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Abstract Water transport is of paramount importance to
the cold start of proton exchange membrane fuel cells
(PEMFCs). Analysis of water transport in cathode catalyst
layer (CCL) during cold start reveals the distinct
characteristics from the normal temperature operation.
This work studies the effect of CCL mesoscopic pore-
morphology on PEMFC cold start. The CCL mesoscale
morphology is characterized by two tortuosity factors of
the ionomer network and pore structure, respectively. The
simulation results demonstrate that the mesoscale mor-
phology of CCL has a significant influence on the
performance of PEMFC cold start. It was found that
cold-starting of a cell with a CCL of less tortuous
mesoscale morphology can succeed, whereas starting up
a cell with a CCL of more tortuous mesoscale morphology
may fail. The CCL of less tortuous pore structure reduces
the water back diffusion resistance from the CCL to proton
exchange membrane (PEM), thus enhancing the water
storage in PEM, while reducing the tortuosity in ionomer
network of CCL is found to enhance the water transport in
and the water removal from CCL. For the sake of better
cold start performance, novel preparation methods, which
can create catalyst layers of larger size primary pores and
less tortuous pore structure and ionomer network, are
desirable.

Keywords cold start, energy conversion, fuel cells,
mesoscale morphology, tortuosity, water management

1 Introduction

Proton exchange membrane fuel cell (PEMFC) is recog-
nized as an attractive energy conversion device for future
power generation sources, owing to its great advantages
such as high efficiency, low-emissions, compact structure,
and silence [1,2]. Nevertheless, many challenges/barriers
face the commercialization of the PEMFC to be used as
vehicle engine [3,4]. One of the barriers is its ability to
achieve a successful quick startup from subfreezing
environment [5]; the self-startup without any external
auxiliary heating is the most desired. The accumulative ice
in the cathode catalyst layer (CCL) is a primary factor that
leads to the operational failure of the cell [6]. Under-
standing the water transport and ice formation mechanism
in the cathode electrode is crucial for developing new
techniques or designs toward enhancing the self- cold start
performance [7,8].
Among the components of PEMFCs, the CCL is placed

between the membrane and the gas diffusion layer (GDL),
and it is where the electrochemical reaction (ECR) takes
place. The structural morphology of the catalyst layer (CL)
is manufactured to ensure the balance of proton and
electron transport with reactants/product transport, thus the
CL has the most complex structure [9]. Concurrently, in
subfreezing operation, the existence of ice inside the CL
aggravates the transport limitation by blocking the gas
transport pathway and covering the active reaction area
[10,11], consequently impacting the fate of cold startup or
even resulting in the failure of cold start [12].
The complex transport phenomena involved within the

CL is strongly affected by the mesoscale morphology of
the CL [13]. Extensive research efforts have been made to
develop and enhance the CCL of PEMFC. Experimentally,
various CL morphologies were widely tested at different
platinum loadings [14–16], and ionomer loadings [17].
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Although the experimental investigations are very useful
and valuable, it is too time-consuming, costly [18], and
may not be able to give much insightful information
concerning the multidisciplinary transport in CCL, which
is strongly needed. For PEMFC particularly, there are a
large number of variables that are involved in studying the
transport phenomena [19]. Hence, numerical models are
powerful tools to fundamentally elucidate the transport
processes in CCL. Different numerical models that have
been established to improve the overall cell performance
and enhance the structure of its multicomponent, consider-
ing various global scales such as macro-scale model
[20,21], mesoscopic model [22,23], agglomerate model
[24,25], are comprehensively reviewed and reported [26].
In this regard, Sassin et al. [27] studied the effect of

porosity and thickness of CL on PEMFC transport
limitations. They found that decreasing the porosity of
thicker CLs results in an increase in the mass transport
resistance, but has no effect on electrical transport
resistance. The impact of CL morphology on PEMFC
performance and local distributions of key parameters was
investigated by Carcadea et al. [28], and an optimum range
of ionomer was determined. Besides, their investigation
showed that the active electrochemical area could
considerably increase the overall current density by using
a mixed cathode catalyst. They stated as well that a higher
platinum loading and lower particle radius were beneficial
to achieve a better PEMFC performance. Molaeimanesh
et al. [29] performed a Lattice Boltzmann simulation to
capture the influence of CL morphology on PEMFC
cathode, and both uniformly and stochastically presented
the arrangements of the agglomerates. They also showed
the species transport in the pore region and the charge
distribution in the interface between the CL and mem-
brane.
Most of the previous numerical models that described

