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HIGHLIGHTS

e Two-phase flow processes in cathode catalyst layer are modelled at the pore scale.
o The effects of hydrophilic and hydrophobic conditions are explored.

o Diffusivity, available surface area, and oxygen consumption rate are calculated.

o Final saturation of 0.28 was obtained for contact angle of 150 due to water removal.
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The production of liquid water in cathode catalyst layer, CCL, is a significant barrier to increase the ef-
ficiency of proton exchange membrane fuel cell. Here we present, for the first time, a direct three-
dimensional pore-scale modelling to look at the complex immiscible two-phase flow in CCL. After
production of the liquid water at the surface of CCL agglomerates due to the electrochemical reactions,
water spatial distribution affects transport of oxygen through the CCL as well as the rate of reaction at the
agglomerate surfaces. To explore the wettability effects, we apply hydrophilic and hydrophobic prop-
erties using different surface contact angles. Effective diffusivity is calculated under several water
saturation levels. Results indicate larger diffusive transport values for hydrophilic domain compared to
the hydrophobic media where the liquid water preferentially floods the larger pores. However, hydro-
phobic domain showed more available surface area and higher oxygen consumption rate at the reaction
sites under various saturation levels, which is explained by the effect of wettability on pore-scale dis-
tribution of water. Hydrophobic domain, with a contact angle of 150, reveals efficient water removal
where only 28% of the pore space stays saturated. This condition contributes to the enhanced available
reaction surface area and oxygen diffusivity.
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1. Introduction

Proton exchange membrane fuel cells, PEMFCs, show a great
potential as a cleaner replacement for several different portable
power suppliers such as internal combustion engines and Lithium-
ion batteries [1]. PEMFCs have several advantages including high-
energy density at low operating temperatures and quick start-up,
while they have zero emissions. However, to be competitive with
the traditional energy convertors, PEMFCs should be improved to
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offer higher performance and lower losses. It is a clearly established
fact that the major losses in PEMFCs are happening within the
cathode catalyst layer, CCL, where the liquid water is produced [2].
The liquid water, as the product of the electrochemical reactions,
floods the pore spaces of CCL to block the reaction sites at the three-
phase regions composed of carbon covered by platinum particles,
oxygen, and ionomer. Possibility of two undesirable extreme con-
ditions in CCL, i.e., dehydration of membrane and flooding of pores,
highlights the necessity of finding an optimum water management
within the fuel cell [3].

Much research work has been devoted to enhance the perfor-
mance of PEMFC through simplifying the complex processes such
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as neglecting the presence of water as an immiscible liquid phase in
CCL [4—12], the consequence of which was not evaluated. Some of
these studies assumed that a well-humidified ionomer is the only
barrier against oxygen diffusion in CCL [4—7], while some other
assumed water in the form of vapor phase and having no effect on
oxygen diffusion [8—12]. The results obtained by applying these
assumptions often overpredicted the diffusivity values [13] as wa-
ter flooding in CCL is the main barrier towards oxygen consump-
tion, in particular at high saturation levels. Therefore, it is needed to
include the effect of the produced water in CCL as an immiscible
liquid phase within numerical simulations [14].

Several methods have been applied to include the presence of
liquid water in CCL, which may be categorized into two major
groups. The first group assumed a priori homogenous distribution
of water [2,15—22] and considered oxygen dissolution into this
phase by applying Henry's law [23] or oxygen diffusion through
the partially saturated domain using Bruggeman correlation [24].
For example, Bernardi and Verbrugge [15] investigated the pro-
duction of the liquid water in CCL by applying a 1D homogenous
continuum-scale model and calculated the dissolution of oxygen
in ionomer and the liquid water. Springer et al. [2] found agree-
ment between their model and experimental results for well-
humidified PEMFC by considering thin-film catalyst layers
bonded directly to the membrane. They approximated the effect of
liquid water on the transport of oxygen by changing the effective
porosity of the gas diffusion layer (GDL). Marr and Li [16]
considered the ionomer layer surrounding the catalyst particles
to be fully hydrated, and the void region in the catalyst layer to be
completely flooded by the liquid water. They assumed the dis-
solved oxygen first diffuses through the liquid water and then
through the thin ionomer before reaching the reaction sites.
Following the study of Mar and Li [16], Baschuk and Li [17] applied
the same formulation and calculated the flux of oxygen for
different degrees of water flooding in CCL and its effect on the
diffusivity of oxygen by applying the Bruggeman correlation. To
obtain a more realistic distribution of water produced around the
agglomerates, Hu et al. [25] considered presence of thin liquid
water and ionomer films. Applying this assumption, they have
performed a parametric analysis of PEMFC based on an agglom-
erate model for both anode and cathode catalyst layers.

