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Alkaline anion exchange membrane fuel cell (AEMFC) has been recognized as a promising zero-emission
power source for portable, mobile and stationary application in recent years. To ensure high ionic con-
ductivity and efficient reactants delivery, water management is regarded as one of the most critical issues
for AEMFC. In this study, an analytical model is formulated to investigate the effect of electrode wetta-
bility on the water transport and resultant AEMFC performance. The pressure continuity method is con-
sidered to simulate liquid saturation jump on the interfaces of adjacent electrode layers. The results show
that decreasing the cathode catalyst layer (CL) contact angle improves the performance because more
water can be kept in the cathode CL decreasing polarization losses. The anode micro porous layer
(MPL) is generally helpful, by forcing the liquid water to back-diffuse to the cathode. However, cathode
MPL hinders the water transport to the cathode CL, leading to a lower reaction rate and membrane con-
ductivity. The liquid water injection into the cathode has great potential to further improve the perfor-
mance of AEMFC, however it may cause flooding in the flow channel and GDL. The cathode reaction
kinetics should be considered as one of the most significant factors dragging the cell performance.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Along with the rapid development of the proton exchange
membrane fuel cell (PEMFC) technology [1,2], alkaline anion
exchange membrane fuel cell (AEMFC) has also attracted consider-
able attention over last few decades [3]. AEMFCs, which directly
convert chemical energy of fuel and oxidant to electricity in the
alkaline environment, have been regarded as clean and efficient
power sources for various applications including power plants,
zero/low emission vehicles [4], combined heat and power (CHP)
systems [5] and aerospace power systems [6].

Although PEMFC exhibits remarkable thermal and mechanical
stability, as well as high ionic conductivity, several prominent
disadvantages have been presentedwhich preclude its commercial-
ization, including slow electrochemical kinetics, carbon monoxide
poisoning of precious Pt-based catalysts, and the high cost of
polymer membranes. Compared with PEMFC, AEMFC has several
advantages, such as environmentally friendly alkaline chemistry
with fast electrochemical reaction and potential uses of non-
precious-metals-based catalysts which is critically important for
the cost reduction and commercial development. Since the
development of the AEMFC is still in its early stage, the researches
mainly focus on two aspects, preparation of high performance ionic
membrane and non-precious electrode catalysts.

In recent years, several high performance alkaline membranes
have been developed for AEMFCs. Li and Zhao measured the water
uptake and transport properties of an alkaline membrane (A201
membrane from Tokuyama Corporation, Japan) [7]. The water
uptake, ionic conductivity (hydroxide ions (OH-)) and swelling
properties were also measured for the same membrane by Duan
et al. [8]. The membranes developed by Tuan et al. [9] aminated
with the trimethylamine (PAEK-TMA), triethylamine (PAEK-TEA),
tripropylamine (PAEK-TPA) has ionic conductivities up to 0.014,
0.003, and 0.0008 S cm�1 at 40 �C and 0.021, 0.006, and
0.0014 S cm�1 at 80 �C, respectively. Lin et al. [10] synthesized an
imidazolium-based cross-linked AEM that has ionic conductivity
up to 0.02 S cm�1 with long-term chemical stability in 1 M KOH
solution. The studies for alkaline membrane greatly facilitate the
rising of the AEMFC.

On the other hand, a wider variety of catalysts utilizing non-
precious metals and metal-free materials have been developed
and demonstrated in the alkaline environment. Kruusenberg
et al. developed a catalyst using Co and Fe phthalocyanine and
reported that the performance was slightly inferior to the commer-
cial Pt/C catalysts [11]. Li et al. carried out cell performance tests
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using non-precious catalysts synthesized from precursors of car-
bon, nitrogen, and transition metals. They reported a maximum
power density of 177 mW cm�2 at 50 �C [12]. Other catalysts, such
as carbon-supported non-platinum materials, were also developed
for hydrogen and methanol AEMFCs exhibiting excellent perfor-
mances [13,14].

Similar to PEMFC, water management is also an important issue
which is definitely worth exploring [15,16]. However, in the most
of the previous researches in the literature, the water management,
which actually plays a pivotal role in maintaining and promoting
AEMFC performance, has been generally ignored. So far, only a
small number of numerical modeling and experimental works
have been conducted to investigate the characteristics of water
transport in AEMFC [17–26]. It should be noticed that the heat
and mass transfer characteristics, such as the liquid water satura-
tion jump effect at the interfaces of the cell components, still need
further investigation. Therefore, this study can be viewed as an
important supplement to the literature, which mainly focuses on
the development of a complete analytical model for AEMFC with
consideration of the saturation jump effect. Fig. 1a illustrates the
operation of a hydrogen AEMFC with micro-porous layer (MPL).
Water is produced in the anode catalyst layer (CL) and consumed
in the cathode CL. Water should be removed from the anode while
humidification is necessary for the cathode. It should be noticed
that liquid saturation jump on the interfaces of different layers
(CL/MPL, MPL/GDL) should be taken into consideration due to the
different porosity, permeability and wettability on the neighboring
layers. To optimize the water transport between anode and cath-
ode, the MPL has been widely used in PEMFCs, and approved to
be an effective way to improve the performance [27–31], by affect-
ing mass transport and water removal. Liquid water breakthrough
was observed in the MPL of a PEMFC using synchrotron X-ray
radiography [27]. The electrical and thermal conductivity of MPL
was calculated through a phase-differentiated model [28]. Two
main functions of MPL in PEMFC, reducing the water droplet size
and blocking the liquid water breakthrough toward GDL, were dis-
cussed [29]. Chen et al. also pointed out that MPL could prevent
water flooding at low operating temperature and high inlet humid-
ification, and also enhance the membrane thermal and electrical
performance under dry condition [30]. Tabe et al. also proposed
that MPL could help mitigate the water flooding problem under
normal operation, and even improve the cold start performance
[31]. The similar mechanisms can be applied to AEMFCs however
the effect of MPL and electrode wettability has been generally
ignored in previous studies. In addition, most of the previous mod-
eling studies assumed continuous liquid concentration at the inter-
faces between the neighboring layers and the liquid concentration
jump caused by the different physical properties of both sides are
neglected.