the effect of CL morphology on PEMFC were generally
focused on the normal operating condition and rarely
related to the cold start process. Nandy et al. [30]
demonstrated the effect of CCL pore volume on cold
start behavior under both isothermal and non-isothermal
operating conditions. Luo et al. [31] stated that increasing
the porosity and thickness of CL resulted in less ice
formation. Hiramitsu et al. [32] indicated the importance of
ionomer as a carrier of reactant gas, protons, and water.
Besides, they found that using a CL that characterized by
higher ionomer content was beneficial for both the cold
start-up and durability. Xie et al. [33] found that under the
normal operating condition, the ionomer carbon ratio (I/C)
improved the humidity tolerance of the membrane, while
under the subzero operating condition, the ionomer carbon
ratio did not affect the water availability for different I/C
ratio cases due to the ice formation. Additionally, more ice
was formed for the cases of higher I/C ratios. Ko and Ju
[34] employed a three-dimensional cold start model to
examine the influence of different CL designs on cold start

performance. They reported that the ionomer fraction and
weight ratio of platinum to carbon support of CL had a
significant impact on the ice storage capacity and water
uptake by the CL. Recently, He et al. [35] established a 2D
lattice Boltzmann model to study the ice melting
phenomena in porous media during the cold start of
PEMFC. They examined the effect of key GDL parameters
such as porosity, carbon fiber layer number and length on
the ice melting behavior, and found that the ice melting rate
in the GDL could be considerably increased by reducing
the GDL porosity.
Despite the research that has been conducted, still there

is a need to gain a better understanding of the water
transport and accumulation mechanism in the CCL, in
particular with the presence of ice in the active reaction
area at sub-freezing temperatures. The purpose of this
paper is to gain further insight into the water transport
resistance in the CL considering the existence of ice with
regard to the morphology of CL. First, theoretical analyses
are provided to quantify the water transport capability by
the pores and ionomer component in CL, and to quantify
the water transport (back diffusion) resistance in the CL
and membrane during cold start operation. Then, in light of
the work by Wu and Jiang [36], the CL morphology is
characterized by the tortuosity of individual component,
and the effect of different CL morphologies is selectively
examined using a previously developed 3D cold start
model [37]. Next, the theoretical and simulation results are
highlighted and comprehensively explained. Finally,
recommendations to improve the cold start capability of
PEMFCs are proposed.

2 Mesoscopic pore-scale morphology in CL

The membrane electrode assembly (MEA) is the critical
and central part of PEMFC, which usually contains the
Nafion membrane sandwiched by two catalyst layers
serving as anodic and cathodic electrodes. The catalyst
layer, in which the ECR, either the hydrogen oxidation
reaction (HOR) in anode or the oxygen reduction reaction
(ORR) in cathode, takes place, is commonly composed of
three-phase transport, namely, a polyelectrolyte ionic
conductive phase, a catalyst electronic phase, and a
reagent/product transport pore phase. The ECRs only
occur at active catalysts sites, where the catalyst phase,
polyelectrolyte phase, and pore phase provide pathways
for electron, ion, and reagent transport, respectively, i.e.,
the so-called triple-phase interface (TPI). The mesoscopic
morphology in CL may have a great influence on the cold
start of PEMFC.
The composition of the composite CL can be easily

determined by experimental measurement and analysis in
terms of the materials used in the preparation of CL,
whereas the inside morphology of CL is generally very
hard to be experimentally characterized due mainly to the
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nano-scaled component and configuration. The presumed
mesoscopic morphology inside CL is schematically
demonstrated in Fig. 1. The catalystic phase usually
contains Pt particles and carbon grains. Clusters of Pt/C
grains covered by polyelectrolyte, commonly ionomer thin
film, form agglomerates. Inside the agglomerate are small
primary pores and in-between the agglomerates are large
secondary pores. There are at least four distinct length
scales: ① the thickness of CL is around 10 mm (along the
through-plane x direction); ② the secondary pores are
about 50–1000 nm; ③ the size of carbon grains is about
40 nm, that can be comparable to the size of primary pores,
about 30–70 nm; ④ the size of Pt particles is approxi-
mately 3 nm, comparable to the thickness of the ionomer
film [36,38–40].

