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Abstract
A pore-scale contamination model is developed to resolve the physicochemical processes in the anode catalyst layer for a 
deeper insight into the hydrogen sulfide (H2S) contamination mechanism. The present model is based on lattice Boltzmann 
method (LBM) and a novel iteration algorithm is coupled to overcome the time-scale issue in LBM which can extend its 
application. The microstructure of CL is stochastically reconstructed considering the presence of carbon, Pt, ionomer, and 
pores. The proposed model is validated by comparing the experimental data and can accurately predict the effect of H2S 
contamination on performance with time. The results show that the fuel cell performance is not sensitive to the anode Pt 
loading under the clean fuel condition as the hydrogen oxidation reaction is easy to activate. However, higher Pt loading can 
effectively prolong the operation time under the H2S contamination by providing a larger buffer reactive area and a lower 
H2S concentration condition. Furthermore, the H2S contamination in the fuel gas should be strictly restricted as it directly 
affects the poisoning rate and significantly affects the operation time.
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Nomenclature
C	�  Concentration, mol m−3

D 	� Diffusivity, m2 s−1

e	� Discrete lattice velocity
F	� Faraday’s constant, C mol−1

f	� Discrete distribution function
J	� Reaction source term
j	� Reaction rate, mol m−2 s−1

H	� Henry’s constant, Pa m−3 mol−1

i	� Current density, A cm−2

i0	� Reference exchange current density, A cm−2

k	� Dissolution rate
l	� Thickness of catalyst layer, nm
M	� Gas molecular weight; transfer matrix

N	� Pt atoms number
NA	� Avogadro constant
n	� Normal direction
R	� Universal gas constant; poison rate
r	� Reference poison rate
S	� Area of the CL cross-section
s	� Area of reactive Pt surface
T	� Temperature, K
t	� Lattice time; time, s
V	� Voltage, V
x	� Direction
y	� Direction
z	� Direction

Greek letters
γPt	� Platinum loading, mg cm−2

θPt	� Platinum catalyst ratio
θI	� Ionomer/catalyst ratio
ε	� Porosity
εPt	� Volume fraction of platinum
εI	� Volume fraction of ionomer
εcarbon	� Volume fraction of carbon
ρ	� Density, mg cm−3

α	� Transfer coefficient
η	� Overpotential, V
τ	� Relaxation time

 *	 Qing Du 
	 duqing@tju.edu.cn

 *	 Kui Jiao 
	 kjiao@tju.edu.cn

 *	 Nada Zamel 
	 nada.zamel@ise.fraunhofer.de

1	 State Key Laboratory of Engines, Tianjin University, 135 
Yaguan Road, Tianjin 300350, China

2	 Fraunhofer Institute for Solar Energy Systems ISE, 
Heidenhofstr. 2, 79110 Freiburg, Germany

/ Published online: 1 April 2021

Electrocatalysis (2021) 12:403–414

http://orcid.org/0000-0003-3218-4900
http://crossmark.crossref.org/dialog/?doi=10.1007/s12678-021-00664-9&domain=pdf


1 3

ϕ	� Pt health rate
Δ	� Lattice resolution, m
Λ	� Relaxation matrix

Subscripts and superscripts
a	� Anode
b	� Bulk
c	� Cathode
con	� Concentration
eq	� Equilibrium
ion	� Ionomer
kn	� Knudsen
lim	� Limit
ohm	� Ohmic
p	� Pore
ref	� Reference

Introduction

Proton exchange membrane fuel cell (PEMFC) is a prom-
ising energy conversion device, converting the chemical 
energy of hydrogen and oxygen into electricity through 
electrochemical reactions [1]. With the advantages of high 
power density, clean product and silent operation [2], PEM-
FCs have been popularly employed in fuel cell vehicles 
(FCV) [3], such as Mirai from Toyota, Clarity from Honda, 
and NEXO from Hyundai. However, to further increase its 
competitiveness against the internal combustion (IC) engine 
and promote the commercialization of fuel cell vehicles, 
there are still some issues to be tackled to decrease the cost, 
while increasing the durability [4]. In the state-of-the-art 
PEMFC, the precious metal platinum (Pt) or Pt-alloys are 
mostly used as catalyst, contributing to the high cost of the 
cell [5]. Meanwhile, there is a minimum requirement for 
the Pt loading to ensure stability and durability of the cell 
against the fuel contamination over its lifetime [6]. There-
fore, the optimization of Pt loading is critically important 
for the commercialization of fuel cell vehicles and can be 
achieved by understanding the contamination mechanism 
along with its dependency on the catalyst layer structure.