In this work, an analytical model has been developed for a
hydrogen AEMFC to investigate the effect of the MPL and the elec-
trode wettability on water transport. The liquid saturation jump is
all considered using pressure continuous method. Experimental
testing was also carried out for results comparison. The model for-
mulation and experimental conditions are described in the follow-
ing sections.
2. Model formulation

As shown in Fig. 1, humidified hydrogen (H2) and air are sup-
plied for the AEMFC operation. Water back diffusion, electro-
osmotic drag and water production all occur during operation,
which is similar to PEMFC. However, the direction of electro-
osmotic drag of AEMFC is opposite to PEMFC; the water production
is in anode for AEMFC but cathode for PEMFC; and water is even
consumed in AEMFC cathode. These differences may also result
in different water back diffusion directions. The oxygen (O2) and
water is consumed in the cathode generating OH�, and OH� move
through the ionomer membrane to the anode where the H2 reacts
with OH� to generate water and electrons (e�). The e- transfers
through the external circuit to the cathode. Specifically, water is
produced at the anode and consumed at the cathode. The
electro-osmosis drag effect moves water from the cathode to the
anode, and due to the concentration gradient, water can also dif-
fuse back from the anode to the cathode through the membrane.

In this model, the cell output voltage is calculated from reversi-
ble voltage, activation overpotentials of anode and cathode, and
ohmic overpotentials of the cell components. Reactants are
assumed to be ideal gases and their transports are analyzed to cal-
culate the overpotentials. The modeling parameters are listed in
Table 1. The mass balance equations of liquid water and gas species
are listed in Tables 2 and 3, respectively.

2.1. Modeling assumptions

(1) Due to the low Reynolds number, the flow is assumed to be
laminar and in steady state.

(2) The gases follow the ideal gas law.
(3) The model is assumed to be isothermal due to the small cell

size and low reaction rate (low current density).
(4) To simplify the calculation in water phase change, it is

assumed that if the local water vapor is saturated, the pro-
duct water is in liquid form, and otherwise, it is in vapor
form.

(5) The gas pressure is assumed to be 1 atm and evenly dis-
tributed in the fuel cell.

(6) The membrane is assumed to be impermeable to the gas
phase.

2.2. Output voltage

The cell output voltage, Eout (V), is calculated as

Eout ¼ Erev � gohm � gact ð1Þ
where Erev (V) is the reversible cell potential, gohm (V) is the ohmic
overpotential, and gact (V) is the activation overpotential. Based on
the Nernst equation [32], the reversible cell potential can be
expressed as

Erev ¼ 1:229� 0:846� 10�3ðT � Tref Þ

þ RT
2F

ln pH2 ;ano þ
1
2
ln pO2 ;cat

� �
ð2Þ

where T is the operating temperature (K), Tref is the reference tem-
perature (298.15 K). F is the Faraday’s constant (96,487 C mol�1), R
is the universal gas constant (8.314 J mol�1 K�1), and pH2 ;ano and
pO2 ;cat (atm) are the partial pressures of the H2 and O2 at the inlets.
Note that this equation is for water production in liquid form, and
the partial pressures are divided by a standard pressure of 1 atm.

2.3. Ohmic overpotential

Ohmic resistances are taken into consideration in the mem-
brane, porous media, and flow field plate. The ohmic overpotential,
gohm (V), is expressed as follows:

gohm ¼ gohm;P þ gohm;por þ gohm;m

¼ ðRe��P þ Re��por þ ROH��por þ ROH��mÞ � I ð3Þ
where I (A m�2) is the current density. gohm,P, gohm,por and gohm,m (V)
denote the ohmic overpotential of the bipolar plate, porous media



Fig. 1. Schematics of (a) an alkaline anion exchange membrane fuel cell (AEMFC) with micro-porous layers (MPL), and (b) the experimental setup.
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(including the GDL, MPL and CL) and membrane, respectively.
The ohmic resistance is comprised of the electron transport in the
bipolar plate (Re��P , Xm2), GDL, MPL and CL (Re��por , Xm2) and
the OH� transport in the electrolyte in CL (ROH��por , Xm2) and
AEM (ROH��m, Xm2). For simplification, the OH- and electron are
assumed to be consumed/produced at the middle site of the CL.

The effective electrical conductivities of OH- and electron, reff
m and

reff
s (S m�1), in the porous media (GDL, MPL and CL), are determined



Table 1
Modeling parameters for base operating condition.

Parameter Value Unit

Operating temperature (inlet
temperature), T

50 �C

Operating pressure, popt 1.0 atm
Global stoichiometry ratio of

reactants, ST
2.0

Relative humidity of anode
inlet gases, RHano

100%

Relative humidity of cathode
inlet gases, RHcat

100%

Thickness of GDL, MPL,CL,
dGDL;dMPL;dCL;

200; 30;10 lm

Thickness of AEM, dm 28 lm
Porosity of electrodes, eGDL;

eMPL; eCL
0.6;0.4;0.3

Contact angles of electrodes,
hGDL;hMPL;hCL

100;120;100 �

Channel dimension (length,
width, depth), L;W;D

100;1.0;1.0 mm

Resistivity of electrode; flow
channel plate, qohm,por;
qohm,P

6 � 10�5;6 � 10�5 X m

Intrinsic permeability of GDL,
MPL, CL, K0,GDL;K0,MPL;K0,CL

6.2 � 10�12;1.5 � 10�12;6.2 � 10�13 m2

Reference current density at
anode, Jano0;ref

5� 106 � exp �1400 � 1
T � 1

353:15

� �� � A m�3

Reference current density at
cathode, Jcat0;ref

10 � exp �7900 � 1
T � 1

353:15

� �� �
A m�3

Evaporation, condensation
rates, cevap; ccond

1 s�1

Table 3
Mass balance equations for gas species.