The microstructure inside CL must suffice each phase to
have a good connectivity so that there are through-paths
for the corresponding transport. The effective transport
property (Deff) of a phase in CL is its intrinsic transport
property (D0) multiplied by the component volume fraction
(ε) and divided by the tortuosity (τ) of the transport paths,
namely

Deff ¼ D0ε
τ
: (1)

The D0 can be the water diffusivity in membrane,
membrane protonic conductivity, electronic conductivity
in Pt/C phase, or gas diffusivity in pore phase. For gas
phase (i.e., water vapor or a gaseous reactant) transport in
pore space, as the size of pores, particularly the small
primary pores, may be comparable to the mean free path of
gas molecules, the Knudsen diffusion may play some role
in the transport. Assuming the Knudsen diffusion is in
parallel to the molecular diffusion, the intrinsic diffusivity
of gas phase D0

g is calculated by [20]

D0
g ¼ DKn þ DNor, (2)

where DNor denotes the normal molecular diffusivity and
DKn the Knudsen diffusivity, which is calculated by [41]

DKn ¼
1

3

8RT

πM

� �1
2
dpore, (3)

whereM is the molecular weight of the gas, R the universal
gas constant, T the temperature in Kelvin degree, and dpore
the pore size. DKn is commonly one to two orders of
magnitude smaller than the DNor, i.e., D0

g ≈ DNor. To
achieve a better cold start capability for PEMFCs, novel
preparation methods, which can create primary pores of
larger size, may be desirable. Moreover, given the
composition of CL, the tortuosity is the most proper
parameter representing the mesoscopic morphology in CL.
The tortuosity (τ) can be related to the component

volume fraction (ε) as

τ ¼ ε1 – n, (4)

where the constant n stands for the Bruggeman coefficient
[42], the magnitude of which reflects how tortuous the
corresponding phase is. The larger the n, the more tortuous
is the phase in CL.

3 Analysis of water transport in CCL during
PEMFC cold start

Water flow plays a central role in dictating the fate of
PEMFC cold start operations. Focusing on the CCL, where
the ORR produces water, Jiang et al. [37] analyzed the
water flow in PEMFC during cold start and obtained an
overall water balance formula as

npro þ nCCL þ nMEM þ nanode þ nice þ noutflow ¼ 0: (5)

In the left-hand side of Eq. (5), from the left to right, the
terms denote the water production rate in CCL by the ORR
(npro), the water uptake rate by the ionomers in CCL
(nCCL), the water absorption rate by the PEM (nMEM), the
water accumulation rate in anode (nanode), the ice formation
rate in the CCL/GDL (nice), and the water emission rate
along with the exhaust gas flows (noutflow), respectively.
Moreover, npro is assigned a positive sign and nCCL, nice,
and noutflow are always with negative values as they carry
away the byproduct water produced. In the membrane (or
anode), if the water back diffusion dominates over the
electroosmotic drag (EOD), the water content variation,
nMEM (or nanode) takes a negative value, otherwise a
positive value is considered. Mathematically, all the
quantities in Eq. (5) can be determined by

npro ¼
MH2O

A
!

V ,CCL
–

j

2F
dV , (6)

nCCL ¼ –
MH2O

A

�MEM,dryεMEM

EW
!

V ,CCL
ðljtþΔt – ljtÞdV

Δt
,

(7)

Fig. 1 Schematic of mesoscopic morphology in CL.
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nMEM ¼ –
MH2O

A

�MEM,dry

EW
!

V ,MEM
ðljtþΔt – ljtÞdV

Δt
, (8)

nanode ¼ –
MH2O

A

�MEM,dryεMEM

EW
!

V ,ACL
ðljtþΔt – ljtÞdV

Δt
,

(9)

nice ¼ –
MH2O

A
!

V ,CCL&GDL
_qH2O
gs dV , (10)

noutflow ¼ –
MH2O

A
!