In studies involved in the first group, no spatial distribution of
the water phase based on two-phase transport were considered.
For this reason, many other studies have applied two-phase flow
continuum-scale models to investigate the liquid water transport
in PEMFC [26—35]. In order to obtain the threshold current
density needed to form liquid water at different temperatures,
You and Liu [27] applied the two-phase flow simulations. They
have used a 2D homogeneous domain of the PEMFC's cathode to
obtain the distribution of water mass fraction in the two-phase
mixture. Wang et al. [28] classified single- and two-phase re-
gimes of water distribution and transport by a threshold current
density corresponding to the first appearance of the liquid water
at the membrane/cathode interface. They assumed when the
cell operates above the threshold current density, the liquid water
is appeared and a two-phase zone is formed within the porous
cathode. Nam and Kaviani [29] studied the for-
mation—distribution of the condensed water in diffusion medium
of PEMFCs, and its tendency to reduce the local effective diffu-
sivity to influence cell performance. They assumed a threshold
saturation equal to 0.10 for the phase continuity in porous media.
Lin et al. [31] developed a two-phase, one-dimensional model to
investigate the effect of water flooding in the gas diffusion and
catalyst layers of the cathode on the overall performance of fuel
cell. They found that the lack of efficient water removal and the
subsequent liquid water accumulation in the gas diffusion and

catalyst layers led to the electrode flooding of the media. They
confirmed that the flooding situation in the catalyst layer was
more severe than that in the gas diffusion layer since water
generation is originated in the catalyst layer. Das et al. [33]
developed a one-dimensional analytical solution of water trans-
port across the CCL. They concluded that the liquid water pro-
duction from the phase change process is negligible compared to
the water production from the electrochemical process. In spite of
mentioned studies on two-phase transport, the effect of CCL pore
sizes and the configuration of the agglomerates in this layer on
water distribution cannot be determined by continuum scale
models.

Using statistical theory of random composite media, Eikerling
[36] investigated the effects of composition, porous structure,
wetting properties, and partial saturation on effective properties. It
was shown that a CCL with a higher fraction of larger pores or a
wider pore size distribution has a higher oxygen effective diffu-
sivity. The reason could be the effect of larger pores which de-
creases the influence of Knudsen diffusion in the whole domain.
Applying an experimentally obtained capillary pressure-saturation
relationship, Mulone and Karan [37] approximated the pore size
distribution of CCL taking into account the transition between hy-
drophilic and hydrophobic characteristics. They showed that the
effective diffusivity of oxygen in a CCL with mixed wettability re-
duces by the increase of saturation. However, the rate of such a
reduction was higher for the hydrophobic diffusivity compared to
the hydrophilic one, as the larger pores are more favorable for the
fluid to occupy.

Pore network modelling, PNM, provides opportunity to directly
include the pore scale processes to explore two-phase flow at the
pore scale and to drive macroscopic transport parameters
[14,38,39]. Raoof and Hassanizadeh have shown that water satu-
ration has a strong and non-linear effect on solute spreading in
granular media [40]. El Hannach et al. [14] developed a PNM
approach to study two-phase transport phenomena inside a porous
structure representative of hydrophilic and hydrophobic CCLs. The
electrochemical reactions were not included. They found that the
total liquid saturation at the end of water invasion is lower for
hydrophobic pore network. Since pore network model uses local
rules, in particular for trapping and snap off processes, and applies
simple geometries for complex and angular pore structures, more
accurate representations of the pore spaces are needed to investi-
gate fluid transports in CCL.

To the best of the authors' knowledge, there is a lack of pore
scale two-phase flow simulation to investigate the effect of
saturation evolution on the diffusivity as well as its effect on
changing the available reaction surface area and oxygen con-
sumption rate in hydrophilic and hydrophobic CCLs. Hutzenlaub
et al. [41] investigated the effect of liquid water existence on
oxygen diffusion and on specific reaction surface area in a hy-
drophilic and hydrophobic reconstructed CCL. However, to
include the presence of water, they made a simplifying assump-
tion that water is present within pores from the smallest to the
largest pore sizes for the hydrophilic domain and vice versa for
the hydrophobic one to prevent solving the two-phase flow
problem. The electrochemical reactions and two-phase flow were
not considered in their study and they assumed CCL to be either
extremely hydrophilic or hydrophobic which may not be the
condition for a real CCL [42].

The distribution of liquid water in a hydrophilic or a hydro-
phobic porous media is controlled by the contact angle at the solid
surfaces which affects spreading of the liquid phases and the pore
filling processes through capillary forces. Fig. 1a shows two
different local distribution of water on the surface of agglomerate
due to different contact angles. Pore scale distribution of water on
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Fig. 1. a) schematic of different contact angles and water formation at the surface of agglomerates. The blue colour shows the liquid water. b) A schema of the numerical cells
applied in the computational procedure. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

the agglomerates controls the subsequent flow and the displace-
ment of water which affects effective diffusivity as well as the
available reaction surface areas for electrochemical reactions.
Several experimental studies have investigated the effect of CCL
with different distributions of polytetrafluoroethylene (PTFE) par-
ticles on the performance of the fuel cell [34,42—44]. The presence
of PTFE in CCL increases the hydrophobicity of the layer. Nam and
Kaviani [29] reported the intrinsic contact angle of PTFE to be about
108 and the apparent contact angle of CCL would be 120—140. The
in-situ observations of dynamic meniscus front interface in Unit-
ized regenerative fuel cell [45] and in alkaline fuel cell [46] have
shown that the contact angle strongly depends on the solution pH
level which can reduce the surface tension. The increase of over-
potential can increase the pH value which causes the decrease of
contact angle. However, it is shown that the assumption of static
contact angle is reasonable when the overpotential is less than 0.4
[45,46], which is the choice of present study. Moreover, Yu et al.
[42] showed that the contact angle in CCL has no significant vari-
ation by time.