Species Mass balance equation Solved in

Hydrogen
(Anode)

c
H2
ch

�c
H2
ch�GDL

� �
DH2

Ach�GDLSh
dhWL ¼ I

2F

Flow
channel

c
H2
ch�GDL

�c
H2
GDL�MPL

� �
Deff
H2 ;GDL

dGDL
¼ I

2F

GDL

c
H2
GDL�MPL�c

H2
MPL�CL

� �
Deff
H2 ;MPL

dMPL
¼ I

2F

MPL (if
exists)

c
H2
MPL�CL�c

H2
CL�AAEM

� �
Deff
H2 ;CL

dCL
¼ I

2F

CL

Oxygen
(Cathode)

c
O2
ch

�c
O2
ch�GDL

� �
DO2

Ach�GDLSh
dhWL ¼ I

4F

Flow
channel

c
O2
ch�GDL

�c
O2
GDL�MPL

� �
Deff
O2 ;GDL

dGDL
¼ I

4F

GDL

c
O2
GDL�MPL�c

O2
MPL�CL

� �
Deff
O2 ;MPL

dMPL
¼ I

4F

MPL (if
exists)

c
O2
MPL�CL�c

O2
CL�AAEM

� �
Deff
O2 ;CL

dCL
¼ I

4F

CL

Water vapor
(Cathode)

cvap
ch

�cvap
ch�GDLð ÞDvapAch�GDLSh

dhWL þ Svap�lq;ch
1
2 dch ¼ I�Icat;lq

2F
Flow
channel

cvap
ch�GDL

�cvapGDL�MPLð ÞDeff
vap;GDL

dGDL
þ Svap�lq;GDLdGDL ¼ I�Icat;lq

2F
GDL

cvapGDL�MPL�cvapMPL�CLð ÞDeff
vap;MPL

dMPL
þ Svap�lq;MPLdMPL ¼ I�Icat;lq

2F
MPL (if
exists)

cvapMPL�CL�cvapCL�AAEMð ÞDeff
vap;CL

dCL
þ Svap�lq;CLdCL ¼ I�Icat;lq

2F
CL

Table 2
Mass balance equations for liquid water.

Mass balance equation Solved in

clq;anoGDL�MPL;GDL�clq;ano
ch�GDL

� 	
Dlq;GDL;ano

dGDL
¼ Nano;lq

Anode GDL

clq;anoMPL�CL;MPL�clq;anoGDL�MPL;MPL

� 	
Dlq;MPL;ano

dMPL
¼ Nano;lq

Anode MPL (if exists)

MH2O
I

FdCL
þ ndMH2O

Icat;lq
FdCL

¼ Dm qw�a�qw�cð Þ
dmdCL

þ Nano;lqMH2O

dCL
Anode CL

clq;anoCL�AAEM�clq;anoMPL�CL;CL

� 	
Dlq;CL;ano

dCL
¼ Nano;lq

MH2O
Icat;lq

2FdCL
þ ndMH2O

Icat;lq
FdCL

þ Ncat;lqMH2O

dCL
¼ Dm qw�a�qw�cð Þ

dmdCL
Cathode CL

clq;catCL�AAEM�clq;catMPL�CL;CL

� 	
Dlq;CL;cat

dCL
þ Svap�lq;CLdCL ¼ Ncat;lq

clq;catMPL�CL;MPL�clq;catGDL�MPL;MPL

� 	
Dlq;MPL;cat

dMPL
þ Svap�lq;MPLdMPL ¼ Ncat;lq

Cathode MPL (if exists)

clq;catGDL�MPL;GDL�clq;cat
ch�GDL;GDL

� 	
Dlq;GDL;cat

dGDL
þ Svap�lq;GDLdGDL ¼ Ncat;lq

Cathode GDL
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by the Bruggeman’s correlation (reff
i ¼ r0

i �H1:5; i ¼ m and s) [33],

based on the intrinsic electrical conductivity, reff
m and reff

s (S m�1),
and the volume fraction of transfer path (H). As mentioned above,
Duan et al. [8] provided the variation of ionic conductivity of
A201 membrane as a function of operating temperature (T, K) and
water content (k) in the membrane. k is a function of operating tem-
perature and average water activity (aave) in the membrane and
determined based on the following correlation [8]:

k¼

4:908�0:0153T�ð0:205T�87:596Þaave
þð0:85T�313:878Þa2ave�ð0:48T�189:312Þa3

ave if 0:0< aave <1:0
ð0:05795�0:00265aaveÞðT�313:15Þ
þ14:817þ1:5915ðaave�1Þ if 1:0< aave <3:0

8>>><
>>>:

ð4Þ
where aave is calculated by averaging the water activity (a) in the
anode and cathode CLs, and both the water activities in vapor and
liquid phase are considered. Namely, the water activity varies from
0 to 3 (usually greater than 1) in this study. The water activity, a,
can be expressed as Eq. (5) [34,35]. Moreover, according to the mea-
surements in [36,37], the results also revealed that the water con-
tent is higher when immersing polymer membrane to liquid
water than that exposing to saturated vapor.