A,outlets
CH2OuoutdA: (11)

Note that all the rate quantities are multiplied by a factor
of MH2O/A to have a unit of kg$m–2$s–1. In Eqs. (6–11), j is
the transfer current density; F is the Faraday constant; A is
the side surface area of the bipolar plate; the notation t is
used to denote time; l indicates the water content; rMEM,dry

is the density of dry membrane; EW is the equivalent
weight of membrane; _qH2O

gs stands for the phase change rate

per unit of volume; CH2O represents the water vapor

concentration; μout signifies the outlet velocity; ! dV

correspond to the volume integration over selected

domain, and ! dA denotes the area integration over certain

surface.
The water transport in CCL is of paramount importance

to the cold start of PEMFCs. The water transport resistance
in CCL will affect the water back diffusion, meaning the
two terms: nMEM and nanode in Eq. (5) will be directly
influenced. The water transport in CL relies on two
mechanisms: water vapor transport through the pores and
water transport in the ionomer phase. The ratio of the water
back diffusion flux due to the vapor transport in pores
(ψH2O

g ) to that due to the water transport in ionomer phase

(ψH2O
m ) is defined as R1, which can be expressed as

R1 ¼
ψH2O
g

ψH2O
m

¼ DH2O
g ½ε0ð1 – sÞ�τgðCH2O,CCL –CH2O,MEMÞ
DH2O

MEMε
τm
MEMðlCCL – lMEMÞ

�MEM,dry

EW

,

(12)

where DH2O
g and DH2O

MEM denote the water vapor diffusivity
and the water diffusivity in PEM, respectively; ε0 and
εMEM are the porosity and membrane content in CCL,
respectively; τg and τm are the tortuosity for the pore and
ionomer phase in CCL, respectively; s the ice fraction in
CCL pore space.
DH2O

MEM is a function of the water content in membrane

phase and the temperature, and DH2O
g is also dependent on

the temperature, as in Refs. [34,37].

DH2O
MEM ¼

5:93� 10 – 5lðexpð0:28lÞ – 1Þexp – 4269

T

� �
, for 0 < l£3,

7:97� 10 – 6lð1þ 161expð – lÞÞexp – 4269

T

� �
, otherwise,

8>>>><
>>>>:

(13)

DH2O
g ¼ D0

T

353:15

� �3
2 p0

p

� �
: (14)

Considering a typical cell design with ε0 = 0.53, εMEM =
0.15, and assuming τg = τm = 1.5 and an extreme case with
zero water content and zero vapor concentration in PEM,
the R1 values are calculated and the results are presented in
Fig. 2. At normal operation temperatures (T> 333.15 K),
R1 is more than 100, whereas at subfreezing temperatures,

it is at least one order of magnitude smaller. The formed ice
at subfreezing temperatures further decreases the R1 value.
During PEMFC cold start, when a large quantity of ice is
present in the CCL, the water transport through ionomer
may play an equally important role as compared to the
vapor diffusion in CCL pores.
The ice formed in the CCL can potentially block the

reactants transport or may cover the area where the ECRs
occur. Consequently, enhancing the water removal from
the CCL can be very beneficial for improving the cold start

Fig. 2 Dependence of R1 on cell temperature and the water
content and ice fraction in CCL.
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performance. The water back diffusion from the CCL to
the anode side needs to overcome the transport resistance
in CCL and that in the PEM. To compare the water
transport resistance in CCL and in PEM, denoted by rCCL
and rMEM, respectively, a new parameter R2 is defined as

R2 ¼
rMEM

rCCL
¼ δMEM

DH2O
MEM

�MEM,dry

EW

RT

psat

dl

da
 ,

δCCL
2

½ε0ð1 – sÞ�τgDH2O
g þ ετmMEMD

H2O
MEM

�MEM,dry

EW

RT

psat

dl

da

(15)

where δMEM and δCCL denote the thickness of PEM and
CCL, respectively; psat is the saturated vapor pressure in
CCL, and a is the water activity.
Likewise, considering a typical cell design with ε0 =

0.53, εMEM = 0.15, δMEM = 30 mm, δCCL = 10 mm, and
assuming τg = τm = 1.5, the R2 values are calculated and the
results are presented in Fig. 3. The water transport
resistance in PEM can be hundreds of times of that in
CCL at normal operation temperatures, whereas at sub-
freezing temperatures, especially when the PEM is more
hydrated and large quantity of ice is present, the water

transport resistance in CCL can be comparable to that in
PEM. Therefore, lowering the water transport resistance in
the CCL should be effective to promote the PMEFC cold
start ability.