For PEMFC, contamination generally originates from the 
impure atmospheric air as oxidant, the reformed hydrogen as 
fuel, and component materials used in the PEM fuel cell [7]. 
This work mainly focuses on the effect of hydrogen sulfide 
(H2S) in the reformed hydrogen on the performance and 
tolerance of the anode catalyst layer (ACL). Based on the 
hydrogen purity standard ISO 14687-2 [8], the concentration 
of H2S should not exceed 4 ppb, which indicates that the cell 
performance is very sensitive to the presence of H2S. The 
reason a trace amount of H2S can cause performance loss is 
the high affinity of H2S (or other sulfuric species) adsorbing 
on Pt catalyst surfaces, thereby reducing the active sites and 

rate of the hydrogen oxidation reaction (HOR) [9]. Hence, 
much work has been dedicated to this subject matter.

Loučka [10] conducted the pioneering experimental work 
on the contamination mechanism of H2S. The amounts of 
sulfur and sulfur dioxide were monitored and it was found 
that the hydrogen oxidation reaction is hindered by the sul-
fur. Jayaram et al. [11] found that the forms of the sulfide 
adsorption depend on the sulfur coverage rate. Later, the 
temperature effect on the sulfide adsorption was proven by 
Mohtadi et al. [12] and Contractor et al. [13]. Many stud-
ies [14–16] found that the catalyst poisoned by H2S cannot 
be fully recovered by supplying neat hydrogen. However, 
potentiodynamic scans into oxidative potential can effec-
tively recover the cell performance [17] and a total recov-
ery can be achieved after few CV scans [18]. Additionally, 
Lopes et al. [19] concluded that the copper (Cu) atom can 
increase the catalyst tolerance against the H2S and the Cu 
alloy catalyst poisoned by sulfur can be recovered by air 
bleeding on the anode. Garzon et al. [20] studied the rela-
tion between performance loss and H2S concentration under 
the Pt loading of 200 μg cm−2. The experimental results 
showed that the performance decreases significantly after 
4 h of operation with 1 ppm H2S in the hydrogen feed and 
the rate and amount of performance loss depend on the H2S 
concentration and exposure time. Prass et al. [21] studied 
the tolerance and recovery of ultralow-loaded Pt anode elec-
trodes (50/25/15 μg cm−2) and found that a lower Pt loading 
with thinner catalyst layer structure shows a better recovery. 
These experimental results form the backbone of our under-
standing of the effect of H2S on fuel cell performance, which 
are mostly based on the analysis of performance degrada-
tion with some contamination parameters like concentration, 
current, and temperature. However, in-depth analysis of the 
mechanism in which the structure of the anode catalyst layer 
can affect the poisoning phenomenon can be very expen-
sive if fully carried out experimentally. Hence, developing 
numerical models, as a complementary approach, is mean-
ingful for further investigation.

Modeling work on H2S contamination, however, is not 
quite abundant in literature [7]. Shi et al. [22] developed 
a transient model to study the performance degradation in 
the presence of sulfur. The contamination rate is estimated 
according to the experimental data and defined as a function 
of H2S concentration and current density. Shah and Walsh 
[23] proposed a one-dimensional, transient, two-phase 
model with complex kinetic mechanisms included to predict 
the poisoning effect of H2S on ACL and found that tempera-
ture and water content in the ACL have a significant effect 
on H2S poisoning. The electrochemical constants are also 
estimated from experimental works. St-Pierre [24] devel-
oped a transient model to capture only essential processes to 
obtain analytical solutions and facilitate a widespread imple-
mentation. A useful conclusion obtained is that reasonable 
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assumptions can effectively simplify the model without the 
loss of important details in the simulation results. Later, St-
Pierre et al. [25] conducted a time-scale analysis of contami-
nant mass transfer processes, product water accumulation, 
and dissociation reactions and discussed the scavenging 
effect of liquid water on airborne PEMFC contaminants. 
These works provide useful methods to model the contami-
nation effect and validate many assumptions to simplify 
the modeling process, which is crucial for the model devel-
opment. However, the current contamination models are 
mostly one-dimensional and at cell level, which can give a 
fast prediction of the performance loss, but fail to simulate 
the in-depth contamination process, such as the diffusion of 
contaminants through the ionomer.

