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a b s t r a c t

Porous structures of agglomerates in cathode catalyst layers (CLs) of proton exchange membrane fuel
cells are reconstructed, in which all the four phases are resolved including Platinum, carbon, ionomer and
pore. A pore-scale reactive transport model based on the lattice Boltzmann method is developed, in
which oxygen dissolution reaction at pore-ionomer interface, oxygen diffusion inside ionomer, and
electrochemical reaction at ionomer-Pt interface are considered. Emphasis is put on structural param-
eters, especially Pt/C mass ratio, on the reactive transport process and the volumetric reaction rate (or
current density). Pore-scale results show that while under high Pt loading oxygen is depleted quite close
to the surface of the spherical agglomerate, it has to penetrate deep into the porous agglomerate before it
is completely consumed under low Pt loading which is not captured by classical agglomerate model
based on homogeneous mixture assumption. Pore-scale results also found that effects of transport inside
the agglomerate decreases as reaction rate, porosity or ionomer thickness increases. Finally, local
transport resistance inside the agglomerate is evaluated, and it increases as the agglomerate size in-
creases or the dissolution reaction rate decreases.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

The proton exchange membrane fuel cell (PEMFC) has been
extensively studied due to its advantages such as high power
density, low temperature operation and potentially zero green-
house gas emission. Among several porous components of PEMFCs,
the catalyst layer (CL) is most significant in which all the electro-
chemical reactions take place, yet it is the least understood
component due to its nanoscale characteristics. The most common
nanoscale structures of CL consist of Platinum (Pt) particle sup-
ported on carbon black, thin ionomer coated on Pt/C, and nanosize
pores. Reactive transport processes in CLs include electron con-
duction, proton conduction, oxygen diffusion and electrochemical
reactions. Enhancing these reactive transport processes can
improve the Pt utilization and reduce the Pt loading, thus facili-
tating the commercialization of PEMFCs.

Because the CL is so thin of about 10 mm, it is very challenging to
experimentally study, especially in-situ, the multiple transport
hen).
processes inside CLs. In the literature, several numerical models
with varying degrees of resolution have been proposed for the
electrochemical transport processes inside the CLs, including the
thin-film model [1], the homogeneous model [2,3] and the
agglomerate model [4]. The agglomerate model assumes that the
CL is composed of many agglomerates [4], in and between which
are the primary and secondary pores, respectively. Oxygen diffuses
in the secondary pores and reaches the agglomerates for electro-
chemical reactions. The agglomerate model considers the dissolu-
tion of the oxygen into the thin ionomer coated the agglomerate.
Compared with the thin-film and homogeneous model, the
agglomerate model takes into account the multiscale structures of
CLs to a certain extent, and it is state-of-the-art CL model at the
continuum scale [5e14]. As a sub-grid model, it is upscaled into
cell-scale models by providing source terms related to the volu-
metric current density. The agglomerate model has been widely
adopted for optimizing the CL structures [6e8]. Sun et al. [7]
adopted the agglomerate model to study effects of CL structural
parameters such as Nafion and Pt loading, and optimum Nafion
loading level was recommended. Effects of agglomerate shapewere
also investigated [9,10]. Jain et al. [9] studied different morphology
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of agglomerate including plate-like, cylindrical and spherical ag-
glomerates. Their results demonstrate high sensitivities in trans-
port processes and optimization results to the agglomerate
morphology. While agglomerate model with a single size was
widely adopted, Empting and Litster [11] studied effects of
agglomerate size distribution on reactive transport in CLs. Kamar-
ajugadda and Mazumder [12] considered two overlapped ag-
glomerates as a generalized shape for agglomeration. It was found
effects of the agglomerate shape are significant for larger
agglomerates.

Unlike the continuum-scale CL models relying on averaged
representation of the complicated porous CL structures mentioned
above, pore-scale models solve physicochemical processes directly
based on realistic porous structures of CLs, and have been the
recent trend of modeling transport processes in CLs [15e29]. Wang
et al. [15e17] firstly conducted pore-scale oxygen diffusion, proton
conduction and electrochemical reaction in 3D idealized porous
structures [15], random structures [16], and bilayer porous struc-
tures of CLs [17]. In their studies, only two phases are considered,
one is pore phase and the other is mixtures of electrolyte and solid
components. Hattori et al. [18] reconstructed CL structures by using
a number of solid spheres with radius obey to the size distribution
of carbon particles in CLs. Discrete Pt particles were then added on
the carbon sphere surfaces to form Pt/C solid phase. Thin ionomer
film was then added to cover the Pt/C surface. Therefore, four
phases were resolved including Pt, carbon, ionomer and pore [18].
Effects of ionomer film thickness on cell voltage were studied [18].
Following the above techniques, Kim and Pitch [19] reconstructed
similar sphere-based structures. They further adopted a simulated
annealingmethod to randomlymove the sphere to obtain desirable
porosity and two-point correction function. Three phase were
resolved including carbon, ionomer and pore. The lattice Boltz-
mann method (LBM) was adopted to simulate gas diffusion and
proton conduction, and tortuosity was determined based on the
effective diffusivity predicted by the LBM simulations [19]. Lange
et al. reconstructed similar three-phase structures including car-
bon, ionomer and pores. Gas diffusion, proton conduction and
electrochemical reaction were studied. Effective diffusivity and
conductivity were predicted based on the pore-scale results
[20,21]. Wu and Jiang [22] also reconstructed three-phase CL
structures in which the particle size distribution of carbon black
was considered, and the LBM was adopted to predict effective
thermal/electric conductivity and effective diffusivity of the
reconstructed CLs. Siddique and Liu [23] proposed a reconstruction
method based on the specific synthesis process used in fabricating
a given CL structure. Effects of composition, porosity, phase con-
nectivity and agglomerate size on electrochemical transport char-
acteristics were explored [23]. Following the reconstruction
process in Ref. [23], Chen et al. [24] studied oxygen diffusion, proton
conduction and electrochemical reactions in CLs. Effects of hierar-
chical CL structures on the reactive transport were also studied and
it was found that mesocale pores greatly enhance the mass trans-
port and cell performance. Recently, Chen et al. [25] further studied
at the pore-scale effects of macroscopic pores and their distribu-
tions on reactive transport in hierarchical CL structures. An opti-
mized porous structure with pore gradient and hierarchical pore
size was proposed, with which the cell performance can be
improved yet the Pt loading is reduced. Very recently, Inoue et al.
[26] reconstructed the CL structures based on carbon sphere ag-
gregates. It was found that local large pores inside the CL greatly
reduce the effective diffusivity. While the above studies mainly
focus on single-phase processes, there have been a few studies to
study effects of pore-scale water distributions on the oxygen
effective diffusivity [27,28]. Finally, reducing Pt loading is of great
importance for decreasing the cost of PEMFCs. Recently,
unexpected local transport resistance across different components
of CLs was experimentally identified, which causes extra voltage
loss [30e33]. Chen et al. proposed a pore-scale model considering
dissolution reaction at the pore-ionomer interface. The pore-scale
model was then adopted to study effects of dissolution reaction
rate, Pt particle distribution and ionomer thickness on the local
transport resistance [34].