4 Effects of CCL mesoscopic morphology

Awide range of tortuosity values has been reported in the
literature considering varied calculation approaches such
as Bruggeman equation and lattice Boltzmann modeling
[43]. It is worth pointing out that in the pore-scale lattice
Boltzmann modeling by Wu and Jiang [36], the τm and τg
are determined to be 2.18 and 3.11, respectively.
To get more details about the effects of CCL mesoscopic

morphology on PEMFC cold start, 3D numerical simula-
tions are performed, as shown in Table 1. Four cases are
defined to investigate the effects of CCL mesoscopic
morphology on PEMFC cold start from subfreezing
temperature.

4.1 Numerical model

The present study is based on a three-dimensional, non-
isothermal, multiphase, transient PEMFC model that has
been previously developed by Jiang et al. [37]. A brief
description of the model is first presented in this sub-
section, while the detailed cold start modeling description
can be found in Refs. [37,44,45]. In this model it is
assumed that the gravity effect is neglected. All the gas
species obey the ideal gas law. The flow is laminar due to
the small pressure gradient. The fluid is incompressible due
to the small pressure gradients in flows. The GDLs and
CLs are considered as isotropic and homogeneous porous
layers. For the CL and GDL, there is no liquid water
existing but a direct phase transition from vapor water to
solid ice [10,46,47].
Therefore, the phase change source term (Sice) in water

conservation equation can be calculated as

Sice¼

0, CH2O£CH2O
sat ,

rfreezeðCH2O
sat –CH2OÞ, CH2O>CH2O

sat   and  T < TH2O
freeze,

rmeltðCH2O
sat –CH2OÞ, T ¼ TH2O

freeze   and  s>0,

0, T³TH2O
freeze   and  s ¼ 0,

8>>>>>><
>>>>>>:

,

(16)

Fig. 3 Dependence of R2 on cell temperature and the water
content and ice fraction in CCL.

Table 1 Simulation cases

Cases
Tortuosity

Note
τm τg

Case 1 1.5 1.5 Both the ionomer network and pore structure in CLs are less tortuous

Case 2 2.5 2.5 Both the ionomer network and pore structure in CLs are tortuous

Case 3 2.5 1.5 The ionomer network is tortuous, while the pore structure in CLs is less tortuous

Case 4 1.5 2.5 The ionomer network is less tortuous, while the pore structure in CLs is tortuous

Ahmed M. DAFALLA et al. Effect of catalyst layer mesoscopic pore-morphology on cold start process of PEM fuel cells 5



where rfreeze and rmelt are phase change rates for freezing
and melting, respectively.
The current collector at the anode side is set to electric

ground (0 V) and at the cathode side to a constant flux
(current density) [21].
The model can be concisely summarized through the

following governing equations, which basically describe
the five principles of conservation.
Mass continuity equation

∂ðεs�sÞ
∂t

þ ∂ðε�Þ
∂t

þr$ � u
↕ ↓

� �
¼ 0: (17)

Momentum conservation equation

∂ð� u
↕ ↓

=εÞ
∂t

þr$
� u

↕ ↓

u
↕ ↓

ε2

 !

¼ r$ �r u
↕ ↓

� �
–rpþ Su: (18)

Species conservation equation

∂ðεCwÞ
∂t

þr$ u
↕ ↓

Cw
� �

¼ r$ Dw
effrCwð Þ þ Swv : (19)

Charge conservation for electrons

0 ¼ r$ð�effsolidrφsolidÞ þ Sφsolid : (20)

Charge conservation for protons

0 ¼ r$ðκeffe rφeÞ þ Sφe : (21)

Energy conservation equation

∂½ð�cpÞcellT �
∂t

þr$ �cp u
↕ ↓

T
h i

¼ r$ keffrTð Þ þ ST : (22)

The porosity ε in the above equations becomes unity in
the gas channel, while in porous layers it is a variable
depending on the intrinsic porosity ε0 and the local ice
fraction s, namely, ε = ε0 (1 – s). The volume fractions
occupied by ice and by the solid matrix can be expressed as