The present work proposes a novel contamination model 
to further resolve the physicochemical processes in the anode 
catalyst layer with a pore-scale view for a deeper insight into 
the H2S contamination mechanism. To the best of authors’ 
knowledge, there is no pore-scale modeling dedicated for 
the contamination issue. In this study, the traditional one-
dimensional model is extended to a three-dimensional, multi-
component, pore-scale model to simulate the physicochemi-
cal processes in the realistic microstructure of ACLs. The 
proposed pore-scale model is based on lattice Boltzmann 
method (LBM) [26] and coupled with a novel iteration algo-
rithm to realize the time-scale analysis, which is a significant 
progress for the pore-scale modeling and can be applied to 
extend the application of LBM. The microstructure of CL is 
reconstructed elaborately with the consideration of carbon, 
Pt, ionomer, and pores and quantitatively compared with the 
real CL structure for validation. Additionally, the complex 
physical-electrochemical processes are well described includ-
ing the Knudsen diffusion effect in the nano-scale pores, the 
mass transport resistance across the ionomer, and the multi-
electrochemical reactions on the Pt face. This paper places 
the emphasis on introducing the model and its validation, 
which is conducted by comparing the performance degrada-
tion with the experimental data from Ref. [21]. The effect of 
Pt loading and H2S concentration are discussed and potential 
mitigation methods and application backgrounds of the pro-
posed model are put forward.

Model Development

This model focuses on simulating the physicochemical pro-
cesses under H2S contamination in the ACL with a pore-scale 
view. The development process of the pore-scale model can be 
divided into (1) reconstruct the porous media as computation 
domain and (2) solve the complex processes with a numerical 
tool. The ACLs with low Pt loading are realistically recon-
structed with carbon, Pt, and ionomer phases distributed to 
match the experimental data. The mass transport processes of 

hydrogen, H2S, and vapor water in the ACL microstructure are 
solved by lattice Boltzmann method (LBM) with their electro-
chemical reactions implemented as Neumann boundary condi-
tion at the Pt sites. As the transient contamination process lasts 
for a couple of hours, a novel numerical algorithm is proposed 
to realize the time-scale analysis.

CL Reconstruction

The state-of-the-art CL is composed of carbon support to 
provide continuous passage for electron conduction, ionomer 
for the efficient transport of protons, pores for the transport 
of reactants and products, and catalyst for providing active 
electrochemical reaction sites [27]. The reconstructed CL 
as computation domain highly determines the accuracy of 
pore-scale simulation results since the physicochemical pro-
cesses are related to the local pore size and microstructure 
morphology. Much effort has been devoted to reconstruct 
the microstructure more realistically in a higher resolu-
tion [28–30]. Regarding the state-of-the-art experimental 
approach, such as nano X-ray tomography [31] and FIB-
SEM [32], the reconstruction resolution can reach the fea-
ture size of the material phase. However, accurately resolv-
ing each constitution in the CL still needs more effort [33]. 
Considering the merits on easy implementation, low cost, 
and fast reconstruction, the numerical stochastic method 
is more popular in literature and thereby, employed in this 
work. Among the several stochastic methods, the most pop-
ular process-based method [34] is adopted and the CL is 
reconstructed in the order of carbon sphere, Pt, and ionomer. 
The specific reconstruction algorithms have been introduced 
in detail in our previous work [27]. To validate the experi-
mental data in Ref. [21], three ACLs are reconstructed with 
Pt loadings of 50, 25, and 15 μg cm−2, respectively. The 
thickness and the volume fraction of each constitution can 
be obtained from the following relations [35].

where �carbon , �Pt , and �I are the density of carbon, platinum, 
and ionomer, respectively. � is the CL porosity, �Pt is the Pt 
loading, �Pt and �I are the Pt/C and I/C ratio, respectively. 