a ¼ Xvappg

psat
þ 2slq;CL ð5Þ

The first and second terms on the right hand side represent the
water activity in vapor and liquid phase, respectively. Xvap denotes
the volume fraction of water vapor in gas mixture. pg and psat (Pa)
represent the partial pressure and saturated vapor pressure. slq,CL is
the liquid water volume fraction in the CL. Note that, according to
[8], the water activity in liquid phase is ignored in [8] (i.e. aave
ranges from 0 to 1); however, the liquid water is still considered
in Eq. (5) in this study since it is a significant factor of the mem-
brane performance. The electrical conductivity of membrane
(r0

mem, S m�1) is also provided by the experiments from [8] and is
fitted to be

r0
mem ¼ 0:1334� 3:882� 10�4T þ ð0:01148T � 3:909Þaave

� ð0:06690T � 23:01Þa2ave þ ð0:1227T � 42:61Þa3ave
� ð0:06021T � 21:80Þa4ave ð6Þ
2.4. Activation overpotential

The activation overpotentials at the anode (gact,ano, V) and cath-
ode (gact,cat, V) are defined as

gact;ano ¼ um �us;ano ð7Þ

gact;cat ¼ us;cat �um ð8Þ

where us (us;ano and us;cat ,V) and um (V) are the potentials of elec-
tron and OH�, respectively. The charge conservation equations of
electron and OH- in one-dimensional form (through-plane) can be
expressed as
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Electron :
d2us

dx2
¼ 1

reff
s

Ri ð9Þ

OH� :
d2um

dx2
¼ � 1

reff
m

Ri ð10Þ

in which the superscript, eff, denotes the effective transport proper-

ties based on the Bruggeman’s correction. reff
s and reff

m (S m�1) are
the effective electrical conductivities of electron and OH-, respec-
tively. Ri (A m�3) represents the reaction rate. Eqs. (7)–(10) lead
to the relationship between the reaction rate (Ri) and the individual
activation overpotential (gact,ano, gact,cat, V) in the anode and
cathode.

The Butler-Volmer equation also provides the relationship
between the activation overpotential (gact) and reaction rate (Ri):

Ri ¼ ð1

� slqÞJ0;ref
ci

ci;ref

� �ri

exp
anF
RT

gact

� �
� exp �anF

RT
gact

� �
 �
ð11Þ

where slq is the liquid water volume fraction which is used to cor-
rect the reaction rate.

J0;ref (A m�3) is the reference volumetric current density for the
reference concentration of species i, ci,ref (mol m�3), ci (mol m�3) is
the superficial molar concentration of reactant i, H2, O2 and vapor,
on the reaction site. a (0.5) is the transfer coefficient of the electro-
chemical reaction. n (anode: 2; cathode: 4) is moles of electron
transfer with 1 mol of reactant (H2 or O2) consumption in the elec-
trochemical semi-reaction. ri is the order of the reaction, and gact

(V) represents the activation overpotential.
The analytical solutions of anode and cathode activation over-

potentials (gact,ano and gact,cat, V) can be derived from Eqs. (7)–(11):

gact;ano ¼
RT
anF

cosh�1 I2

4reff2
m

reff
m þreff

s

reff
m reff

s

� �
ð1� slqÞ RT

anF

� �
Jano0;ref

cH2
cH2 ;ref

� 	þ 1

2
664

3
775

ð12Þ

gact;cat ¼
RT
anF

cosh�1 I2

4reff2
m

reff
m þreff

s

reff
m reff

s

� �
RT
anF

� �ð1� slqÞJcat0;ref
cO2

cO2 ;ref

� 	
cH2O

cH2O;ref

� 	þ 1

2
664

3
775

ð13Þ
Details of the derivation procedure can be found in our pub-

lished work [38]. Here, cH2O (mol m�3) represents the water con-
centration in cathode CL, including the water in liquid and vapor
phases. Jano0;ref and Jcat0;ref (A m�3) are the reference volumetric current
densities in anode and cathode, respectively, which are related to
the operating temperature (T), as listed in Table 1. In Eqs. (12)
and (13), the activation overpotential is mainly affected by the con-
centration of H2, O2 and water. The reactant transport is crucial not
only for the activation overpotential but also for the membrane
transport properties and ohmic resistance as described in Eqs.
(4)–(6).

2.5. Multiphase transport analysis

The mass conservation equation of liquid water is solved in the
GDL, MPL and CL.

r � ðqlqi~ugÞ ¼ r � ðqlqDlqrslqÞ þ Slq ð14Þ
where qlq (kg m�3) is the mass density of liquid water. i is the inter-

facial drag coefficient.~ug (m s�1) is the flow velocity of gas mixtures
in the porous media. Dlq (m2 s�1) is the capillary diffusivity of liquid
water in the pores of cell components. slq (mol m�3) is liquid water
volume fraction in the pores. Slq (mol m�3 s�1) is the source term for
liquid water, including water production, phase change, water back
diffusion and electro-osmosis drag effect. Due to the assumption of
uniform gas pressure distribution in the fuel cell, the flow velocity
of gas mixture (~ug) and liquid water (i~ug) is zero. Since this work
is a one-dimensional analytical model, the mass conservation equa-
tion of liquid water can be simplified and converted into a series of
mass balance equations, as listed in Table 2.