εs = ε0s and εm = 1 – ε0, respectively. u
↕ ↓

and � denote the
superficial fluid velocity vector and fluid viscosity,
respectively. Effective transport coefficients Deff, σs

eff,
and keeff are modified in terms of the Bruggeman theorem,
as expressed in Eq. (1). The fluid relative permeability K in
porous layers is assumed to follow a cubic relation to the
ice fraction s, i.e., K = K0 (1 – s)3. The source terms in
conversation equations for momentum (Su), species (Sv),
electrons charge (Sφsolid

), protons charge (Sφe
), and energy

(ST) in each sub-region are listed in Table 2, and the
relevant material and transport properties are summarized
in Table 3 [37], in which Uo represents the equilibrium cell
potential, i is the exchange current density, η is the
activation overpotential, and hgs denotes the latent heat of
vapor desublimation.
The geometry of the simulated unit cell and its numerical

mesh are presented in Fig. 4. The geometry considers nine
sub-regions: membrane, anode flow channel, anode GDL,
anode catalyst layer (ACL), anode bipolar plate, cathode
flow channel, cathode GDL, CCL, cathode bipolar plate.
Lx,Ly,Lz are the width, length, and height of the simulated
cell, respectively; X and Y represent the distance in the
thru-plane and in-plane directions, respectively.
The cell dimensions and operating conditions are given

in Table 4. Based on the experiment performed by Bradean
et al. [48], the initial ice fraction and initial water content in
CCL and membrane are defined to be independent on the
location along the flow direction as

s0 ¼
0, ðY=Ly < 1=6Þ,

0:3 1 – exp –
Y – 0:1

0:05

�� �
, ðY=Ly³1=6Þ,

�
8><
>:

(23)

l0 ¼

1:4, ðY=Ly < 1=6Þ,

5:4
Y

Ly

� �
þ 0:5, 1=6£Y=Ly£5=6

� 	
,

5:0, ðY=Ly>5=6Þ:

8>>><
>>>:

(24)

Figure 5 illustrates the initial water content in the

Table 2 Source terms for conversation equations

Source term Gas channels GDLs Catalyst layers Membrane

Su 0 –
�

KGDL
u↕ ↓

–
�

KCL
u↕ ↓ –

SH2O
v 0 – _qH2O

gs –r$
nd
F
ie

� �
–
Svj

nF
– _qH2O

gs
–r$

nd
F
ie

� �
Sv (for reactants) 0 0

–
Svj

nF
0

Sφe – – j 0

Sφsolid 0 0 – j –

ST – i2solid
�effsolid

þ _qH2O
gs hgs j η – T

∂ðUoÞ
∂T

� �
þ i2e

κeffe
þ i2solid

�effsolid

þ _qH2O
gs hgs

i2e
κeffe
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membrane and CLs, and the initial ice fraction in CCL.
Initially, the cell is in the 253.15 K thermally-static state
and is started up by imposing a 100 mA$cm–2 current load
at the side surface of the cathode current collector. The
numerical procedure including the grid-independence
examination has been detailed in Ref. [37] and thus is
not repeated here.

4.2 Results and discussion

First, the calculated results of Cases 1 and 2 are presented
and compared. Figure 6 compares the distributions of
effective water diffusivity and water content in the

membrane and CCL along the three monitoring lines:
XLine1, XLine2, and XLine3, at time instants of 4 s and 38
s. Even at the very early time, 4 s, it can be observed that
slightly more water is stored in the membrane and less
water is accumulated in the CCL for the cold start case
(Case 1) with the CCL of less tortuous mesoscale
morphology. More tortuous mesoscale morphology
increases the water diffusive resistance in the CCL and
the water back diffusion from the CCL to the membrane is
thus constrained. At a later time, 38 s, the water transported
inside the membrane from the CCL is distinctively more
sufficient for the case (Case 1) with the CCL of less
tortuous mesoscale morphology. From Fig. 6, it can also be