In this study, we performed direct pore scale modelling to
investigate transport of oxygen and the liquid water in CCL. The
liquid water is produced at the surface of agglomerates, where the
thin ionomer layer is assumed to have negligible effect on oxygen
diffusion [9]. It was further assumed that reactions happen domi-
nantly at the larger pores (the so-called secondary pores), which
has been confirmed by several studies [14,35,41,47,48]. Production
of water at the reaction surfaces in our model is controlled by the
electrochemical reaction rate. Transport of oxygen through the CCL
and its arrival and availability at the location of surface reaction
sites determines the ultimate rate of electrochemical reaction.
Increasing amount of water may hinder transport of oxygen
through the domain, and, therefore, the reaction rate at the surfaces
of agglomerates can decrease. This study shows, for the first time,
the immiscible distribution of produced liquid water within CCL
applying pore-scale two-phase flow formulations under different
contact angles. By simulating under a wide range of water satura-
tion, we calculated the evolution of several parameters including
effective diffusivity, the available surface area which is not covered
by the liquid water, as well as the oxygen consumption rate as
functions of water saturation. Eventually, the water removal pro-
cess was investigated for a hydrophobic domain to obtain the final
water saturation of the CCL when the fuel cell operates under the
steady-state condition.

2. Methodology
2.1. Governing equations
Transport of oxygen within the pore spaces of CCL which can be

occupied by two phases (i.e., water and air phases), may be written
as:

a(scg, + (1 —s)cp, . w
e+ 029%) ¢ (g ) 0

+ V.((l —s5)D, (VCE,)) +Jo,

where ¢fj and cj, are oxygen concentrations in water and air,
respectively, t is time, s is local volume fraction of water, Dg, and
D, are the diffusion coefficients of oxygen in water and air,
respectively, and Jo, provides a sink term due to oxygen con-
sumption in the electrochemical reactions. The concentration field
is continuous and Henry's law may be applied to couple oxygen
concentration at the air-water interfaces as [49,50]:

cd, = Hg, <o, @)

where Hg' is Henry's solubility constant. As pore length scales in
CCL are typically nanoscale, the oxygen diffusivity is calculated by
taking into account the contribution of binary diffusivity of oxygen-
nitrogen, Do,_y,, as well as the Knudsen diffusivity, Do, kn. The
dusty gas model [51] may be used to obtain the Knudsen diffusivity
[52]:

d 8RT
Do, xn = ?p Mo (3)
2

where dp, is the pore diameter, R is universal gas constant, T is the
local temperature, and Mo, is the molecular weight of oxygen. In
this study, we used the average pore diameter for dp in Equation (3)
since Lange et al. [9] showed negligible difference in calculated
effective diffusivities when average and local pore diameters were
assumed. The effective, local scale oxygen diffusivity in air, D , is
obtained using the Bosanquet equation [53] as:

D&‘—( LI )71 (4)
0: Do,—N, Do, xn

The rate of oxygen consumption in Equation (1), Jo,, may be
obtained using Tafel Equation [54] as:

1. ¢ —acF
Jo, = —EIOC{(}?GXD( R'; 77) (5)
2

where F is Faraday's constant, cf,, is the oxygen concentration at the
reaction site which is calculated by oxygen transport equation, c{)ezf
is the reference oxygen concentration value at standard tempera-
ture and pressure (1 atm and 298 °K), ig is exchange current density,
a is the transfer coefficient of cathode, and 7 is the overpotential in
CCL. As mentioned earlier, constant overpotential along the CCL
was assumed [55] equal to 0.4 [9]. Since the investigation of elec-
tron and proton transports in CCL was not in the scope of this study,
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it was assumed that proton and electron conductivities of the CCL
are large enough to ensure the available proton and electron con-
centrations at the reaction sites. However, this assumption leads to
an overestimation of oxygen consumption rates due to neglecting
the barriers against proton transport. Table 1 shows the values of
parameters in Equation (5) and physical parameters used in this
study. Applying the units of parameters according to Table 1 the
unit of Jo, is [mol.m—3.s71].

Reduction of 1 mol oxygen in the electrochemical reactions
produces 2 mol water and the flux of water production, Jy,0, can be
obtained as follows:

Jn,0 = —2Jo, (6)

To obtain the distribution of the produced water in CCL, two
equations were solved: a momentum equation that includes sur-
face tension force, and a continuity equation. The momentum
equation may be written as:

o(pU
W0 v (uu) — v.(uv0) — pg
N—— ~~
inertial forces viscous forces  gravity forces
=- Vp - F; (7)
~—

pressure forces  surfce tension forces

where U is the local fluid velocity, p is fluid density, u is viscosity, p
is local pressure, and Fs is the surface tension force, which is applied
at the phase interfaces. The continuity equation takes the form:

v.U=0 (8)

Applying a macroscopic-modelling methodology on gas diffu-
sion layer and microporous layer, Weber [60] showed that the
convection process through the diffusion medium does not cause
high saturation changes to considerably affect gas-phase diffusion.
However, given the CCL's small pore sizes, the interfacial forces
strongly control the location of phase interfaces, and, subsequently,
the trajectory of pathways for transport of oxygen.