The various transport processes are simplified into one-
dimension (through-plane direction, normal to the membrane) to
achieve high calculation efficiency and meanwhile keep the inte-
grality of the major transport processes. In addition, the convective
transport can be neglected because it is only significant along the
in-plane direction caused by the strong cross flow. The mass bal-
ance equations for the liquid water are listed in Table 2. In the
mass balance equations of liquid water, c (mol m�3) means the
superficial molar concentration of liquid water, for example,

clq;anoGDL�MPL;GDL represents the superficial molar concentration of liquid
water at the interface between GDL and MPL on the GDL side at
anode. Nano,lq and Ncat,lq (mol m�2 s�1) are the mass flux through
the cell components in the anode and cathode in the direction per-
pendicular to the membrane. dj (m) is the thickness of the cell com-
ponent j, GDL, MPL and CL. The capillary diffusivity of liquid water,
Dlq, is calculated with the effective permeability of liquid water
(Klq, m2), capillary pressure (pc, Pa), dynamic viscosity (llq, kg m�1 -
s�1) and the local liquid water volume fraction (slq) [39]:

Dlq ¼ �Klq

llq

dpc

dslq
ð15Þ

Klq ¼ K0s4lq ð16Þ

where K0 (m2) is the intrinsic permeability of liquid water, as given
in Table 1. According to [40,41], the capillary pressure (pc, Pa) is
given as a function of liquid water surface tension coefficient (rlq,
N m�1), contact angle (h, �), porosity (e), permeability (K0, m2),
and liquid water volume fraction (slq).

pc ¼
rlq cosh e

K0

� 	0:5
½1:42ð1� slqÞ�2:12ð1� slqÞ2þ1:26ð1� slqÞ3� if h<90�

rlq cosh e
K0

� 	0:5
½1:42slq�2:12s2lqþ1:26s3lq� if h>90�

8><
>:

ð17Þ
In this study, both the gas and liquid pressures are assumed to

be continuous at the interface and the gas pressure in the fuel cell
is fixed as 1 atm, as a result, the capillary pressure is also continu-
ous, which is also descripted in Fig. 1. Taking the MPL and GDL for
example, the continuous capillary pressure condition across the
interface can be expressed as

pc;GDL�MPL;MPL ¼ pc;GDL�MPL;GDL ð18Þ
In order to achieve the liquid water saturation jump across the

interface of the neighboring porous layers, two liquid water vol-
ume fractions, slq;GDL�MPL;MPL and slq;GDL�MPL;GDL, are solved at the inter-
face. Combining Eqs. (17) and (18), due to the different contact
angle, porosity and permeability of the neighboring layers, the liq-
uid water volume fraction (slq;GDL�MPL;MPL and slq;GDL�MPL;GDL) or the

superficial molar concentration of liquid water (clqGDL�MPL;GDL and

clqGDL�MPL;MPL) is discontinuous at the interface between the neigh-
boring layers and liquid water saturation jump can be obtained:

slq;GDL�MPL;MPL – slq;GDL�MPL;GDL or clqGDL�MPL;GDL – clqGDL�MPL;MPL ð19Þ

slq;GDL�MPL;MPL and slq;GDL�MPL;GDL are liquid water volume fractions at
the interface of GDL and MPL on the MPL and GDL side, respectively.
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clqGDL�MPL;GDL and clqGDL�MPL;MPL are superficial molar concentration at the
interface of GDL and MPL on the MPL and GDL side, respectively.
This calculation is also applied for all the interfaces of the porous
components in the fuel cell.

In the mass balance equations of liquid water in anode CL and
cathode CL, as listed in Table 2, MH2O (18 � 10�3 kg mol�1) is the
molar mass of water. Due to the consumption of water in the cath-
ode electrochemical reaction, the liquid water may be not enough
for some specific operating condition, which is also carefully dis-
cussed in our previous study [38]. Therefore, the total operating
current density, I (A m�2), should be separated into two sections,
current density produced by consuming liquid water, Icat,lq
(A m�2) and current density produced by consuming water vapor
(I-Icat,lq). Actually, with the increasing of operating current density,
the amount of water back diffusion from anode to cathode may no
longer keep with the electro-osmosis drag effect and cathode
water consumption rate. Under this condition, there is no liquid
water in the cathode. On the other hand, if the amount of liquid
water is enough for the cathode consumption, the Icat,lq should
equal to the total current density I. The electro-osmotic drag coef-
ficient, nd, is defined as [7]:

nd ¼ 0:183kþ 1:3 ð20Þ
k is defined as water content in the alkaline membrane and can be
obtained by Eq. (4). qw�a and qw�c (kg m�3) are the average super-
ficial mass density of liquid water in the CL of anode and cathode,
respectively. The water diffusivity in the membrane is mainly
related to the water content (k) and the operating temperature
(T, K):

Dm ¼

ð0:0051k�T�1:44kÞ�10�10 0:06 k614:0
ð�23:2404þ4:513k�0:28926k2þ0:006131k3Þ

�ðT�303:15Þ�10�10

�ð79:826þ17:928k�1:3329k2þ0:03337k3Þ�10�10

14:0< k619:0
½ð�41:916þ0:00613k3Þ�ðT�303:15Þþ8:5139�

�10�10 k>19:0

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

ð21Þ
Combining the mass balance equations in Table 2 and the con-

tinuous capillary pressure at the interfaces, the liquid water distri-
bution in different layers and liquid saturation jump at the
interfaces can be obtained.

According to the assumptions, due to the 100% humidified gases
at anode inlet under the base operating condition, as listed in
Table 1, water produced in the anode CL is in liquid phase. There
is no phase change between vapor and liquid water at anode. How-
ever, in this study, considering the characteristic of liquid water
shortage at cathode, the cathode humidification through liquid
water injection is applied for the cathode inlet in order to further
improve the cathode performance. Therefore, the phase change
may occur in the cathode, as shown in the mass balance equations
for liquid water in Table 2. Svap�lq;j (mol m�3 s�1) means the source
terms of phase change between vapor and liquid water in the cell
components j, and is defined as:

Svap�lq;j

ccondejð1� slq;jÞ ðpvap�psatÞ
RT if pvap > psat condensation

cevapejslq;j
ðpvap�psatÞ

RT if pvap 6 psat evaporation

8<
:

ð22Þ
in which ccond and cevap (s

�1) refer to the condensation and evapora-
tion rate of water, respectively, pvap and psat (Pa) represent the par-
tial pressure and saturated pressure of water vapor.The mass
conservation equations of gas species can be expressed as:
r � ðqg~ugYiÞ ¼ r � ðqgD
eff
i rYiÞ þ Si; i ¼ H2;O2;vapor ð23Þ

where qg (kg m�3) is the mass density of gas mixture. ~ug (m s�1) is
the flow velocity of gas mixtures. As aforementioned, the gas pres-
sure is evenly distributed in the fuel cell and fixed as 1 atm, there-
fore, the flow velocity of gases is zero. Yi is the mass fraction of gas

species i. Deff
i (m2 s�1) is the effective diffusivity of gas species i. ci

(mol m�3) is molar concentration of gas species i, Si (mol m�3 s�1)
is the source term for gas species i, including gas consumption
and phase change. In this study, H2, O2 (or air) and water vapor is
taken into account and the mass conservation can be simplified into
one-dimensional mass balance forms, as listed in Table 3.

In themassbalanceequations for gas species, as shown inTable3,
cik means gas molar concentration, and the superscript i (H2, O2 and
water vapor) means the gas species, and for the subscript k (ch, ch-
GDL, GDL-MPL andMPL-CL), chmeans the center of the flow channel,
and ch-GDL, GDL-MPL and MPL-CLmean the interface between flow
channel and GDL, GDL and MPL, and MPL and CL, respectively. Di

denotes the intrinsic diffusivity of species i. Ach-GDL (m2) is the area
of the interface between flow channel and GDL. Sh is the Sherwood
number (2.3) for the laminar flow in the flow channel [42]. Since
the convection term of the gases is neglected in this study, themass
balance equation is corrected by using Sherwood number which
means the ratio between convective mass transfer and mass diffu-
sion. dh (m) is the hydraulic diameter of the flow channel and L
(m) andW (m) are the length and width of the flow channel. In this
study, the gas concentration is considered being linearly distributed
in every specific layer. The effective diffusion coefficient of gas spe-

cies (Deff
i;j ; i ¼ H2;O2;vapor; j ¼ GDL;MPL;CL, m2 s�1) is calculated

from the intrinsic diffusion coefficient (Di;j; i ¼ H2;O2;vapor; j
¼ GDL;MPL;CL, m2 s�1) based on the Bruggeman correlation [33]
considering the porosity and blockage of liquid water [43]:

Di;j ¼

for H2 and anode vapor
1:055� 10�4ðT=333:15Þ1:5ð101325=pÞ1:0
for O2

2:652� 10�5ðT=333:15Þ1:5ð101325=pÞ1:0
for cathode vapor
2:982� 10�5ðT=333:15Þ1:5ð101325=pÞ1:0

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

ð24Þ

Deff
i;j ¼ Di:je1:5j ð1� slqÞ1:5 ð25Þ
2.6. Boundary and initial conditions

In this study, the amount of liquid water in the flow channel is
considered to be constant depending on the humidification at inlet
and the electrochemical reaction in CL under specific operating
conditions, because a short and straight flow channel is considered
in this study. The concentration of gases at the inlet is defined as
follows:

ciinlet ¼
Xipinlet

RT
ð26Þ

in which ciinlet (mol m�3) means the molar concentration of gas spe-
cies i, H2, O2, vapor, at the inlet. Xi refers to the volume fraction of
gas species i in the gas mixtures. pinlet (Pa) represents the inlet pres-
sure. Considering the reactants consumption in the electrochemical
reaction, the boundary condition can be expresses as:

cioutlet ¼ ciinlet �
ðI=nFÞAch�GDLeGDL

Vgas
inletAinlet

ð27Þ

cioutlet (mol m�3) is the molar concentration of gas species i, H2, O2,
vapor, at the outlet. Ach�GDL is the area of the interface between flow
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channel and GDL. eGDL is the porosity of GDL. Vgas
inlet (m s�1) is the flow

velocity of gas mixtures. Ainlet (m�2) is the inlet area of the flow
channel.

Vgas
inlet ¼

ðI=nFÞAactST
Ainletciinlet

ð28Þ

Aact (m2) is the active area in the CL. ST is the stoichiometry ratio.
Therefore, the average molar concentration of gas species i in the
flow channel can be calculated by assuming a linear relationship:

cich ¼
ciinlet þ cioutlet

2
ð29Þ
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Fig. 2. Comparison between the present model predictions and experimental cell
test data (a) comparison with present experimental study, (b) comparison with
Kruusenberg et al. [11].
2.7. Comparison to experimental data

A schematic of the experimental setup is shown in Fig. 1b. The
cell is placed in an environmental chamber and humidified hydro-
gen and air are supplied to the AEMFC. The environmental cham-
ber and the inlet flow are set to have the same temperature
which is regarded as the operating temperature during the tests.
The AEMFC has a serpentine flow field with cross sectional dimen-
sions of 1 mm by 1 mm and the active area of 5 cm by 5 cm. The
membrane electrode assembly (MEA) is consisted of A201 mem-
brane, Pt/C catalysts and GDL with MPL. A catalyst coated mem-
brane (CCM) was fabricated by spraying the catalyst ink on the
A201 membrane under infrared spotlight. The Pt catalyst loading
is 0.5 mg cm�2 for both the anode and cathode. The thickness of
the GDL (carbon paper) with MPL is 230 lm. The weight fraction
of ionomer in the CL is 30.01%. The experimental cell design
parameters and operating conditions are listed in Table 4. The
polarization curve (I-V curve) is tested in constant voltage mode.
The OCV-0.1 V-OCV means that the testing process of I-V curve is
from open circuit voltage (OCV) to 0.1 V, and back to OCV.

The numerical simulation is based on the same operating condi-
tions and parameters as summarized in Table 1 and the results are
compared with experimental data in Fig. 2. Fig. 2a shows the com-
parison with the present experimental results. The operating tem-
perature was set as 50 �C. The anode inlet was supplied by the
Table 4
Cell design parameters and operating conditions for the experimental test.