(1)l =
�Pt

�Pt�Pt

(2)�carbon = (1 − �)
(1 − �Pt)∕�carbon

�I∕�I + (1 − �Pt)∕�carbon
+ �Pt∕�Pt

(3)�Pt = (1 − �)
�Pt∕�Pt

�I∕�I + (1 − �Pt)∕�carbon
+ �Pt∕�Pt

(4)�I = (1 − �)
�I∕�I

�I∕�I + (1 − �Pt)∕�carbon
+ �Pt∕�Pt
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The specific values of the parameters in this paper are all 
given in Table 1. Equation 1 shows that the CL thickness 
increases with Pt loading, which agrees with the experimen-
tal observation in Ref. [36]. The thicknesses of the recon-
structed CLs are 1606, 803, and 482 nm, respectively, and 
their cross sections are presented in Fig. 1a. Note that the Pt 
particle is generated as cube with the size length of 3 nm, 
which just fits a grid volume, and the length and width of 
the reconstructed CL are 450 nm (150 lattices). The pore 
size distribution (PSD) of the reconstructed CL is calcu-
lated by the 13-direction method [29] and compared with the 
experimental data from Cetinbas et al. [37] to validate the 
employed reconstruction algorithm and ensure the accuracy 
of the simulation results, shown in Fig. 1b.

Physicochemical Model

The physicochemical processes in the ACL are schemati-
cally presented in Fig. 2 and introduced as follows. The 
anode fuel is humidified hydrogen with a trace amount of 
H2S. The hydrogen is catalyzed by the Pt and oxidized to 
protons and electrons, namely, the hydrogen oxidation reac-
tion (HOR). When the H2S diffuses to the Pt sites, complex 
adsorption/desorption occurs on the catalyst surface and the 
contaminated Pt sites will be gradually deactivated [38]. It 
should be mentioned that the realistic electrochemical reac-
tions for both HOR and deactivation are very complicated 
with many intermediate products [39]. As the present work 

focuses on pore-scale and time-scale analysis, the electro-
chemical kinetics are simplified and presented as

Note that the recovery of the poisoned catalyst surface 
occurs at high potentials [40] which is not included in the 
present operating conditions. Hence, two gaseous components 
are considered in the model, hydrogen and H2S. Since the 

(5)H2 → 2H+ + 2e−

(6)H2S + Pt ↔ Pt - S + 2H+ + 2e−

Table 1   Values of parameters in the simulation

Parameters Symbol Values

Density of Pt �Pt 21.45 g cm−3

Density of carbon �carbon 1.8 g cm−3

Density of ionomer �ionomer 2 g cm−3

Pt/C ratio �Pt 0.3
I/C ratio �I 0.35
Porosity � 0.4
Faraday’s constant F 96,487 C mol−1

Temperature T 353 K
Henry constant H 4182 Pa m−3 mol−1

Diffusivity in ionomer Dion 1.3e-9 m2 s−1

Dissolution rate kdis 0.01 m s−1

Reference exchange current density i0 0.05 m s−2

Transfer coefficient � 0.5
H2 concentration supplied CH2,inlet

10 mol m−3

Reference H2 concentration Cref,H2
5 mol m−3

Reference H2O concentration Cref,H2O
1 mol m−3

Reference H2S concentration Cref,H2S
4 ppb

Ohmic contact resistance R 0.085 Ω cm2

Limiting current density ilim 3.8 A cm−2
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Fig. 1   a Cross sections of the reconstructed ACLs. b Comparison of 
the pore size distribution between reconstructed ACL and experimen-
tal data [37]
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ACL with low Pt loading is extremely thin (less than 2 µm) 
and the proton and electron transport loss can be negligible, 
it is reasonable to assume a uniform anode overpotential dis-
tribution in the ACL. Therefore, only the mass transport pro-
cesses of these components need to be solved. The equation 
set considered in this model can hence be described by

where C (mol m−3) is the gas concentration, D (m2 s−1) is 
its diffusivity, and J is the electrochemical reaction source 
term applied on the Pt/(ionomer or pore) interfaces. Gas can 
diffuse in both pore and ionomer grids. When gas diffuses 
through the pores of the ACL where the typical local pore 
size is around 100 nm, both bulk and Knudsen diffusion 
should be considered to evaluate the gas diffusivity in the 
pore [41], Dp , given as

(7)∇ ⋅ (D∇C) + J = 0

(8)Dp= (
1

Db

+
1

DKn

)−1

The Knudsen diffusivity DKn is related to the local pore 
size r, gas molecular weight M, and absolute temperature T 
and is calculated as

At the pore/ionomer interface, the gas concentration in 
the ionomer is determined by Henry’s law [42] and the dis-
solution rate, kdis (m s−1), is expressed as

where n is the normal direction of the ionomer interface, H 
is the Henry constant (Pa m−3 mol−1), and Dion is the gas 
diffusivity in ionomer.