Flow of the liquid water was simulated by applying the volume
of fluid (VOF) method which has been used in several studies for
micro- and nanoscale two-phase problems [48,61—64]. Equations
(7) and (8) for this purpose were solved in order to obtain the liquid
phase volume, F,, in each cell of the imposed numerical grid, such
that F, = a V)i, Wwhere Ve is the cell volume. The value of « will be
one and zero for completely saturated and dry cells, respectively,
and between zero and one at phase interfaces [65]. The movement
of interfaces is calculated by solving a transport equation for « as:

aa—‘;‘+v.(Ua) +V.(a(1-a)U;) =0 9)

where U is the velocity of the two-phase flow. The last term of

Table 1
Parameters used in simulations.
Property Value
T(K) 353
p (atm) 1
ac 0.61 [56]
io (A.m~2) 1.659 x 1072 [56]
7 (V) 04[17]
cief (mol.m™3) 40.96
Do, _n, (m%s™1) 2.75 x 107° [57]
DY (m?s ") 6.395 x 107 [58]
HE 42.785 [59]

Equation (9) is applied at the interface. This term represents a
compression term as suggested by Weller [66] in order to minimize
dispersion of the interface. U; can be calculated as:

Va
Ur = Cr‘UlW

The parameter ¢; controls the compression of the interface.
Following Weller [66], the value of c; was taken within the range of
1 < ¢ < 4in order to obtain a sharp interface. The fluid properties
used in Equations (1) and (7) were obtained by volume averaging
the properties of fluids in each numerical cell.

2.2. Pore scale model

A CCLis consisted of agglomerates of carbon particles covered by
platinum particles in presence of ionomer. Addition of PTFE parti-
cles imposes hydrophobic conditions of the solid surfaces. In this
study, uniform distributions of platinum and PTFE particles were
considered at the surface of agglomerates [9]. Oxygen, ionomer,
and carbon covered by platinum particles make a three-phase re-
gion over which the electrochemical reactions occur. Oxygen in CCL
diffuses through the pore spaces to reach to the reaction sites. The
product of electrochemical reactions, mainly liquid water [31],
creates a barrier against oxygen transport to reach to the three-
phase region.

To create a pore structure of CCL we considered a section of this
layer situated close to the GDL. The agglomerates were assumed as
spherical solids which were randomly placed within the domain
with the maximum overlap of 20% of the agglomerate's radius [9].
An agglomerate diameter of 100 nm was chosen which is reported
by several studies [48,67,68], and has been found as the optimum
value for the agglomerate size [12].

2.3. Simulation procedure

The discretised form of governing equations was solved using
OpenFOAM software [64,69] which applies the finite volume
method. Solution of Equation (1) provided oxygen concentration
throughout the domain including the reaction sites where the
water production at the agglomerates was calculated. When the
molar ratio of the liquid water in each numerical grid cell reached a
value of one we considered that local numerical cell as water
saturated. Fig. 1b provides a schematic part of numerical domain
used in our simulation, showing production of water in the cells
adjacent to the surface of agglomerates where reaction occurs. The
cell size of the computational domain was chosen small enough to
have an initial saturation value of less than 0.10 if all cells adjacent
to the agglomerates become water saturated.

Solving the two-phase flow and reactive solute transport at each
time step of water production can be extremely time consuming
due to small time steps needed for the numerical stability. As such,
we have applied a sequential approach using which when the
number of water saturated cells, due to electrochemical relations,
reached to a defined threshold number the two-phase flow equa-
tions were solved. The value of threshold number should be small
enough to have negligible effect on the final water distribution. To
do so, we have performed several simulations to find a value of the
threshold number which has negligible effect on water distribution.
We found that choosing the value of the threshold number equal to
25% of the number of the remaining dry cells neighbour to the
surface of agglomerates results in accurate calculation of water
distribution. Applying this condition, after solving the two-phase
flow problem at each step, Equation (1) was solved for calculation
of solute propagation and electrochemical reactions. For boundary
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conditions in two-phase flow simulation, the surfaces of agglom-
erates were assumed as solid surfaces with specific contact angles
and symmetry condition were applied for the rest of boundaries.
The effect of this boundary condition on the results will be dis-
cussed later in Section 3.5. For transport of oxygen the inlet con-
centration (i.e., at the interface between CCL and GDL) was assigned
with a value equal to oxygen concentration ratio in air at the
operating conditions in the unit of [mol.m~3] while symmetry
condition was assumed for other boundaries.

To explore the wettability effects on performance of CCL, sim-
ulations were performed by applying two different contact angles
at the surface of agglomerates. While a value of contact angle below
90 represents a hydrophilic surface, a value larger than 90 creates
hydrophobic surfaces (Fig. 1a). Wettability changes have different
effects on the resulting water distribution in CCL due to presence of
pores with different sizes. In the hydrophobic domain, water im-
bibes into the larger pores and blocks oxygen pathways and de-
creases oxygen diffusive flux through the porous media. However,
at the same time, hydrophobicity will cause water to have less af-
finity towards the solid surfaces and covers a lower fraction of re-
action surface areas at the agglomerates where electrochemical
reactions may occur. In contrast, hydrophilic surfaces increase
wettability and cause a larger fraction of reaction surface areas to be
covered by the liquid water. At the same time, the water in the
hydrophilic domain spreads over the surface of agglomerates
where the center of pores may remain air-filled, letting oxygen to
diffuse faster through these pathways.