Pore-scale study of porous electrodes in PEMFCs plays several
roles. First, it helps to reveal the underlying reactive transport
phenomena, based on which the complicated CL structures can be
optimized to enhance mass transport and reduce Pt loading. Sec-
ond, pore-scale simulations can predict effective diffusivity, effec-
tive proton/electron conductivity and effective thermal
conductivity. All these macroscopic transport properties are highly
required in cell-scale models. Third, pore-scale studies also can
provide electrochemical reaction source terms for the cell-scale
models. While current pore-scale studies mainly are focusing on
the former two roles as reviewed above, there are rare studies
regarding the third one. Recently, a few studies found that the
agglomerate model widely adopted in state-of-the-art cell-scale
models predicts the same limiting current density even if the Pt
loading is greatly reduced [35e38]. It was reported that the
agglomerate model cannot accurately describe mass transport
resistance inside the agglomerate core, especially under a low Pt
loading [35e38]. Recognizing the drawback, these have been some
studies to improve the classical agglomerate model to more accu-
rately describing the mass transport resistance inside the agglom-
erate core. Yoon and Weber proposed an agglomerate model with
sporadic reaction zone on the surface of the agglomerate [35]. Ef-
fects of the lateral (along the agglomerate surface) transport in the
ionomer film were investigated. It was found that under a low Pt
loading, the actual transport length of the reactant in the thin film
is longer than the thickness of the thin film, leading to higher
transport resistance. Very recently, Darling [38] further added a
resistance term into the agglomerate model, which represents the
local transport processes to the Pt particles. While the above
studies are still based on the homogeneous mixture assumption of
the agglomerate model, Cetinbas et al. [36] directly developed a 2D
pore-scale cylinder agglomeratemodel with randomly dispersed Pt
particles. Transport resistance inside the pore-scale agglomerate
core was successfully captured. Source terms related to the elec-
trochemical reactions were determined based on the pore-scale
results and then upscaled into cell-scale models [36,39].

In the present study, following the 2D study in Ref. [36], a 3D
porous agglomerate model is further developed to investigate the
transport limitation inside the agglomerate. Besides, compared
with pore-scale studies in the literature, the dissolution reaction at
the pore-ionomer interface, which indicates non-equilibrium
interfacial mass transport and causes extra cell performance loss
at low Pt loading (<0.1mg cm�2) [33], is taken into account in our
pore-scale model. Finally, compared with existing pore-scale
studies in which cubic or rectangular domain is commonly adop-
ted, motivated by the classical agglomerate model in the present
pore-scale study spherical domain is adopted, which benefits the
subsequent upscaling of reactive source term into cell-scale
models. The objective of the present study is to understand the
structural parameters, especially Pt loading, on the pore-scale
reactive transport processes and volumetric reaction rate (current
density) inside CLs. The ultimate goal is to provide electrochemical
reaction source terms from the pore-scale results for the cell-scale
models. The remaining parts of our work are arranged as follows.
First, in Section 2, 3D porous structures of the CL are reconstructed
and pore-scale numerical methods are developed to study the
pore-scale reactive transport processes. In Section 3, effects of Pt/C
(or Pt loading), porosity, agglomerate size and ionomer thickness
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on the reactive transport processes are investigated in detail.
Finally, important conclusions of the present study are drawn in
Section 4.