Considering the computation cost and time scale, the elec-
trochemical reactions are coupled as boundary conditions in 
the model and characterized by the reaction rate, with the 
multi-pathway kinetics [39] and realistic adsorption/desorp-
tion reactions neglected. Further investigating the electro-
chemical mechanism at molecular level needs smaller-scale 
numerical tools like molecular dynamic (MD) simulation [43] 
and is beyond the scope of this work. However, it should be 
mentioned that the model can be more realistic by coupling 
MD to consider the adsorption/desorption on the catalyst sur-
face. In this work, the HOR only occurs at the Pt/ionomer 
interface and the reaction rate j (mol m−2 s−1) is calculated by 
the Butler-Volmer equation [44] since the model validation is 
conducted in a wide range of performance conditions

where i0 is the reference exchange current density (A m−2), 
Cref is the reference hydrogen concentration, � is the transfer  
coefficient, and F represents the Faraday’s constant. It should  
be mentioned that the transfer coefficient changes with the 
potential in the realistic operation [54]. In this work, it is sim-
plified as constant. Then, the interfacial conditions at Pt/ionomer 
interfaces can be shown as

The total current density of the computation domain can 
then be obtained by

(9)DKn=
2r

3

√
8RT

�M

(10)Ceq=
RT

H
Cp

(11)−Dp

�Cp

�n
= − Dion

�Cion

�n
= kdis(Ceq − Cion)

(12)j =
i0

2F

Cion

Cref

(
exp

(
�F�

RT

)
− exp

(
−
�F�

RT

))

(13)Dion

�C

�n
= j

(14)ioutputS = ∫ i0
Cion

Cref

(
exp

(
�F�

RT

)
− exp

(
−
�F�

RT

))
ds

Fig. 2   Physicochemical processes in the ACL with reactant transport 
through micro porous layer (MPL) to active Pt sites
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where S is the area of the cross-section (length × width), and the 
right side is the integration of the local current density on each 
active Pt site in the entire ACL. Therefore, the output current 
density depends on the total surface area of reactive catalyst and 
its corresponding local HOR rate.

Regarding the contamination process, through the literature, 
it is generally accepted that the H2S contamination can decrease 
not only the active catalyst area, but also the catalytic efficiency 
[7], which corresponds to the parameter s and the reference 
HOR rate i0 on each site, respectively. It should be mentioned 
that a recent research proves that partially blocked Pt sites not 
only affect reactive area but also increase the local mass transfer 
resistance [45]. However, the proportion of each effect (namely 
catalyst surface area and reaction mechanism) is still challeng-
ing to identify and much effort is needed in this regard. In this 
work, the main focus is placed on the effect the contaminant on 
reaction mechanism.

During the contamination, the Pt atoms on the catalyst sur-
face are gradually poisoned to Pt-S. In this work, we propose a 
factor called Pt health rate, � , to characterize the effect of H2S 
on the active catalyst area and local reference HOR rate i0 on 
each Pt site, defined as:

where Ntotal is the total Pt atom number in a 33 nm3 Pt cube 
(around 1787 Pt atoms based on its physical properties); 
Npoison is the poisoned Pt numbers on each Pt site, calculated 
by

where NA is the Avogadro constant, Rp is the poisoning rate 
(mol m−2 s−1), determined by the H2S concentration in the 
neighboring grid and presented as

and rp , the reference poisoning rate (m s−1), which is set 
according to the experimental data.

With the health rate of each catalyst site, the active Pt area 
on each catalyst site can be obtained by �Δx2 . Regarding the 
effect of the health rate � on the reference HOR rate i0, to the 
best of the authors’ knowledge, there is no physics-derived 
equation describing the relation between the catalytic efficiency 
and contamination through the literature. It is observed in the 
experiments that a rapid performance decay occurs after being 
contaminated for a certain time. Such sudden performance deg-
radation is not likely caused by the catalyst area decrease since 
the catalyst area is reduced smoothly. Therefore, it is reasonable 
to assume that when the health rate of local Pt site reaches a 
critical value, the catalytic efficiency, namely the local reference 
HOR rate i0, will sharply decrease. In this work, after countless 
numerical tests, an empirical equation is proposed to describe 

(15)� = 1−
Npoison

Ntotal

(16)Npoison = NA × Rp × Δx2 × t

(17)Rp = rpCH2S

the catalyst activity degradation behavior under the contamina-
tion and is presented as

where �critical is the critical health rate and is set as 0.3 which 
matches the best to the experimental data.