3. Results and discussion

In this study, the value of effective diffusivity (i.e., the integrated
diffusivity of the whole domain) was obtained under a wide range
of water saturation levels. To do so, during the flow/transport/re-
action simulation procedure, at several stages with different satu-
ration levels, we have taken the resulting air and water
distributions to perform a tracer transport through the domain.
Having the distribution of air and water in the domain, the
boundary concentration of tracer (non-reacting oxygen) was set as
fixed values at the inlet and the opposite boundary and Equation (1)
was solved to reach the steady-state form to obtain the flux of
oxygen across the whole domain. Clearly, for the tracer transport
simulation no electrochemical reactions were included. The
calculated steady-state flux of solute at the outlet, I'oyt, Was used to
obtain the normalized effective diffusivity, D, as:

L Tout
p_L 10
A Do, (€1 =) (10)

where cq and c; are the applied tracer molar ratios at the inlet and
outlet boundaries, L is the total length of the domain, and A is the
total boundary area including pores and solids. To obtain a repre-
sentative domain size, we have performed several simulations us-
ing different cubic domains with different sizes to obtain the
domain size needed for calculation of diffusivity values as shown in
Fig. 2. A convergence is achieved by choosing a domain with the
size of 1.0 x 1.0 x 1.0 um?> where the variation of results is less than
2%.

3.1. Model validation

Simulation results of diffusivity are often validated against the
results from the Bruggeman correlation [9]. Bruggeman relation
[24] describes tortuosity as 7 = ¢!, where ¢ is the porosity. Tor-
tuosity may be correlated to the normalized effective diffusivity, D,
through the expression D = ¢/7 [70]. Substituting the Bruggeman
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Fig. 2. The effect of domain size on normalized effective diffusivity. The simulations
were made for the cubic domains with the porosity of about 0.54.

relation into the effective diffusivity expression provides D = £3/2.

This equation is known as Bruggeman correlation for effective
diffusivity [9]. Moreover, Bruggeman conducted several experi-
ments using porous domain composed of uniformly spaced,
equally-sized, solid spheres [24]. The porosity of such a media can
be estimated as (1 - w/6), regardless of sphere diameters. This
conditions leads to D = (1 — /6)3/2=0.3288. Table 2 shows the
normalized effective diffusivities of the domain consisting of
different numbers of grains which were uniformly spaced as well as
the normalized effective diffusivity obtained by the Bruggeman
experiment. It can be observed that the simulation results are in
good agreement with the result of Bruggeman experiment. We
have found similar range of differences as those reported by Lange
et al. [9]. This slight difference between the results may be due to
the use of structured mesh which results in less accuracy in rep-
resenting spherical surfaces.

We also compared the simulation results under the dry condi-
tions with the results reported by Lange et al. [9]. Lange et al.
calculated the effective diffusivity of oxygen in a CCL composed of
several equally-sized carbon particles with the diameter of 24 nm
in a domain with the size of 200 x 200 x 200 nm® and the
maximum pore volume fraction of less than 0.5. Each carbon par-
ticle was covered by ionomer with fixed thickness of 4 nm. We
applied the diameter of 32 nm for spheres in a bigger domain with
the size of 320 x 320 x 320 nm> to compare our results with the
results of Lange et al. model under the same condition. In our
simulations, we considered the ionomer domain as part of the
carbon particle since Lange et al. [9] assigned oxygen diffusivity of
ionomer four orders of magnitude smaller compared with diffu-
sivity in air which applies a strong hindering effect. The comparison
provided in Fig. 3 indicates the agreement between the results for
the normalized effective diffusivity under two conditions — i.e.,
including and excluding the Knudsen effect. Fig. 3 shows the

Table 2
Simulation results for the domain consisting of uniformly spaced spheres and
comparison with the Bruggeman correlation.

Number of spheres Porosity D

1 0.4760 0.3378
8 0.4740 0.3293
27 0.4756 0.3230
64 0.4756 0.3225
125 0.4767 0.3204
Bruggeman 0.4764 0.3288
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Fig. 3. Comparison of normalized effective diffusivity obtained using our model with
the results reported by Lange et al. [9] for porosity values up to 0.50. To have identical
Knudsen effect, agglomerates of equal sizes with the study of Lange et al. have been
used.

importance of Knudsen effect on the effective diffusivity due to the
presence of nano-pores in CCL [71].