Cell design parameters

Cell components Values

Pt catalyst loading (anode) 0.5 mg cm�2

Pt catalyst loading (cathode) 0.5 mg cm�2

Alkaline exchange membrane Membrane: A201 (active area:
5 cm � 5 cm)
Thickness: 28 lm
IEC: 1.8 mmol g�1

Electrical conductivity: 42 mS cm�1

GDL H2415 (Freudenberg
Germany)

Thickness: 230 lm
Permeability: 35 s (ISO 5636-5)

Operating conditions

Parameters Values

Cell voltage OCV - 0.1 V – OCV (constant voltage
mode)

Anode gas H2

Cathode gas Air
Relative humidity of anode inlet

gas
100%

Relative humidity of cathode inlet
gas

100% and 90%

Environment temperature 40 �C
Inlet temperature 50 �C
Anode inlet flow rate 0.5 slpm
Cathode inlet flow rate 1.0 slpm
Activation voltage 0.1 V
hydrogen with 100% relative humidity and the cathode by the oxy-
gen with two different humidification conditions, 90% and 100%,
for results comparison. Experimental results in Fig. 2b is from Kru-
usenberg et al. [11], in which the operating temperature was 45 �C
and the anode and cathode were supplied by fully humidified
hydrogen and air, respectively. The modeling predicted I-V curves
represent reasonable agreements with experimental data for both
cases as shown in Fig. 2a and b.
3. Results and discussion

3.1. Effect of cathode CL contact angle

In an AEMFC, the activation energy of the cathode half-reaction
is much larger than that of the anode, and as such, sluggish cathode
reaction kinetic is considered the dominating factor in dragging
performance. Since the water is consumed in the cathode, the cath-
ode CL wettability has significant impact on the performance of
AEMFC. To investigate the effect of the cathode CL contact angle
on the cell performance, the numerical simulation has been per-
formed for different cathode CL contact angles including both the
hydrophilic (contact angle: 80� and 85�) and hydrophobic cathode
CLs (contact angle: 95�, 100� and 110�). The stoichiometry is set as
2.0 and the relative humidity is maintained at 100% for the inlets of
the anode and cathode. The cell is running at constant temperature
and pressure of 50 �C and 1 atm, respectively. The MPL is not
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considered in this section in order to specifically investigate the
effect of CL contact angles on the cell performance.

Fig. 3a shows the voltage and power density of the cell for dif-
ferent CL contact angles. The voltage and power density increase as
the cathode CL contact angle decreases, i.e. becomes more hydro-
philic. This is attributed to the fact that the activation and ohmic
overpotentials decrease as the cathode CL becomes more hydro-
philic, as shown in Fig. 3b. Since the cathode electrochemical reac-
tion consumes water, a less hydrophobic cathode CL can attract
and retain more water which results in a higher membrane con-
ductivity. The relative humidity in cathode CL is also higher for
the lower contact angles as shown in Fig. 4. At a low current den-
sity, the relative humidity was maintained high regardless the con-
tact angle balanced by the back diffusion of water from the anode.
However, the relative humidity rapidly decreases as the current
density increases due to the water consumption and electro-
osmotic drag. This phenomenon is more apparent for larger cath-
ode CL contact angles, since the hydrophobic CL hinders back diffu-
sion of water from the anode. For the anode electrochemical
reaction, due to the low limiting current density of AEMFC, the
anode is not completely flooded.
3.2. Effect of cathode humidification

Since the cathode reaction takes water proper humidification is
also critical to prevent cathode dehydration and thus to improve
the performance. In this section, the effect of the cathode humidi-
fication has been investigated. The cathode CL contact angle is
fixed as 100� and other operating conditions remain the same as
previous section. Hydrophobic cathode CL is considered common
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Fig. 3. Effect of cathode CL contact angles (hcat,CL) on (a) cell voltage (V) and power
density (W cm�2), (b) activation and ohmic overpotential (V).
for the polymer electrolyte membrane fuel cells and widely used
in the modeling work [35,44,45].

Fig. 5a shows cell voltage and power density for different cath-
ode inlet humidity conditions. The liquid water injection with the
volume fraction of 0.2 is also considered in this study. The aver-
aged liquid water concentration in the flow channel is determined
based on the rate of consumption at the cathode CL and the liquid
water transport from the flow channel to the cathode CL is
assumed to be driven by diffusion. Fig. 5 shows that the perfor-
mance dramatically improves according to increasing cathode inlet
humidity. With the aid of liquid water injection, the peak power
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Fig. 5. Effect of cathode inlet humidity conditions (RHinlet, cat) on (a) cell voltage (V)
and power density (W cm�2), (b) activation and ohmic overpotential (V).
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density is increased by 100% when compared to the relative
humidity of 60%. As shown in Fig. 5b, the cathode overpotentials,
especially the ohmic overpotential, significantly reduce with
increasing water support. This is mainly caused by enhanced con-
ductivity of the membrane since the effect of water content on
ohmic resistances of other cell components are negligible. The
electrical conductivity of the membrane is determined in terms
of cell temperature and water activity according to Eq. (6). The liq-
uid water injection has great potential to improve the performance
of AEMFC, however it may cause flooding in the flow channel and
GDL. This idea will require experimental verifications. Although
not shown, the relative humidity of the anode inlet has no signifi-
cant effect on the performance due to the intrinsic water flooding
conditions for the anode. However, the relative humidity at anode
inlet may affect the cell performance under unsteady or dynamic
operating conditions, such as starting-up processes, due to its
humidification function for the alkaline membrane.
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3.3. Effect of the MPLs

As aforementioned, MPL has been considered as an effective
way to improve the water transport behaviors, as well as the reac-
tant feeding for the traditional PEMFC. Therefore, in this study, the
MPL is taken into account. The MPL is regarded as hydrophobic
with the contact angle of 100�. The inlet humidity was set as
100% on both the cathode and anode sides.