Numerical Methods

In the last decade, LBM has been shown to be a powerful tool 
in modeling interfacial dynamics and electrochemical coupled 
mass transport due to its superiorities on simple-algorithm, effi-
cient-computing, and most importantly, easy implementation of 
boundary conditions in complex geometries [46]. More detailed 
introduction about the LBM can be found in these representative 
works [47–49]. In the present work, the multi-relaxation-time 
(MRT) LB model is developed to solve the physicochemical 
processes. It should be mentioned that MRT collision operator 
[50] is very necessary for the numerical stability considering 
the orders of magnitude difference on diffusivity. The evolution 
of the concentration distribution function can be expressed as

where fa(�, t) represents the discrete distribution function in 
velocity space at lattice site � and time t. eq denotes its equilib-
rium state. The D3Q7 lattice scheme is employed considering 
that it is computationally inexpensive and simple. The corre-
sponding discrete lattice velocity �� is written as follows:

M is the transformation matrix converting the velocity space 
distribution function into momentum space, given as

M−1 is its reverse version and � is the relaxation matrix, 
presented as

(18)iref,0 =
i0

1 + e50∗(1−�−�critical)

(19)
f�
(
� + ��Δt, t + Δt

)
= f�(�, t) −�

−1
��

(
f�(�, t) − f eq

�
(�, t)

)

(20)�a =

{
0 � = 0

(±1, 0, 0), (0,±1, 0), (0, 0,±1) � = 1 ∼ 6

(21)�=

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

1 1 1 1 1 1 1

0 1 −1 0 0 0 0

0 0 0 1 −1 0 0

0 0 0 0 0 1 −1

6 −1 −1 −1 −1 −1 −1

0 2 2 −1 −1 −1 −1

0 0 0 1 1 −1 −1

⎤⎥⎥⎥⎥⎥⎥⎥⎦

(22)�=

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

�0 0 0 0 0 0 0

0 �xx �xy �xz 0 0 0

0 �yx �yy �yz 0 0 0

0 �zx �zy �zz 0 0 0

0 0 0 0 �4 0 0

0 0 0 0 0 �5 0

0 0 0 0 0 0 �6

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦
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where ��� is the relaxation parameter and determines the 
diffusivity via:

For the isotropic mass transport, �xx = �yy = �zz and 
���(� ≠ �) = 0 . �0, �4, �5, �6 do not affect the numerical 
solution and are set as unity. Δx = 3 nm and Δt = 1e − 10 s 
are the grid resolution and time step of each iteration, 
respectively.

The reaction source terms are introduced by applying 
boundary conditions at the Pt/ionomer (or pore) interfaces; 
the unknown distribution function can be obtained by:

where fα(�A, t + Δt) is the unknown distribution function at 
the nearest lattice of Pt node, f̂𝛼(�A, t) is the post collision 
distribution function on the opposite direction � . Note that 
the HOR boundary condition is only applied at the Pt/iono-
mer interface, while the poisoning and recovery reactions are 
applied at both Pt/ionomer and Pt/pore interfaces.

Regarding the cross pore/ionomer interface transport, the 
following scheme proposed by Chen et al. [51] is employed 
to obtain the unknown distribution functions of interfacial 
nodes A (pore) and B (ionomer).

(23)D =
1

4
(��� −

1

2
)
Δx2

Δt

(24)fα(�A, t + Δt) = f̂𝛼(�A, t) +
Δx

D
j

(25)

fα(�A, t + Δt) =
1

−
Δx

4kdisΔt
−

RT

H
− 1

[(−
Δx

4kdisΔt
+
RT

H
− 1)

f̂𝛼(�A, t) − 2f̂α(�B, t)]

(26)

f𝛼(�B, t + Δt) =
1

−
Δx

4kdisΔt
−

RT

H
− 1

[(−
Δx

4kdisΔt
−

RT

H
+ 1)

f̂α(�B, t) −
2RT

H
f̂𝛼(�A, t)]

More details about the D3Q7 MRT model can be found 
in Ref. [52].