2. The three-dimensional pore-scale agglomerate model

In the classical agglomerate model widely adopted in the liter-
ature, the CL is assumed to be composed of many isolated ag-
glomerates which consist of uniform mixture of Pt, carbon and
ionomer. Typically, these agglomerates are assumed to be spherical
and coated by a thin ionomer film, as schematically shown in
Fig. 1(a). The void space inside each agglomerate is defined as
Fig. 1. Schematic of the local structures of the agglomerate model. (a) The classical
homogeneous agglomerate model and (b) the pore-scale agglomerate model.
primary pores while that between agglomerates is secondary
pores. The primary pores are unusually assumed to be fully filled by
ionomer. In the agglomerate model, oxygen from the secondary
pores is dissolved into the ionomer film, and then diffuses through
the thin ionomer film, and finally reaches the agglomerate core
with radius ragg where transport and reaction simultaneously occur.
The pore-scale agglomerate structure going to be reconstructed is
similar to above classical agglomerate model. The main difference
is that while homogeneous mixture assumption is made in the
classical agglomerate model, in the pore-scale agglomerate model
the microscopic structures and components inside the agglomerate
core are explicitly resolved, as schematically shown in Fig. 1(b). In
CLs, the Pt particles are randomly dispersed on the carbon support,
indicating that the surface of Pt/C solid structures is partially
reactive, while in the classical agglomerate model every site inside
the agglomerate core is reactive due to the assumption of uniform
mixture.

In this section, first the porous cathode CL structures are
reconstructed with carbon particle, Pt particle and pores explicitly
resolved. Then, the pore-scale agglomerate model considering
pore-scale reactive transport processes is developed. Finally, the
corresponding pore-scale numerical method based on the LBM is
introduced.

2.1. Reconstruction of CL porous structures

The first step towards the pore-scale study of reactive transport
processes inside CLs is to obtain the porous structures. Imaging
techniques such as X-ray computed tomography (XCT), trans-
mission electron microscopy (TEM), and focused ion beam-
scanning electron microscopy (FIB-SEM), have provided detailed
information of structures and constituents of CLs [40]. Based on
these experimental observations, the pore-scale agglomerate
structures are reconstructed as follows.

The shape of the pore-scale agglomerate to be reconstructed is
sphere with radius ragg. Carbon phase inside the agglomerate is
generated using the Quartet structure generation set (QSGS)
scheme [41]. The reconstruction process includes random distri-
butions of carbon seeds and subsequent carbon growth around the
seeds. This reconstruction process is completed when the pre-
scribed volume fraction of the carbon phase is obtained. Details of
the generation processes can be found in our previous work [24],
and are not repeated here for brevity.

After the carbon structure is generated, Pt nanoparticles are
further randomly deposited on the surface of the carbon support.
Transmission electronmicroscopy (TEM) shows that Pt particles are
randomly distributed on the carbon surface, and the typical size of
Pt nanoparticles is 2e5 nm [42,43]. Based on these experimental
observations, Pt particles with size of 3 nm, also the resolution of a
computational cell in the present nanoscale simulations, are
randomly distributed on the carbon surface. To add the Pt particles,
a random number is generated for each interfacial node between
the void space and the carbon solid, and if the random number is
smaller than a prescribed probability P, then this interfacial node is
changed to a Pt node. For each Pt/C structure generated, the Pt/C
mass ratio and Pt loading gPt can be easily determined by counting
the total number of Pt and carbon nodes

Pt=C ¼ mPt

mPtþmC
¼ rPtVPt

rPtVPt þ rCVC
¼ rPtNPt

rPtNPt þ rCNC
(1a)

gPt ¼
rPtVPt

V=ð1� εsÞLCL (1b)
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wherem is mass, r is density, V is volume, N is number of nodes, LCL
is thickness of CL and εs is porosity of the secondary pores. The
subscript “Pt” and “C” represent Platinum and carbon, respectively.
The density is 21.45 g cm�3 and 1.8 g cm�3 for Pt and carbon,
respectively.

Fig. 2(a) shows the 3D reconstructed structures of the pore-scale
agglomerate with carbon matrix (black) only, where radius of the
agglomerate is 300 nm and porosity of the primary pores εp as 0.6.
Similar to the classical agglomerate model adopted in the
continuum-scale models of PEMFCs, the pores inside the recon-
structed CL structures are fully filled with ionomer. Thus, εp equals
to εN in the reconstructed agglomerate core. It should bementioned
that in practice the primary pores are not always fully occupied by
ionomer. In the present study, the emphasis is placed on effects of
discrete distributions of Pt particles on the reactive transport pro-
cesses inside the CLs. Effects of partial fill of primary pores by the
ionomer will be studied in the future.

Fig. 2(b) further shows the porous structures between
z¼ 285 nm and z¼ 315 nm, in which Pt nanoparticles (small red
spheres) are also displayed. In Fig. 2(b), P, the random number
during adding Pt particles, is 5%, and there are totally 1773362
carbon nodes and 12368 Pt nodes. Correspondingly, based on Eq.
(1) Pt/C and gPt is calculated to be 7.7% and 0.03mg cm�2 (CL
thickness as 10 mm and εs as 0.5). From Fig. 2, it can be found that Pt
particles are randomly and uniformly distributed inside the pore-
scale agglomerate. Since the porous structures are quite complex
inside the CL, it is expected that Pt particles deep inside the
agglomerate core are difficult to access, and the reactive transport
processes will be discussed in Section 3.

Following the classical agglomerate model in the literature, the
Pt/C structures reconstructed above are coated by a thin ionomer
film with thickness d, leading to the final computational domain as
a sphere with radius raggþd.
2.2. Physicochemical model

The physicochemical processes taking place in the porous
agglomerate are schematically shown in Fig. 3, and are introduced
as follows. The outer boundary of the computational domain is the
interface between the thin ionomer film and the secondary pore. At
the gas side of this interface, concentration of the oxygen, Cgas, is
prescribed. At the ionomer side of this interface, the reactant

concentration greatly drops from Cgas to C1
Ndue to Henry law (Eq.

