0.02, (b) Da=2, (c) Da=20; symbols: LBM results, solid

lines: analytical solutions.

Ax are the time and space intervals, respectively, and D is the dif-
tusivity of oxygen in the mixture. k, can be determined by the cur-
rent density (J) and the oxygen concentration on the surface of the
cathode catalyst layer (po,):

J
k,= 8
" 4Fpo, ®

where, F is the Faraday constant, and ] can be obtained accord-
ing to the Butler-Volmer equation:

J= ar]regg‘?;e—/[exp(%%]) - exp(— %ME%])} ©

where, a, is the roughness coefficient, J,.- and p . are the refer-
ence current density and reference oxygen density, respectively. o
and ¢, are the forward and reverse oxygen reduction transfer coef-
ficients, respectively. 7 is the activation over-potential.

To verify the established modified bounce-back boundary con-
dition for reactive surface, the reaction-diffusion process between
two infinitely long reactive surfaces is simulated and compared with
the analytical solution. The analytical value of the dimensionless
concentration (p(x, t)) distribution from the mid-line position to
the reaction surface can be calculated as follows:

_/ﬁp"cos(}un}?{) (10)
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PO )

n=1

where, Fo=Dt/F* is the Fourier number, which can be regarded
as dimensionless time. 4, is the root of the equation A, tan(4,)=
Da. Da=lk,/D denotes the Damkohler number. The comparison
between the LBM results and the analytical solution obtained by
selecting several sets of Da and Fo is shown in Fig. 2. It is obvious
that the LBM results are in good agreement with the analytical
solution, which proves the feasibility of the surface reaction model
established in this paper.

The distribution of reactive gases within the GDL is considered
to have reached a steady state if the relative error of the current den-
sity on the surface of the catalytic layer is less than 10°° for 200 con-
secutive steps.

RESULTS AND DISCUSSION

To evaluate the electrochemical performance of porosity gradi-
ent GDLs, two types of porosity gradient distributions, linear and
multilayer type, were considered, with three porosity gradients con-
sidered in each type. The molar fraction distribution of oxygen,
water vapor within each GDL was analyzed and the current den-
sity given. The current density distribution on the catalyst layer sur-
face obtained after simulating reactive gas flow within the porosity
uniform GDL was compared with the results of previous studies
and is presented in Fig. 3. As can be seen, the current density dis-
tribution obtained is very close to that reported in the literature,

Korean J. Chem. Eng.(Vol. 40, No. 7)
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Fig. 3. Distribution of current density on the catalyst layer surface
of the GDL with uniform porosity.

and the differences are due to the difference in the structure of the
GDL. From the gas inlet to the outlet, the local current density grad-
ually decreases as oxygen is consumed. At x/[>0.25, the rate of
decrease in current density accelerates, which is due to the reduced
oxygen supplementation capacity caused by the obstructive effect
of the rib on the inlet gas. At x/I>0.5, the current density distribu-
tion stabilizes, indicating that the oxygen has been almost depleted.
In subsequent work, GDL with uniform porosity will be used as
base case for comparison with other porosity gradient GDLs.

The molar fraction distribution of oxygen within multilayer poros-
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Fig. 4. The molar fraction distribution of oxygen within multilayer
porosity gradient GDLs and porosity uniform GDL, (a) Casel,
(b) Case2, (c) Case3, and (d) Case4.
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ity gradient GDLs is shown in Fig. 4. Due to oxygen being con-
sumed at the catalyst layer, the molar fraction of oxygen decreases
significantly from the gas inlet to the outlet. As shown in the area
circled by the red line, oxygen-poor regions are formed in the lower
right corner of the computational domains, where the molar frac-
tion of oxygen is less than 0.01, as oxygen is difficult to be replen-
ished as adequately as in the area below the inlet GC. As shown in
Fig. 4(b), 4(c), and 4(d), there is a significant reduction in the area
of oxygen-poor regions within the multilayer porosity gradient
GDLs compared to the area within the porosity uniform GDL.
Compared to Casel, Case2, Case3, and Case4 having 51.42%,
68.97%, and 81.49% less oxygen-poor regions respectively, due to
the larger local porosity of the upper part of the multilayer poros-
ity gradient GDLs which is more conducive to oxygen transport to
the exit side, allowing oxygen to diffuse to the catalyst layer sur-
face. The reduction of the oxygen-poor region means that multi-
layer type porosity gradient GDLs can further alleviate the problem
of oxygen starvation within the GDL.