Table 3 Cell and transport properties

Description Value

Porosity of GDL 0.6

Porosity of CL (initial) 0.53

Volume fraction of ionomer in CL 0.15

Density of gas mixture/(kg‧m–3) 1

Heat capacity of membrane, CL, GDL, bipolar plate/(kJ‧m–3‧K–1) 1650, 3300, 568, 1580

Heat conductivity of membrane, CL, GDL, bipolar plate/(W‧m–1‧K–1) 0.95, 1, 1, 20

Heat capacity of ice, frost/ (kJ$m–3$K–1) 3369.6

Heat conductivity of ice, frost/(W‧m–1‧K–1) 2.4

Latent heat of desublimation/(J$mol–1) 5.1 � 104

Permeability of CL/m2 1 � 10–13

Electronic conductivity of GDL, CL, bipolar plate/(S‧m–1) 300, 300, 1 � 107

Equivalent weight of ionomer/(kg$mol–1) 1.1

Density of dry membrane/(kg$m–3) 1980

H2/H2O diffusivity in anode/(m2$s–1) 8.67 � 10–5, 8.67 � 10–5

O2/H2O diffusivity in cathode/(m2$s–1) 1.53 � 10–5, 1.79 � 10–5

Fig. 4 Geometry and numerical mesh of simulated cell (Posi-
tions of 4 monitoring lines (XLine1, XLine2, XLine3, and YLine4)
are annotated. These four lines will be used to illustrate the
simulation results.)

Fig. 5 Profiles of initial water content (in the membrane/CL) and
initial ice fraction (in CL/GDL) before cold start.

Ahmed M. DAFALLA et al. Effect of catalyst layer mesoscopic pore-morphology on cold start process of PEM fuel cells 7



observed that the effective water diffusivity in the CCL is
of the same order of magnitude as that in the membrane, in
accordance with the analysis in Fig. 3. This accounts for
the fact that modifying the mesoscale morphology in the
CCL can effectively influence the water back diffusion
process.
Figure 7 exhibits the water balance map of Cases 1 and 2

during the cold start process. The positive and negative
values represent water generation and water removal from
(or water consumption in) CCL, respectively. Membrane
water uptake rate during the cold start for Case 1 (Fig. 7(a))
is faster and the ice formation rate is slower, as displayed in
the overall water balance maps. For Case 2 (Fig. 7(b)), in
which the CCL is of more tortuous mesoscale morphology,
partial shutdown at the cell near the gas channel outlet
portion occurs at the time of around 40 s, which further
decreases the membrane water uptake rate and promotes

Table 4 Cell dimensions and operating conditions

Description Value

Cell height, length/mm 2, 600

Land shoulder width/mm 1

Anode, cathode GDL thickness/mm 300, 300

Anode/cathode CL thickness/mm 10, 10

Membrane thickness/mm 30

Channel depth, width/mm 1, 1

Initial water content 6.2

Startup temperature/K 253.15

Current density/(mA$cm–2) 100

Anode/cathode stoichiometry 2

Anode/cathode inlet gas temperature/K 253.15

Anode/cathode pressure “absolute”/Pa 1.01 � 105

Fig. 6 Profiles of effective water diffusivity, and water content in membrane and CCL along XLine1, XLine2, and XLine3: a comparison of
Case 1 and Case 2 at two time instants, 4 s and 38 s.
(a) Effective water diffusivity profile at t = 4 s; (b) water content profile at t = 4 s; (c) effective water diffusivity profile at t = 38 s; (d) water content profile
at t = 38 s.
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the ice formation. For the Case 1 cold start process, at time
of about 70 s, ice formation rate changes its sign from a
negative to a positive value, which means ice begins to
melt as the temperature is elevated higher than 273.15 K
(Fig. 8(a)) and a successful self-startup is expected
subsequently. Case 2 shows a generally much faster ice
formation rate than Case 1.
Figure 8 presents the comparison of temperature profiles

along YLine4 in the CCL for Cases 1 and 2. For the cold
start process with the CCL of less tortuous mesoscale
morphology, i.e., Case 1, the highest temperature always
locates at the channel outlet portion where the strongest
ORR is occurring, and at the time of 71 s, it reaches the
freezing point, 273.15 K, (Fig. 8(a)). For the cold start
process with the CCL of more tortuous mesoscale
morphology, i.e. Case 2, partial shutdown starts from the