(2a)) and further to C2
N due to the dissolution resistance (Eq. (2b))

C1
N ¼ Cgas

HN
(2a)

NO2
¼ kdis

�
C1
N � C2

N

�
(2b)

where HN is the Henry constant in Nafion and kdis is the oxygen
dissolution reaction rate at the secondary pore-ionomer film
interface. In almost all the continuum scale studies, only Eq. (2a),
namely the equilibrium Henry law is considered. However, few
studies in the literature have taken into account the local dissolu-
tion reaction described by Eq. (2b). Recent studies find that this
interfacial dissolution reaction, which indicates non-equilibrium
interfacial mass transport process, plays an important role on
local mass transport inside the CL, especially under low Pt loading
[30e32,44].

In the thin ionomer film, the governing equation for oxygen
transport is as follows
VðDNVCNÞ ¼ 0 (3)

where DN is the diffusivity of oxygen inside the thin ionomer film.
After transporting through the thin ionomer film, the oxygen ar-
rives at the porous agglomerate core. Since the primary model in-
side the pore-scale agglomerate is filled with ionomer, the diffusion
process of oxygen is also described by Eq. (3). There are two kinds of
ionomer-solid boundary inside the agglomerate core, the ionomer-
carbon boundary and the ionomer-Pt boundary. There is no
chemical reaction at the former one, and locally non-flux boundary
condition is adopted. At the ionomer-Pt interface, electrochemical
reaction take place and is described by the following boundary
reaction

DN
vCN
vn

¼ kelecCN (4)

where n is the normal direction of the reactive interface. The
chemical reaction coefficient kelec is determined by the Butler-
Volmer equation

kelec ¼
1
4F

iref0
CO2 ;ref

�
exp

�
� acF

RT
h
�
� exp

�ð1� acÞF
RT

h
��

(5)

where F is the Faraday constant, iref0 is the exchange current density,
CO2 ;ref is the reference concentration, acis the transfer coefficient, R

is the gas constant and T is the temperature. It is worth mentioning
that in the present study, all the variables in the right hand side of
Eq. (5) are lumped together into kelec, and different values of kelec
are studied in Section 3.

Based on the above physicochemical model established, it can
be found that before arriving at the ionomer-Pt interface for elec-
trochemical reaction, the oxygen needs to overcome several
transport resistances, as schematically shown in Fig. 3 where each
concentration drop indicates one kind of resistance. Reducing the
resistance, in other words increasing the oxygen concentration that
finally arriving at the Pt surface, is of great importance to enhance
the electrochemical reaction in cathode CLs and thus to improve
the cell performance.
2.3. Numerical method

The governing equation for oxygen diffusion process, combined
with all the boundary conditions, is solved using the LBM. Note that
there are many numerical methods for the diffusion equation given
by Eq. (3). The LBM is adopted because it can conveniently treat
complex boundaries and thus is particularly suitable for modeling
transport processes in porous media [45,46]. In fact, the LBM has
beenwidely adopted for studying at the pore-scalemultiphase fluid
flow, heat transfer, mass transport and chemical reactions in porous
electrodes of PEMFCs [29,47e50]. The mass transport LB model
adopted in the present work is as follows

giðxþ ciDt; t þ DtÞ � giðx; tÞ ¼ �1
t

�
giðx; tÞ � geqi ðx; tÞ

�
(6)

where gi is the distribution function with velocity ci at the lattice
site x and time t. For mass transport, D3Q7 lattice model, with D
denoting dimension and Q representing the number of lattice ve-
locities, is adopted. The corresponding discrete lattice velocity ci is
as follows



Fig. 2. Reconstruction of the Pt/C structures. (a) The 3D structures of the carbon matrix and (b) distribution of Pt particles on the surface of carbon from z¼ 285 nm to z¼ 315 nm.
Black region is carbon matrix, while red spheres are Pt particles.



Fig. 3. Schematic of the reactive transport processes studied in the pore-scale
agglomerate model.

Table 1
Values of variables in the simulation [52].

Variables Symbol values

Density of Pt rPt 21.45 g cm�3

Density of Carbon rC 1.8 g cm�3

Diffusion coefficient in ionomer D 8.7� 10�10 m2 s�1

Faraday constant F 96487 Cmol�1

Henry’s constant in ionomer HN 38.9
Oxygen concentration supplied Cgas 0.8molm�3

Lattice resolution Dx 3 nm
Thickness of CL LCL 10 mm
Volume fraction of secondary pore εs 0.5
Oxygen dissolution reaction rate kdis 0.00925m s�1
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ci ¼
�
0 i ¼ 0
ð±1;0;0Þ; ð0;±1;0Þ; ð0;±1;0Þ i ¼ 1 � 6 (7)

The equilibrium distribution function geq is determined by

geqi ¼ C=7 (8)

The concentration and the diffusivity are obtained by

C ¼
X

gi; D ¼ 1
3
ðt� 0:5ÞDx

2

Dt
(9)

Through Champan-Enskog multiscale expansion, it has been
proved that Eq. (6) combined with Eq. (8) can recover the macro-
scopic Eq. (3).