The simulation result is validated by comparing the polar-
ization curve and the performance degradation plot with the 
experimental data. The output potential can be calculated by

where �ohm, �c, �a, �con are the ohmic, cathode, anode over-
potentials, and mass transport loss, respectively, based on 
Ref. [53]. The fuel cell is operating under constant current 
and the potential output algorithm is schematically presented 
in Fig. 3a. Based on the given current, an estimated anode 
overpotential is initialized for the whole ACL assuming a 
uniform distribution. When the concentration fields reach an 
equilibrium state, the real output current is calculated and 
compared to the target operating current to further adjust the 
input anode overpotential, until the obtained current equals 
the target current.

The main issue restricting the application of LBM is its 
limited time scale as the time step size is very small and 
cannot simulate a long-term transient process, which is also 
why there have been no pore-scale modeling on the contami-
nation topic. In this work, inspired by the integral calculus 
method, a new algorithm is proposed to develop the original 
LB model to be capable of the contamination modeling. The 
H2S poisoning process is extremely slow and could last for 
tens of hours, which indicates the concentration field in the 
ACL and health rate of each catalyst site will not change 

(27)V = V0 − �ohm − �c − �a − �con

(28)�ohm = iR

(29)�c =
RT

2F
ln(

i

iref,c
)

(30)�con = �0 ln(
ilim

ilim − i0
)

Fig. 3   a Iteration algorithm 
to calculate the overpotential 
under constant current. b Itera-
tion algorithm of the contami-
nation model
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significantly in a short time (set as 10 min in this work). 
Therefore, to save the computation cost and realize the time-
scale analysis, the health rate of each catalyst site and equi-
librium concentration fields update every 10 min. During 
this period, the equilibrium concentration distributions are 
assumed constant and used to calculate the contamination 
rate. Note that other time gaps, like 5 and 20 min, have also 
been conducted and the results showed that the 10 min gap 
can simultaneously meet the accuracy and save the compu-
tation resource. Basically, the model discretizes the whole 
contamination process into several reasonable time periods, 
and in each time period, the pore-scale model is used to 
solve the equilibrium concentration fields, as schematically 
presented in Fig. 3b. After each update, the anode overpoten-
tial will also be recalculated to reach the target current. The 
iteration ends when the output potential is below 0.3 V. This 
algorithm effectively broadens the application of LBM and 
can be used to model some prolonged, but slow-changing 
processes in fuel cells, such as contamination or cold start. 
The model is realized by an in-house code paralleled on a 
GPU-based workstation, which enables the large-scale com-
putation. The proposed algorithm is validated by comparing 
the numerical results with the experimental data from Ref. 
[21].

Results and Discussion

In this section, the simulations are initialized based on the 
experiment of Ref [21] to validate the proposed numerical 
model and investigate the effect of anode Pt loading and H2S 
concentration. First, cases under different currents are con-
ducted to confirm some parameters like local reference HOR 
rate i0 and also validate the model under clean operating 
condition (without H2S). Then, cases under H2S contamina-
tion are implemented to compare the performance degrada-
tion results with the experimental data under different Pt 
loadings and H2S concentration.

Effect of Anode Pt Loading Without H2S 
Contamination

Polarization curves under different anode Pt loadings are 
obtained and compared to validate the model without H2S 
contamination. The simulations are conducted following the 
algorithm in Fig. 3a. The simulated polarization curves are 
presented in Fig. 4, showing that the numerical results agree 
well with the experimental data. Additionally, Fig. 4a shows 
that the anode Pt loading does not have much effect on the 
cell performance with neat hydrogen as the fuel, which is 
also observed in the experiments [21]. Such phenomenon 
can be explained by the active nature of hydrogen, which is 
characterized by a much higher reference local HOR rate i0 

as compared to the oxygen reduction reaction on the cath-
ode side. It also indicates that the cell performance is not 
sensitive to the anode catalyst area. Figure 4b shows the 
hydrogen concentration distributions at a current density of 
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Fig. 4   a Comparison of fuel cell performance under different Pt load-
ings between numerical results and experimental data [21]. b Hydro-
gen distribution in the ACLs at 1 A cm−2
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1.0 A cm−2 under various Pt loadings. It can be observed 
that higher Pt loading suffers relatively higher transport loss 
due to a thicker structure. However, the concentration gaps 
are not significant since the investigated Pt loadings are in 
low level and the ACLs are thin (about 1.6 μm for the 50 µg/
cm2 ACL).