3.2. Effective diffusivity calculations

The distribution of the produced liquid water was obtained for
different water saturation levels in the domain with the porosity of
0.55. Nearly, the same porosity value was observed for the real
structure of CCL obtained using FIB/SEM experiments [41]. Fig. 4
provides water distribution under several different saturation
levels in hydrophilic and hydrophobic domains represented by the
contact angles of 20 and 150, respectively. Water in the

Hydrophobicity

hydrophobic domain is considered as the non-wetting phase while
it is the wetting phase in hydrophilic media. Water distribution for
this reason is considerably different in the domains with different
wettabilities. Fig. 4 shows the different pore scale water distribu-
tions for the two domains with different wettabilities. Water in-
vades into the pores in hydrophobic domain and accumulates
within the bulk space of these pores. On the other hand, water
remains close to the surface of agglomerates and films of water are
created in hydrophilic domain. Hutzenlaub et al. [41], assumed
water as spherical objects in both hydrophilic and hydrophobic
domains. Fig. 4 shows that this assumption may not be accurate as
the water in the hydrophilic domain is presented mostly as thin
films at the surface of agglomerates. Moreover, they assumed that
water in the hydrophobic domain occupies only the largest pores.
Solving the two-phase flow equations shows that, particularly at
the low saturation level (Fig. 4a and d), some larger pores are not
filled by the liquid water. Therefore, neglecting the two-phase flow
dynamics and assuming that the larger pores are filled by water
may underestimate the invasion of water into smaller pores. The
presence of air-filled larger pores in hydrophobic domain while
some smaller pores are water-filled can happen due to the water
production in the entire domain and the local invasion of water to
the adjacent pores.

Water in hydrophobic domain preferentially accumulates and
fills the large pore spaces which causes blockage of pores and
hinders the diffusion of oxygen through the domain. In contrast,
water remains close to the agglomerate surfaces and distributes
over larger fraction of surface areas in the hydrophilic domain.
Hence, pores may not be completely filled by water and presence of
air pathways is more likely in comparison with the hydrophobic
domain at the same saturation levels.

The effect of wettability on water distribution can be shown by
analyzing the size of pores which are occupied by water at different
saturation levels. We have calculated the pore size distribution of
water-filled pores for both hydrophilic and hydrophobic domains at

.24

>

0.21

0.40

0.60

Water saturation

Fig. 4. Effect of hydrophobicity on liquid water distribution within the pore spaces. The hydrophilic domain has a contact angle of 20, and the hydrophobic domain has a contact
angle of 150. The porosity is 0.55 and the saturation values, S, are 0.21 in (a) and (d), 0.40 in (b) and (e), and 0.60 in (c) and (f). The computational domain is shown in gray with a
reduced opacity and water is shown in blue. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. a) The volumetric pore size distribution of water-filled pores for hydrophilic and hydrophobic domains at the saturation value of 0.40. b) The effect of water saturation on

normalized effective diffusivity values.

the saturation of 0.4 which is shown in Fig. 5a. The size distribution
was obtained applying the watershed based algorithm using Avizo
image analysis (FEI, USA) [72] on the numerical results. The water-
filled pore size distributions confirm that a higher fraction of larger
pores in the whole domain are filled with water for the hydro-
phobic domain, although a fraction of smaller pores is also invaded
by water. Consequently, a reduced number of pathways are avail-
able for gas in the hydrophobic domain and higher effective
diffusivity values are expected for the hydrophilic media.

To obtain the effective diffusivity of the domain, tracer transport
was performed under different saturation levels for both hydro-
philic and hydrophobic domains. We should note that, three re-
alizations were performed for every case, each by setting c; and ¢,
in Equation (10) normal to one of the three orthogonal directions (x,
y, and z). We have found approximately equal results for tracer
transport in different directions. Fig. 5b indicates how water satu-
ration affects the normalized effective diffusivity. For different
saturation levels, the effective diffusivity of the hydrophilic domain
indicates higher diffusivity values which can be explained based on
the presence of gas flow pathways explained in our observations in
Figs. 4 and 5a. It is clear from Fig. 5b that the increase of saturation
level decreases the normalized effective diffusivity in both domains
approximately linearly up to the saturation value of 0.60.

Calculating the cross-sectional area of the air-filled pores in
slices located at different distances, and perpendicular to the di-
rection of oxygen diffusion, roughly same cross-sectional area was
obtained for both hydrophilic and hydrophobic domains. This
similarity together with the possible effect of using a mean pore
diameter to calculate Knudsen diffusivity may explain our obser-
vation of comparable effective diffusivity for both hydrophilic and
hydrophobic domains. Slightly higher values of air-filled pores area
were obtained in hydrophilic domain which causes higher values
for normalized effective diffusivity in this domain compared to the
hydrophobic CCL as is shown in Fig. 5b. Hutzenlaub et al. [41] also
reported that hydrophilic and hydrophobic domains have nearly
the same values of effective diffusivity. They did not solve the two-
phase flow problem and assumed that all small pores are occupied
by water and less number of pathways for oxygen transport was
available in partially-saturated hydrophilic domain and more
number of pathways was available in partially-saturated hydro-
phobic domain. Hence, using their method, an underestimation
and an overestimation may happen in the calculation of the
effective diffusivity values in hydrophilic and hydrophobic do-
mains, respectively. The resulted effective diffusivity obtained by

their model in hydrophobic domain was higher than that in hy-
drophilic media, in particular at high saturation levels. This is in
contrast with the results shown in Fig. 5b.