From Eq. (6), it can be found that the basic variable in the LBM is
the distribution function, while in conventional Computational
Fluid Dynamics (CFD) methods macroscopic variables (velocity,
pressure, concentration, temperature, etc.) are the basic variables.
Therefore, boundary conditions in the LB framework should be
designed for boundary conditions described by the macroscopic
variables in Section 2.2. First, for the dissolution reaction described
by Eq. (2b) at the outer surface of the computational domain, the
interfacial chemical reaction is treated by the generalized LB con-
centration boundary scheme proposed by our group [51]. Second,
for the no-flux boundary at the interface between ionomer and
solid carbon, the LB standard bounce-back scheme is adopted.
Finally, for the electrochemical reaction at the ionomer-Pt interface
described by Eq. (5), it is also treated by the generalized LB con-
centration boundary scheme [51].

The validation of the pore-scale agglomerate model is explained
as follows. First, the structure reconstruction scheme developed
has been proved to generate structures representing that of CLs in
our previous work [24]. Second, the accuracy of the pore-scale
numerical model developed also has been demonstrated in our
previous work [24,25,34]. Here, for the purpose of brevity, the
validation is not repeated and one can refer to our previous work
for details.

3. Results and discussion

In this section, the pore-scale model introduced in Section 2 is
adopted to study reactant diffusion and electrochemical reaction in
the porous agglomerate reconstructed. Emphasis will be placed on
the effects of structural parameters of CLs on the reactive transport
processes. Values of important variables are listed in Table 1 [52].
3.1. Fully active surface

First, a hypothetical case is studied, in which the carbon surface
is fully loadedwith Pt particles. This is achieved by setting P as 100%
during the reconstruction processes in Section 2.1. Therefore, for
this case, all the ionomer-solid interface is reactive. The resulting
Pt/C ratio is 86.4% and the Pt loading is 1.61mg cm�2 according to
Eq. (1). The radius, ionomer thickness and porosity of the pore-scale
agglomerate studied are 100 lattices (300 nm), 5 lattices (15 nm),
and 0.6, respectively. Different values of Damkohler number Da are
studied. The dimensionless number Da, defined as the relative
strength of reaction to diffusion, is calculated by

Da ¼ kelec
	
ragg þ d



D

(10)

A higher Dameans higher kelec, corresponding to higher current
density operation in PEMFCs.

Fig. 4 shows the concentration field in three slices in the z di-
rection, namely z¼ 30 nm, 115 nm and 600 nm, where the con-
centration has been normalized by the concentration at the outer

surface of the thin filmC1
N. It can be found that as Da increases,

namely the electrochemical reaction becomes stronger, the reac-
tant is depleted more near the outer surface of the agglomerate
core. For the case with Da¼ 1� 105 which is extremely high, most
of the void space inside the pore-scale agglomerate is starved of
oxygen, as shown in Fig. 4(c). Therefore, the slow oxygen diffusion
becomes the limited factor, indicating occurrence of the concen-
tration polarization region in a typical U-I curve of PEMFCs. In the
concentration polarization region, further decreasing the over-
potential will not lead to increase of the current density, and the
limiting current density is obtained.

3.2. Partially active surface

Nowattention is turned to the practical case inwhich the carbon
phase is not fully covered by Pt particles, which means only partial
interfacial nodes are allowed for chemical reaction. The porous
structures are the same as that in Section 3.1, expect that the fluid-
solid interfacial nodes are partially set as Pt phase, leading to
reduced values of Pt/C (or Pt loading).

The volumetric reaction rate j [mol m�3 s�1] is the total reaction
rate per volume, defined as the total reaction rate at the surface of
all the reactive sites (Pt particle surface) divided by the total vol-
ume. It is calculated as follows based on the final concentration
filed obtained from the pore-scale simulations

j ¼ i
4F

¼
P

kCsA
4
3p
	
ragg þ d


3 (11)

where Cs is the surface concentration at reactive sites andA is the



Fig. 4. Pore-scale concentration distribution inside the reconstructed porous agglomerates under different values of dimensionless number Da. (a) 1� 10�5, (b) 10 and (c) 1� 105

respectively.

Fig. 5. Effects of dispersed reactive sites on the reactive transport. (a) The relationship
between Da and the normalized volumetric reactive rate and (b) relationship between
normalized volumetric reaction rate and Pt/C mass ratio.
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reactive surface area of each reactive site. Higher volumetric reac-
tion rate is desirable as it means higher current density i. To facil-
itate discussion, the volumetric reaction rate is normalized by the
following formula

j ¼ j

 	
ragg þ d


2
DC1

N

!�1

(12)

Fig. 5 displays the relationship between j and the Damkohler
number Da for different values of Pt/C. As can be seen from Fig. 5(a),
for each case, j first increases as Da increases, and finally reaches a
constant value jmax. This constant value corresponds to the
limiting current density generated in the diffusion-limited region.
The most important observation from Fig. 5(a) is that as Pt/C de-
creases, jmax also reduces. The insert image in Fig. 5(a) further

shows very clearly the values of jmax. It can be found that j
0
max,

which is for Pt/C as 86.4% (P is 100%, the case in Section 3.1), is as

high as 72.5, while j
0
max for Pt/C as 7.7% (P is 2%) jmax undergoes a

dramatic 75% drop to 18.0. It is worth mentioning here that addi-
tional numerical simulations are also conducted in which Cgasis

changed, and it is found that j keeps constant. Note that the ulti-
mate goal of our group is to establish a multiscale simulation
framework for the multiscale multiphase reactive transport pro-
cesses in PEMFCs. Therefore, pore-scale results in the electrodes
will be upscaled into cell-scale models of PEMFCs. The above
finding that gas concentration at the outer boundary does not affect
the dimensionless volumetric reaction rate benefits the subsequent
upscaling process. The multiscale simulation process is beyond the
topic of the present study, and is not discussed here.