Effect of Anode Pt Loading Under H2S 
Contamination

After adding the H2S component, the performance degrada-
tion under different Pt loadings and its comparisons with the 
experimental data are given in Fig. 5. The fuel cell is oper-
ated at a constant current density of 1.0 A cm−2 as imple-
mented in the experiment. The simulations are conducted 
following the iteration algorithm in Fig. 3b. It can be seen 
that the proposed algorithm is able to accurately predict the 
performance loss with time. The results show that, under the 
same H2S concentration, the ACL with higher Pt loading 
can withstand the contamination for longer periods of time. 
This can be explained with the H2S concentration distribu-
tion along the thickness direction as shown in Fig. 6. With 
the increasing of poisoning time, Pt sites near the inlet side 
are gradually blocked and the average H2S concentration 
therefore gets higher. The ACL with higher Pt loading suf-
fers larger transport loss. As the poisoning rate is related to 
the H2S concentration, it takes longer time to poison the Pt 
sites near the membrane and the ACL with higher Pt load-
ing can maintain the performance for a longer time. High Pt 
loading also provides a larger reactive area as buffer against 
the contamination. Additionally, the simulation result shows 
that the ACL with 50 µg cm−2 Pt loading has no significant 
performance drop due to contamination during the testing 
time, which also agrees with the experimental observation. 

However, with the increase of exposure time, the perfor-
mance will drop eventually. To match the experimental data, 
the failure part is not shown in the figure. Hence, this model 
can also be used to predict the operation time against the 
contamination under specific conditions, such as operation 
time, contamination concentration, etc. Furthermore, the 
model is capable of estimating the required Pt loading for 
achieving desired operating time under specific condition.

Effect of H2S Concentration

Figures 5 and 7 show that H2S concentration is a very impor-
tant factor affecting the fuel cell operating time since it 
directly determines the poisoning rate. It is also why the H2S 
concentration in the fuel is strictly restricted. When the H2S 
concentration increases 5 times, the fuel cell operating time 
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nearly decreases to one fifth. The limited H2S concentration 
in the present hydrogen quality standard ISO 14687-2:2012 
is 4 ppb, where the 50 µg cm−2 Pt loading can provide a 
performance comparable to an almost contamination-free 
operation environment for more than 200 h. However, under 
20 ppb H2S, the 50 µg cm−2 ACL can withstand the con-
tamination longer than the other catalyst layers with lower 
loadings, but still breaks down within 100 h. Therefore, 
under the ultra-low Pt loading condition, only the decrease 
of inlet H2S concentration in the supplied fuel can ensure the 
stable performance for a long time. Additionally, from the 
simulation and experiment results, it is suggested to set the 
Pt loading properly to reach the ideal operating time instead 
of frequent recovery measurements which could cause other 
issues like structure degradation. As discussed above, the 
proposed model is able to accurately predict the operating 
time against the contamination and describe the performance 
degradation with time.

Conclusion

In this work, the LBM-based pore-scale model is firstly 
employed to study the fuel cell contamination and coupled 
with a novel iterate algorithm to overcome the time-scale 
analysis issue in the original LBM, which is a progress for 
extending the application of LBM. The microstructure of 
ACL is reconstructed with carbon, Pt, ionomer, and pores 
and is validated against measured PSD of an anode CL. The 
physicochemical processes in the ACL are well described 
including the Knudsen diffusion effect in the nano-scale 
pores, the mass transport resistance across the ionomer and 
the multi-electrochemical reactions taking place at the Pt/
ionomer and pore/ionomer interfaces. The results prove that 
the proposed model can accurately predict the effect of H2S 
contamination on performance with time and estimate its 
operating time under the contamination. It is found that the 
fuel cell performance is not sensitive to the anode Pt loading 
under the clean fuel condition. However, higher Pt loading 
can effectively prolong the operation time under contamina-
tion for providing a larger buffer reactive area and a lower 
H2S concentration condition. The H2S contamination in the 
fuel gas should be strictly restricted as it directly affects the 
poisoning rate and significantly affects the operation time. 
This model can be applied to estimate the critical Pt loading 
and investigate the effect of some other CL parameters such 
as I/C and Pt/C ratio, which may help extend the life time. 
Additionally, the effect of some other contaminants like CO 
and some other slow changing processes like cold start may 
also be investigated with the proposed model. In our future 
work, more operating conditions will be comprehensively 
studied to offer more informative data analysis.
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