3.3. Agglomerate covering effect by the liquid water

So far, we have shown the effect of water saturation on transport
of oxygen. After transport of oxygen and its ultimate arrival at the
reaction sites, the subsequent electrochemical reaction depends on
the availability of reaction surfaces and whether these surfaces are
dry or covered by the liquid water. To explore this effect, we have
calculated the fraction of dry surface area of agglomerates as
saturation increases for both hydrophilic and hydrophobic do-
mains. Fig. 6a shows the decrease of available reaction surface area
by increasing saturation level under different contact angles. A
parabolic curve is also fitted to the numerical results which is
shown in Fig. 6a. It is clear that wettability has a significant effect of
evolution of reaction surface area which decreases non-linearly
with increasing saturation. For example, at a saturation value of
0.6, the hydrophobic domain has about two times larger amount of
available reaction surface area compared to the hydrophilic domain
which can be observed in Table 3 as well. In this aspect, our results
show a similar trend to the results obtained by Hutzenlaub et al.
[41]. However, they reported larger differences between the avail-
able surface areas from hydrophilic and hydrophobic domains. This
can be due to their assumption that water can occupy largest and
smallest pores in the entire hydrophobic and hydrophilic domains,
respectively. This assumption leads to an overestimation and an
underestimation of available surface area in hydrophobic and hy-
drophilic domains, respectively.

As water in hydrophilic domain preferentially covers the
agglomerate surfaces, rather than filling the bulk pore spaces,
flooding may happen at lower saturation levels in hydrophilic do-
mains compared to the hydrophobic media. Applying a parabolic
curve fitting on the results, it can be approximated that there is no
available surface area when saturation levels of the hydrophilic and
hydrophobic domains reach to values of 0.71 and 0.94, respectively
(Table 3). Therefore, the fuel cell with hydrophobic CCL may operate
at high saturation levels in the absence of liquid water removal.
Similar effect has been observed by Hutzenlaub et al. [41].

3.4. Oxygen consumption rate

The combined effect of the two rate-controlling mechanisms
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Fig. 6. a) The covering effect of water saturation on the available surface area. Vertical axis shows available surface area normalized by the total surface area of the agglomerates.
Dashed lines show the fitted curves to the simulation results. b) The effect of saturation on decrease of oxygen consumption rate.

Table 3

The dry portion of agglomerate surfaces, not covered by liquid water, in hydrophilic
and hydrophobic domains at different saturation levels.

Saturation Dry fraction of agglomerates surfaces
Hydrophilic Hydrophobic
0.00 1.00 1.00
0.10 0.89 0.94
0.21 0.76 0.87
0.40 0.54 0.71
0.60 0.21 0.50
0.71* 0.00 0.36
0.94° 0.00 0.00

2 Predicted by using the curve fits in Fig. 6a.

(i.e., transport of oxygen along the media and coverage of reaction
surface areas) will determine the ultimate rate of oxygen con-
sumption. The change of oxygen consumption versus the saturation
is shown in Fig. 6b.

It can be observed that the hydrophobic domain has higher
oxygen consumption rate owing to the presence of larger amount of
available surface area. This shows that a hydrophobic CCL can in-
crease the performance of the cell which is in agreement with the
experimental results [42]. It should be noted that, however, due to
neglecting the barriers against proton and electron transports in
this study, the absolute values of oxygen consumption rate pro-
vided in Fig. 6b are likely to be overestimated [19].

3.5. Water removal condition

In this section, we evaluate the assumption of considering
symmetry flow boundary conditions which enabled us to reach a
wide range of water saturations, however, at the cost of preventing
water removal. When assigning open boundaries for hydrophobic
CCL, a fraction of water leaves the domain from the surrounding
domain boundaries and the remaining water will be mostly trap-
ped within the larger pores. The amount of remained water de-
termines the final saturation of CCL. The final saturation can be
obtained when CCL reaches to a steady state condition under which
the amount of the produced water is equal to the amount removed
from the open boundaries, resulting in a fixed, time independent,
value of saturation. To investigate this effect, a constant pressure
value was assumed for the surrounding boundaries and the contact
angle of 150 was assigned for the surface of agglomerates. The
simulations were continued to reach the final steady-state

saturation. As simulation proceeds, the produced water leaves the
domain due to the hydrophobicity, and the reaction sites become
available helping the continuation of water production.

The final water distribution for a domain with the contact angle
of 150 is provided in Fig. 7. It can be seen in Fig. 7a that due to the
hydrophobicity of the surfaces, a fraction of the liquid water leaves
the domain while the rest moves into the larger pore spaces.
Therefore, more surface area of agglomerates is made available for
the electrochemical reactions. Fig. 7b shows a two-dimensional
slice through middle of the domain. It can be observed that the
liquid water occupies the largest pores of the domain. Some small
pores, mostly located between the large pores, are also occupied by
the liquid water. However, much of the small pores are air-filled
through which oxygen can diffuse.