Tomore clearly illustrate the effects of partially active surface on
reactive transport process in the pore-scale agglomerate, the rela-

tionship between j=j
0
and Pt/C mass ratio under different Da is

further plotted in Fig. 5(b), where j
0
denotes the volumetric reac-

tion rate for the completely active surface case studied in Section

3.1. A lower value of j=j
0
indicates stronger effects of the dispersed

Pt particles.
Before discussing the results in Fig. 5(b), the total reactive sur-

face area A is discussed first, which plays an important role for
chemical reaction inside a porous medium. In pore-scale studies, A
can be directly counted based on the pore-scale structures gener-
ated, a benefit of pore-scale simulations. With P as 100%, all the
ionomer-solid interfacial nodes are active, and A equals the total
fluid-solid interfacial area Af�s; while with P as zero, A equals zero.



Fig. 6. Effects of Pt loading on reactive transport. (a) Concentration distribution inside
the porous agglomerates for Pt/C as 7.7% and (b) concentration distributions along the
radial direction and the penetration depth.
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Based on different pore-scale agglomerates reconstructed, A
andAf�sare counted, and A=Af�sis plotted in Fig. 5(b). It can be
found that for the reaction-controlled process (Da¼ 1� 10�5),

j=j
0

is equal to A=Af�s. This is because under such scenario,
chemical reaction is extremely weak and the mass transport pro-
cess is sufficiently high, leading to uniform concentration field in
the domain, as can be seen from Fig. 4(a). Therefore, the values of Cs
in the entire domain are almost the same, leading to the same

values of j=j
0
and A=Af�s based on Eqs. (11) and (12).

As Da increases, the chemical reaction gradually becomes
stronger. As shown in Fig. 5(b), for the same Pt/C ratio, as Da in-

creases, j=j
0
also increases. Under sufficiently high Da, jmax is

obtained. It can be found that jmax=j
0
max is significantly higher

than A=Af�s. For example, for Pt/C as 7.7%, jmax=j
0
max is about

24.9%, much higher than the corresponding value of A=Af�s as 2%.
This indicates that as Da increases, effects of dispersed Pt particles
become weaker.

A simple 1D reactive transport process is introduced here to
more clearly explain the above pore-scale results. Let us consider
the following 1D reactive transport process, inwhich concentration
is known at the left boundary x¼ 0 and a first-order chemical re-
action takes place at the right boundary x¼ L

D
d2C
dx2

¼ 0 (13a)

x ¼ 0; C ¼ C0; x ¼ L; D
dC
dx

¼ �kC (13b)

The solution of Eq. (13) with the given boundary conditions can
be easily obtained

C ¼ C
C0

¼ � k
Dþ kL

xþ 1 (14)

The volumetric reaction rate is as follows

j ¼ kACjx¼L
AL

¼ kD
ðDþ kLÞLC0 ¼ D

ðD=kþ LÞLC0 (15)

The maximumvolumetric reaction rate jmax is obtained when k
approaches infinity

jmax ¼ D
L2
C0 (16)

From Eq. (16), it can be found that a lower D or a longer L, both of
which mean higher transport resistance, leads to lower jmax. The
above 1D model helps to understand the pore-scale simulation
results. In the pore-scale agglomerate with completely active sur-
face as studied in Section 3.1, for sufficiently high Da, the reactant
will be depleted in local regions quite close to the outer surface of
the pore-scale agglomerate core, as shown in Fig. 4(c). However, in
a porous medium with partially reactive sites such as Pt/C struc-
tures in CLs, due to less reactive sites available, the reactants have to
transfer deep into the agglomerates before it is totally consumed.
This is clearly demonstrated by Fig. 6(a) in which the final con-
centration distribution for the case with Pt/C as 7.7% and Da as
1� 105 is displayed. Compared Fig. 6(a) with Fig. 4(c), it can be
concluded that when Pt/C (or Pt loading) is low, the complex
porous structures of CLs will play more prominent role on the
reactive transport processes and thus the reaction rate. To further
demonstrate this point, Fig. 6(b) shows the normalized concen-
tration along the radial direction for Da¼ 1� 105, where r/ragg
equals 1 and 0 denoting the outer surface of the computational
domain and the center of the agglomerate, respectively. It can be
found that for Pt/C as 86.4% (Pt loading is 1.61mg cm�2), the
penetration depth rp is about 0.2ragg. However, when Pt/C is
reduced to 7.7% (Pt loading is 0.03mg cm�2), rp greatly increases to
0.6 ragg. Therefore, the lower the Pt/C, the higher the penetration
depth, and thus the lower the jmax, as shown in Fig. 5(b).

Very recently, a few studies have found that the classical ho-
mogeneous agglomeratemodel (see Fig. 1(a)), which is the start-of-
art CLmodel and has beenwidely adopted, predicts limiting current
density which is not sensitive to the Pt loading [36,38]. For
example, Certinbas et al. [36] found that when using the classical
agglomerate model, changing Pt loading only affects the cell per-
formance under low and moderate current density region, the
limiting current density predicted is the same even if the Pt loading
is greatly reduced (see Fig. 8(a) Ref. [36]). In fact, there are two
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assumptions in the classical agglomerate model. First, a continuous
volume source term is adopted, and the chemical reaction imme-
diately takes place once the oxygen reaches the outer surface of the
agglomerate core at r¼ ragg. Second, every site in the agglomerate
core is reactive, similar to the hypothetical case studied in Section
3.1. Due to the two assumptions, when the limiting current density
is obtained under sufficiently high reaction rate kelec, the reactant is
consumed around r¼ ragg, no matter the Pt loading is high or low.