The molar fraction distribution of water vapor within multilayer
porosity gradient GDLs is shown in Fig. 5. Water vapor is gener-
ated at the surface of the catalyst layer and driven by the flowing
gas within the GDL, resulting in a higher molar fraction of water
vapor near the outlet. Water management issues are a key factor in
the operation of fuel cell systems. The accumulation of excess water
vapor can lead to the generation of liquid water blocking the gas
flow paths and untimely drainage of water vapor or liquid water is
a major cause of flooding. Water vapor accumulates in the lower
right corner of the computational domain to form a water-rich
region, and the area of the water-rich region within the multilayer
porosity gradient GDL is significantly smaller than that within the
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Fig. 5. The molar fraction distribution of water vapor within multi-
layer porosity gradient GDLs and porosity uniform GDL, (a)
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Table 2. The mean current density for multilayer porosity gradient
GDLs and porosity uniform GDL

Casel Case2 Case3 Cased
Mean current density (A/cm’) 14135 14630 14330 1.3822

porosity uniform GDL. More specifically, for Case2, Case3, and
Case4, the area of water-rich region is reduced by 52.55%, 71.31%,
and 86.99% respectively, indicating that multilayer porosity gradi-
ent GDLs can be adopted to improve water management.

Current density distribution on the catalyst layer surface for mul-
tilayer porosity gradient GDLs and porosity uniform GDL is shown
in Fig. 6. The obvious difference occurs at the stage where x/I<
0.25, which is below the inlet GC. The smaller local porosity of the
GDL on the catalyst layer side increases the difficulty of downward
gas transport and permeation, so that the local current density of
Case4 is lowest below the inlet GC. In the x/[>0.25 region the
local current density is much closer in the four cases. Whereas in
the current density stability region of x/I>0.5, the reduction in the
area of the oxygen-poor region within the multilayer type porosity
gradient GDL implies a higher oxygen concentration on the cata-
lyst layer surface, which in turn results in a greater local current
density. The mean current density for multilayer porosity gradient
GDLs and porosity uniform GDL is listed in Table 2. The mean
current density of Case2 and Case3 is 3.50% and 1.38% higher
than that of Casel, respectively, indicating that multilayer porosity
gradient GDLs can weaken oxygen starvation and improve PEMFC
performance through enhanced mass transport at smaller porosity
gradients. In contrast, the average current density of Case4 is reduced
by 2.22% compared to that of Casel. Although the oxygen-poor
region within the GDL is relatively reduced, it is more difficult for
oxygen to reach the surface of the catalyst layer below the inlet GC
due to the obstructive effect of the fibers near the catalyst layer, result-
ing in lower overall performance.

The molar fraction distribution of oxygen within linear poros-
ity gradient GDLs and porosity uniform GDL is presented in Fig.
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Fig. 7. The molar fraction distribution of oxygen within linear poros-
ity gradient GDLs and porosity uniform GDL, (a) Casel, (b)
Case5, (c) Case6, and (d) Case7.
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Fig. 8. The molar fraction distribution of water vapor within linear
porosity gradient GDLs and porosity uniform GDL, (a) Casel,
(b) Case5, (c) Case6, and (d) Case7.