We evaluated the effect of boundary conditions on oxygen
transport and available reaction surface area. The resulted effective
diffusivity and available surface area obtained by assuming closed
and open boundaries for a domain with the contact angle of 150 are
shown in Fig. 8a and b, respectively, up to the final achievable
saturation values for the open domain. Fig. 8 shows that the closed
boundary type overestimates the diffusivity and available surface
area values, however the effects are not large. Although use of an
open boundary conditions would have resulted in slightly more
exact simulations, the effective diffusivity and available surface
area of the domain could be obtained only up to a saturation value
of 0.28 (i.e., the final steady state saturation), limiting our analysis.

It can be observed in Fig. 8 that the final saturation of a CCL with
the contact angle of 150 is about 0.28. Decreasing the contact angle
causes a higher value of final saturation. Moreover, during the
operation of CCL in a PEMFC the final saturation at the equilibrium
depends on the current density of the cell. Using the results pro-
vided in Figs. 5b and 6a, the effective diffusivity and available area
of the CCL can be estimated having the knowledge of final satura-
tion related to a specific current density of fuel cell. For example,
increasing the current density which results in the final saturation
of 0.6 in a hydrophobic CCL having contact angle of 150 causes the
decrease of available reaction area up to 50%. Under this condition,
most of the platinum particles cannot participate in the electro-
chemical reactions and hence the performance of CCL decreases.
Moreover, the effective diffusivity of a CCL working at high satu-
ration levels is much less than that of a CCL operating at lower
saturation levels. Therefore, the oxygen concentration decreases
along the depth of CCL towards the proton exchange membrane.
This condition leads to lower oxygen consumption rates along the
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Fig. 7. Water distribution for a hydrophobic domain with the contact angle of 150 and the porosity of 0.55. The figure shows the domain at the final saturation of 0.28 in (a) while
the computational grid is shown in grey with opacity and water is shown in blue. The figure shows a middle slice of the domain in (b). The liquid water is in blue, the pore spaces are
in black and the agglomerates are in white. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. a) The normalized effective diffusivity and b) the normalized available area of the hydrophobic domain with open and closed boundary conditions. The contact angle and the

porosity of the domains are 150 and 0.55, respectively.

depth of the CCL as well as less electrochemical reaction rate which
decreases the performance of CCL.

4. Conclusion

Operation of PEMFC creates liquid water, an undesired process
that decreases the performance of the fuel cell. This is because the
produced liquid water affects both gas transport through the pore
spaces of the CCL and reaction processes taking place at the
agglomerate solid surfaces. In the present study, we have developed
a pore-scale model to assess the effect of produced liquid water
distributions on effective diffusivity and available reaction surface
area under different contact angles. A key feature of the model is
that it considered the three main processes of two-phase flow, so-
lute transport, and electrochemical reactions to simulate diffusivity
of CCL. Consumption of oxygen by the electrochemical reactions
caused production of the liquid water and the subsequent two-
phase flow of water through the pore spaces. To represent the hy-
drophilic and the hydrophobic wettability effects, simulations were
performed using different contact angles. The normalized effective
diffusivity values were obtained for each condition. We found that:

e The occupation of larger pore spaces by water blocks the hy-
drophobic domain and lowers the effective diffusivity more
than that observed for the hydrophilic domain. Alternatively,
the coverage of reaction surface areas by the liquid water is
strong under hydrophilic conditions. A domain with the contact
angle of 150 showed to have nearby twice available surface area
than a domain with the contact angle of 20 for the same satu-
ration value of 0.60.

e A complete flooding happens in hydrophilic and hydrophobic
CCLs when the saturation reaches about 0.71 and 0.94, respec-
tively. The responsible mechanism for flooding in the hydro-
philic CCL at lower saturation level is the tendency of water to
stay adjacent to the hydrophilic surfaces. The hydrophobic
condition of CCLs assists to maintain a higher fraction of avail-
able reaction surface area as well as more efficient removal of
water from the media.

o Due to having more available reaction area, the hydrophobic CCL
has higher oxygen consumption rate which can increase the
performance of the cell. However, the amount of hydrophobicity
affects the proton conductivity of CCL which may be considered
in future works.



66 H. Fathi et al. / Journal of Power Sources 349 (2017) 57—67

o The effects of water removal on the effective diffusivity as well
as the available area of the hydrophobic domain were investi-
gated. It was found that the assumption of closed boundaries for
CCL, which prevents water to leave the domain, has no signifi-
cant effect on the resulting effective diffusivity values. The major
consequence of no water removal is on the final achievable
saturation of the domain which affects the fuel cell operation.
We found that the final saturations of the hydrophobic CCL with
the contact angle of 150 are 0.94 and 0.28 when the boundaries
are closed and open, respectively.

Higher saturation values in the domain with closed boundaries
diminished available surface area which implies that the fuel
cell does not operate at these saturations. However, for the
domain with open boundaries, fuel cell continues its operation
under a constant saturation level as a large fraction of surface
area remains available for the electrochemical reactions.

In present study, the evaporation of liquid water in CCL was
neglected. Since the initial evaporation rate of water is much faster
than the capillary flow [31], this assumption is expected to be
appropriate. The gas phase in the pore spaces becomes saturated
with water vapor in a short time scale, which sets the net evapo-
ration rate of water to zero. This study considered agglomerates
with ideal, spherical shapes. Application of CCL's real structure as
well as the effect of applying different contact angles or mixed
wettability on the final saturation should be investigated in future
studies.
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