However, pore-scale studies shown in Figs. 5 and 6 clearly show
that reducing Pt loading decreases the limiting current density,
agreeing with experimental results [32,37,44]. The pore-scale re-
sults demonstrated that the reactant has to penetrate deep into the
agglomerate before it is consumed, especially for low Pt loading
where the reactive sites are limited as shown in Fig. 6. Under high
current densities the Pt particles in the interior of the agglomerate
are difficult for the reactant to access, leading to larger concentra-
tion polarization loss due to the limited supply of the reactants.

Therefore, the classical agglomeratemodel widely adopted lacks
the capacity of accurately describing the pore-scale reactive
transport inside the agglomerate core, especially under low Pt
loading. The above drawback was also pointed out recently by
Certinbas et al. [36] and very recently by Darling [38]. Recognizing
the unreasonable assumptions in the classical agglomerate model,
recently there have been a few studies in the literature to deeply
investigate the local reactive transport inside the agglomerates
[35,36,38]. Compared with these studies, in the present study 3D
porous agglomerate structures are reconstructed, in which Pt par-
ticles are explicitly resolved and the pore-scale reactive transport
processes are studied.

3.3. Effects of porosity

In this section, pore-scale agglomerates with different porosity
of 0.4, 0.6 and 0.8 are reconstructed. The agglomerate size and
ionomer thickness are the same as that in Section 3.2. Based on the
pore-scale simulation results, for the completely active surface

scenario, j
0
maxfor porosity of 0.4, 0.6 and 0.8 is 79.9, 72.5 and 60.0

respectively, indicating that a lower porosity leads to a higher
volumetric reaction rate. This is because reactive sites increase as
the porosity decreases in the range of porosity studied. Fig. 7(a)
Fig. 7. under (a) different porosity (b) agglom
shows effects of porosity on jmax=j
0
max. It can be seen that

jmax=j
0
max increases as the porosity increases, and the effects of

porosity becomes gradually distinct as the Pt/C mass ratio de-
creases. In our previous studies, it was found that in the CLs
diffusion is the dominant mass transport mechanism. Using the
form of Bruggeman equation as Deff ¼ Dε=tand ttεa(tis the tor-
tuosity), a is about �1.48 for CLs in PEMFCs which is much lower
than the value of a as �0.5 in the original Bruggeman equation,
indicating much tortuous pathway in CLs [24]. For pore-scale
agglomerate with partially active sites, reactant has to transport
deep into the pore-scale agglomerate before it is depleted, and thus
the transport capacity of the pore-scale agglomerate plays impor-
tant role on jmax, as discussed in Section 3.2. As the porosity de-
creases, Deff also decreases, leading to lower jmax according to Eq.

(16) and lower jmax=j
0
maxas shown in Fig. 7(a). On the other hand,

for a higher Pt/C, as mentioned above reactant will be depleted
more close to the outer surface of the pore-scale agglomerate, and
thus effects of the porosity (or the effective diffusivity) are dimin-

ishing, leading to reduced discrepancy of jmax=j
0
maxfor different

porosities as shown in Fig. 7(a).
3.4. Effects of the agglomerate size

Effects of agglomerate size on the reactive transport processes
are further studied at the pore-scale. Three values of ragg are studied
as 300 nm,150 nm and 75 nm and the resulting volumetric reaction

ratej0
maxis 8.77� 10�4,1.66� 10�3 and 2.90� 10�3, respectively. In

the literature, agglomerate size has been widely studied using the
classical homogeneous agglomerate models. It is generally found
that reducing ragg leads to higher cell performance. The pore-scale

results of j0
max here agree with the results in the literature. In

Fig. 7(b) jmax=j
0
max for different agglomerate size is plotted. It can

be seen that jmax=j
0
maxis not sensitive to the agglomerate size. This

is because varying the agglomerate size alone will not affect the
effective diffusivity in the pore-scale agglomerate as long as the
agglomerate morphology is the same.
erate size and (c) ionomer film thickness.



Fig. 8. Local transport resistance under different Pt loadings. (a) Effects of agglomerate
radius and (b) effects of ionomer thickness.
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3.5. Effects of the ionomer thickness

Attention now is turned to the effects of thickness of thin ion-
omer film. Porous agglomerates with radius of 75 nm are simulated

with different values of ionomer thickness. The value of j0
max is

7.57� 10�3, 4.33� 10�3, and 2.89� 10�3 for ionomer thickness as
6 nm, 10.5 nm and 15 nm, respectively. Thus, reducing the ionomer
thickness is desirable for improving the cell performance. Fig. 7(c)

further displays jmax=j
0
max for different ionomer thickness. The

ionomer thickness significantly affects jmax=j
0
max. Increasing the

ionomer thickness leads to higher jmax=j
0
max, indicating weaker

effects of the dispersed Pt particles. This result is not intuitionistic
and is explained as follows. As ionomer thickness increases, the
transport resistance inside the ionomer film increases, leading to a
lower concentration of oxygen reaching the outer surface of the
agglomerate core. Consequently, the oxygen transports a shorter
distance inside the agglomerate core before it is depleted, in other
words the penetration depth is lower. Therefore, effects of the
dispersed Pt particles are weaker based on previous discussions,

leading to higher jmax=j
0
max for thicker ionomer film.
3.6. Local transport resistance at low Pt loading

Finally, the local transport resistance of oxygen inside the
porous agglomerate is discussed, which is defined as follows [53].