7, which is similar to that in multilayered porosity gradient GDLs.
The linear porosity gradient distribution also contributes to weak-
ening the oxygen starvation problem, with Case5, Case6 and Case7
having 42.47%, 64.10% and 73.88% less oxygen-poor region area,
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respectively, compared to Casel. The local porosity of the linear
porosity gradient GDL near the GC side is less than that of the mul-
tilayer porosity gradient GDL, so the oxygen transport capacity
along the x-direction is slightly lower, and the weakening capacity
of the area in the oxygen-poor region is less than that of the multi-
layer porosity gradient GDL. Given in Fig. 8 is the water vapor
molar fraction distribution within a linear porosity gradient GDLs
and porosity uniform GDL. Water vapor similarly converges towards
the outlet GC and forms a water-rich region in the lower right-
hand corner of the computational domain. For Case5, Case6 and
Case7, reductions of 43.87%, 65.24% and 74.73% in the area of the
water-rich region can be observed, respectively, indicating that the
linear porosity gradient GDL has the ability to improve water man-
agement, but is inferior to the multilayer porosity gradient GDL.
Depicted in Fig. 9 is the current density distribution on the cat-
alyst layer surface for linear porosity gradient GDLs and porosity
uniform GDL. The greater variability in current density for the four
cases still occurs below the inlet GC. Case7 has the lowest local
current density in the x/[<0.25 region, demonstrating that a large
porosity gradient significantly prevents oxygen from penetrating
downwards. The illustration in Fig. 9 shows that a linear porosity
gradient GDL improves the electrochemical performance in the x/
I>0.5 region. Since the local porosity of the GDL on the GC side is
greater than on the catalyst side, oxygen will flow horizontally when
downward penetration is impeded and then continue to penetrate
into the catalyst layer, allowing more oxygen to be available in the
x/I>0.5 region. The average current density of the linear porosity
gradient GDLs is given in Table 3. the average current density of
Case5, Case6 and Case7 is 3.29%, 2.97% and 1.80% higher than
that of Casel, respectively. Linear porosity gradient GDLs can en-

Current density (A/cm?)

0 T T ] T 1
0.0 0.2 0.4 0.6 0.8 1.0

x/1

Fig. 9. Current density distribution on the catalyst layer surface for
linear porosity gradient GDLs and porosity uniform GDL.

Table 3. The mean current density for linear porosity gradient GDLs
and porosity uniform GDL

Casel Case5 Case6 Case7
Mean current density (A/em®) 14135 14600 14555 1.4389

July, 2023

hance PEMFC performance; however, considering the difficulty of
the GDL preparation process, multilayer type porosity gradient GDLs
can be produced by laminating three thin GDLs with different poros-
ities, whereas linear porosity gradient GDL are still challenging to
manufacture with the current technology. Therefore, multilayer
porosity gradient GDLs should be a more achievable option to im-
prove oxygen starvation and water management within the GDL
and enhance PEMFC performance.

CONCLUSIONS

A single-phase multi-component LB model was developed to
investigate the effect of multilayer and linear porosity gradient
GDL on the electrochemical performance of PEMFC. The main
factors--oxygen, water vapor molar fraction distribution and cur-
rent density distribution within the porosity gradient GDL--were
analyzed. More specific conclusions are given as follows:

(1) As oxygen was consumed in the catalyst layer, an oxygen-poor
region was formed at the lower right corner of the computa-
tional domain. Both the multilayer porosity gradient GDL and
the linear porosity gradient GDL reduced the area of the oxy-
gen-poor region, indicating that the porosity gradient GDL
can be used to improve the oxygen starvation.

(2) Water vapor was generated in the catalyst layer and was driven
by the flowing gas to accumulate near the outlet GC and form
a water-rich region. The water-rich region areas within the
porosity gradient GDL were significantly reduced, indicating
that water vapor within the porosity gradient GDL can be
removed more quickly and that the porosity gradient GDL
has the ability to improve water management.

(3) The mean current density for Case2 of the multilayer porosity
gradient GDL was 3.5% higher than that of the porosity uni-
form GDL, while the mean current density of Case4 was 2.22%
lower, indicating that the smaller porosity gradient of GDL con-
tributes to improved PEMFC performance.

(4) The mean current densities of the linear porosity gradient GDLs
were all higher than those of the porosity uniform GDL.
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