cell near the channel outlet portion at time around 40 s, and
the location of the highest temperature is thus observed to
gradually shift from the cell channel outlet portion to an
interior position (Fig. 8(b)). The highest temperature is still
lower than 273.15 K at the time of 51 s, and the cell goes to
shutdown (Fig. 9).
Figure 9 summarizes the cell voltage evolution curves

for all the four cases simulated. It can immediately be
observed is that the mesoscale morphology in the CCL
does have a significant effect on the PEMFC cold start
performance. Different CL morphologies can lead to
different fates of a cold start operation. The cold start
with the CCL of less tortuous mesoscale morphology (i.e.,
Cases 1 and 3) can start up, whereas that with the CCL of
more tortuous mesoscale morphology (i.e., Cases 2 and 4)
gets shutdown. Secondly, the effect of the ionomer

Fig. 7 Analysis of water flow in cell during cold start.
(a) Case 1; (b) Case 2.

Fig. 8 Temperature profile and its temporal-evolution in CCL
along YLine 4.

(a) Case 1; (b) Case 2.
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morphology on PEMFC cold start performance cannot be
neglected, especially when the pore structure in the CCL is
relatively tortuous and/or large quantity of ice is formed.
This verifies the results obtained from the analysis
conveyed in Section 3.
All the four cases simulated are non-isothermal. Hence,

the CL morphology effect presented in Fig. 9 is actually
compounded with the effect of the rising cell temperature.
Both Figs. 2 and 3 indicate that the temperature can have a
tremendous influence on the CL morphology at a high
temperature. The CL morphology is of little effect on the
water back diffusion from the CCL to the membrane, while
at subfreezing temperatures, it may play a very important
role in PEMFC cold start. To clarify the involved physics,
four isothermal simulations with the same CL morphology
parameters as used in the non-isothermal ones are
performed. The isothermal cold start under the subzero
operating condition describes an extreme situation, and the
cold start is bound to shut down by ice formation as the cell
temperature is fixed at the initial subzero temperature.
However, it is frequently used to evaluate and understand
the intrinsic cold start performance of PEMFCs [49–51].
Figure 10 plots the cell voltage evolution curves. In
general, the CL morphology effect observed in isothermal
cold start operations is more evident than that in non-
isothermal ones. One reason for this is that the isothermal
cold start excludes the rising cell temperature effect [37] in
practical non-isothermal cold start operations. The other
reason for this is that in isothermal cold start operations,
the measured data are independent of the cell fixture and its
thermal mass, but depends more on the intrinsic properties
of the cell [48].

5 Conclusions

Enhancing the water back diffusion can accelerate water
removal from the CCL and water storage in the membrane,
which is thought to be an effective method to enhance the
cold start performance of PEMFCs. The water back
diffusion is greatly affected by the water transport in
CLs. At subfreezing temperatures, due to the very low
saturated-vapor pressure and the plugged-in pores by the
formed ice/frost, vapor phase transport through pore space
is not the sole dominant mechanism for water transport in
CLs anymore.
Simplified theoretical analyses find that at subfreezing

temperatures the water transport resistance in the CL is
comparable to that in the membrane, and water transport
through ionomer in the CL is as important as the water
diffusion in gas phase. Simulations by using a previously
developed PEMFC cold start model reveal more details
about the CL morphology effects. Different CL morphol-
ogy can lead to different fates of a cold start operation.
Cold-starting a cell with a CCL of less tortuous mesoscale
morphology can succeed, whereas starting up a cell with a
CCL of more tortuous mesoscale morphology may fail.
Some clues are thus obtained for improving the cold

start capability of PEMFCs, for instance, minimizing the
tortuosity factors for both the pore space and the ionomer
network. Tailoring the CCL to be of one-dimensional
nanowire structure can lower the tortuosity factors to be
approximately one, which may greatly enhance the self-
cold startup capability of PEMFCs.

Acknowledgements This work was supported by the National Key
Research and Development Project (Grant No. 2018YFB0905303) and the
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Fig. 10 Cell voltage evolutions for isothermal cold start from
253.15 K with different mesoscopic morphologies in CCL.

Fig. 9 Cell voltage curves for non-isothermal cold start from
253.15 K with different mesoscopic morphologies in CCL.
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