RO2
¼ CO2

ilim=nF
(17)

Transport resistance inside a CL consists of two parts: mass
transport resistance in the secondary pores between agglomerates,
and the local transport resistance inside the agglomerates [54].
Recently, unexpected local transport resistance has been found
under low Pt loadings by researchers from General Motors, Nissan
and Toyota [30e32,37,44,54,55]. Such local transport resistance
leads to extra voltage loss of PEMFCs, and is a great barrier for
reducing the Pt loading. It is suspected that the local transport
resistance is related to the transport processes across the interface
of pore-ionomer and through the thin film. Here, the local transport
resistance inside the porous agglomerate is evaluated.

In our previous study, the local transport resistance was derived
from the pore-scale simulation results [34].

Rother ¼
CO2

I=nF
¼ CgasV

LCLð1� εsÞ
P

kelecCsA
(18)

Fig. 8(a) shows the relationship between the transport resis-
tance and Pt loading. First, Rotherincreases as Pt loading decreases,
especially under lower Pt loading, which qualitatively agrees with
the experiment results of Sakai et al. [30] which is also plotted in
Fig. 8(a). Fig. 8(b) further shows the effects of thin ionomer film
thickness where the agglomerate size is 75 nm. As expected, the
local transport resistance increases as the ionomer thickness in-
creases, as diffusivity inside the ionomer is extremely low.

An important observation from Fig. 8 is that the local transport
resistance greatly depends on the agglomerate size. In the literature
the agglomerate size with a wide range from 50 to 5000 nm is
arbitrarily adopted in the classical homogeneous agglomerate
model as a fitting parameter to match the experimental results
[6e13]. Hence, the following question arises: what is the correct
agglomerate size? Note that some researchers argue the existence
of agglomerates. Based on scanning electron micrographs of CL
prepared by focused ion beam milling, Suzuki et al. [33] observed
connecting particles with radius from 5 nm to 25 nm, very close to
the size of one carbon particle. Therefore very recently, Hao et al.
[37] developed their agglomerate model directly based on a single
carbon particle. As can be seen from Fig. 8(a), for the smallest value
of the radius studied (75 nm), the transport resistance is lower than
the experimental results. If the radius is further reduced to 25 nm
(the typical size of a carbon particle), based on Fig. 8 (a) the
transport resistance is expected to be much lower than the
experimental results, especially at lower Pt loading.

Therefore, on the one hand, if agglomerate size is set close to one
carbonparticle of about 25 nm, othermechanisms are speculated to
account for the higher local transport resistance experimentally
obtained, such as smaller diffusivity inside a thinner ionomer [55]
or the local dissolution resistance (Eq. (2b)) [31]. For example, a
case with kdis in Eq. (2b) as 0.00925m s�1 (This value is determined
based on our previous study [34]), is simulated and the corre-
sponding result is plotted in Fig. 8(a) (Blue line). It can be found that
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with the interfacial dissolution reaction further considered, the
transport resistance greatly increases. On the other hand, as ag-
glomerates with size much greater than a carbon particle indeed
have been observed in CL [11]. Therefore, even if occupying a small
proportion in CLs, they will contribute greatly to the local transport
resistance, as shown in Fig. 8(a). The above discussions indicate that
the correct agglomerate size or size distributions should be deter-
mined for the agglomerate model to be further adopted for
revealing underlying transport mechanisms and elaborately
designing the CL structures. Further studies are highly required to
provide more details of the nanoscale structures, compositions and
physicochemical properties of CLs [56].

4. Conclusions

The CL is the most important component in PEMFCs where
transform from chemical energy to electricity is completed. Un-
derstanding reactive transport processes in CLs is of great impor-
tance for improving cell performance and reducing Pt loading. The
agglomerate model has been widely adopted to explore reactive
transport in CL and to optimize CL structures and compositions. In
classical agglomeratemodel, the agglomerate core is assumed to be
a homogenous mixture of Pt, carbon and ionomer. It is found that
due to such homogeneous assumption, classical agglomerate
model cannot accurately capture the transport resistance inside the
agglomerate core especially under low Pt loading, leading to the
unphysical results that the limiting current density obtained in the
diffusion-controlled region is not sensitive to the Pt loading.

Therefore, in the present study, pore-scale agglomerates elimi-
nating the homogeneous assumption are reconstructed, which
explicitly resolve the porous structures and four-constituents of
CLs. Pore-scale simulations based on the LBM are conducted, and
emphasis is placed on the effects of the dispersed Pt particles. It was
found that as Pt/C reduces, oxygen has to diffuse deeper into the
agglomerate core before it is depleted, leading to higher transport
resistance and thus a lower limiting current density. As Pt/C re-
duces from 86.7% to 7.7%, the limiting current density undergoes a
75% drop, indicating significant effects of dispersed Pt particles
which cannot be captured by the classical agglomerate model.
Simulation results also show that effects of dispersed Pt particles
decrease as Da increases, because oxygen are depleted more close
to the outer boundary of the agglomerate. Besides, as CL porosity
increases or ionomer thickness increases, effects of dispersed Pt
particles become weaker. The local transport resistance is also
discussed, the underlying mechanisms of which are still under
investigation. It is found that local transport resistance depends on
the agglomerate size. Further studies are required to reveal the
nanoscale structural parameters and compositions of CL to provide
accurate values of size or size distributions of agglomerate in CLs.

It is worth mentioning in practice liquid water generated in CLs
will block the pores, cover the Pt surface, and greatly deteriorate
the reactive transport processes. Effects of liquid water are
currently under investigation in our group.
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