Fig. 6a shows the cell voltage and power density for different
MPL configurations. It is shown that the effect of the anode MPL
is positive on performance, however that of the cathode MPL is
not. This is attributed to the fact that the reduced water transport
across the MPL has different effects in the anode and cathode. In
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Fig. 6. Effect of MPL configurations on (a) cell voltage (V) and power density
(W cm�2), (b) activation and ohmic overpotential (V) with 100% cathode inlet
humidification.
anode, the MPL hinders the water transport from anode CL to
GDL, increasing water content in CL. This, in turn, promotes the
back diffusion of water from the anode to cathode. In cathode,
however, the MPL hinders water transport from cathode flow
channel to CL, decreasing the water content. This has a significant
influence on both the activation and ohmic overpotential. As a
result, the MPL in the anode only shows the best performance,
while the MPL in the cathode presents the worst performance;
even lower than with no MPL configuration. It is noted that the
voltage of cell with cathode MPL is higher than that with no MPL
when the current density is lower than 0.05 A cm�2. This may be
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Fig. 7. Liquid water distributions in the cell components with 100% cathode inlet
humidification under 0.1 A cm�2: (a) with no MPL, (b) with MPL in anode, and (c)
with MPL in cathode.
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attributed to the fact that back diffusion is dominant to the electro-
osmotic drag at low current densities.

Fig. 7 shows the liquid water distribution in the cell compo-
nents for the three different MPL configurations, (a) no MPL, (b)
MPL in anode and (c) MPL in cathode, when current density is
0.1 A cm�2. Moreover, it should be noticed that liquid saturation
jumps at the interfaces of neighboring layers occur, as displayed
in Fig. 7. As mentioned previously, the calculation of liquid satura-
tion jump is based on the continuous liquid pressure or capillary
pressure, as descript in Eq. (18). Fig. 7a indicates that average liq-
uid water content in the CL and GDL is much higher in anode than
that in cathode when no MPL is implemented. However, the anode
MPL significantly aids in raising the liquid water content in cath-
ode CL and GDL as shown in Fig. 7b. Moreover, Anode MPL slows
the liquid water flow in the anode and promotes the liquid water
flow in the cathode, as shown in Fig. 7a and b, enhancing the water
back diffusion to the cathode CL, which leads to significant liquid
saturation jump at cathode. On the other hand, the effect of the
cathode MPL is negative, as it blocks the water vapor support from
the cathode channel, thus leading to the lowest amount water in
the cathode among three MPL configurations. In addition, the liq-
uid water in cathode CL comes from the anode, which needs to
be removed through the cathode flow channel. With the insertion
of cathode MPL, the total water flux from anode CL to cathode flow
channel is reduced, leading to less water in cathode CL. Although
the anode MPL may promote water accumulation, the relatively
high liquid water content in the anode CL would lead to a signifi-
cant increment of the water content in cathode CL, in turn resulting
in faster cathode reaction kinetics. Overall, to achieve optimal cell
performance, the MPL is suggested to be used only at the anode
side, with proper humidification at the cathode inlet.
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Fig. 8. Effect of MPL configurations on (a) cell voltage (V) and power density
(W cm�2), (b) activation and ohmic overpotential (V) with 100% cathode inlet
humidification and extra liquid water injection of 0.20 volume fraction.
In order to further investigate the performance dependence of
AEMFC on the water transfer behavior, extra liquid water injection
for the cathode inlet humidification is implemented in this study.
Fig. 8 depicts the cell performance with 100% cathode inlet humid-
ification by vapor and extra liquid water injection of 0.2 volume
fraction. It is obvious that by supplying more water for the cathode,
the cell performance raises up greatly. For instance, the limiting
current density for the three MPL cases pulls up for 0.1 A cm�2
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Fig. 9. Water vapor distributions in the cathode with 100% cathode inlet humid-
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approximately. It should be noted that although the liquid water is
fed for the cathode, the liquid water reactant is found not enough
for the electrochemical reaction. The liquid water is consumed out
at around 0.140, 0.195, 0.120 A cm�2 for the No MPL case, MPL in
anode case and MPL in cathode case, respectively, hence as current
density increases, water vapor starts being the main reactant for
the cathode reaction. Therefore, the cell performance under higher
current densities should be dominated by the water vapor transfer
behaviors. It should be noted that the hydrophobic MPL just slows
down the transfer rate of liquid water from cathode flow channel
into CL, not completely stops the liquid water transport across
the MPL.

Fig. 9 shows the water vapor molar concentration distribution
in the cell components. The water vapor concentration is the low-
est for the cathode MPL case due to the retardant function of MPL
for the vapor feeding, rigorous consumption in the reaction and
weaker liquid water supply. The cathode MPL slows the liquid
water transport into the CL, resulting in the less liquid water con-
sumption and more vapor consumption in the CL. It further results
in larger concentration gradient of water vapor from the flow chan-
nel into the GDL. To maintain sufficient membrane hydration and
effective cathode reactant supplement, sufficient humidification
of cathode and proper MPL assembly is crucial for the cell output
which can be improved by liquid injection, and if the feeding cath-
ode gases only contain water vapor, high reactant flow rate may be
required.
4. Conclusion

In this study, an analytical model for hydrogen alkaline anion
exchange membrane fuel cell (AEMFC) has been formulated to
investigate the electrode wettability effect on the water transport
and polarization characteristics. The liquid saturation jump on
the interfaces of the neighboring components is also modeled. It
is found that the cathode catalyst layer (CL), contact angle, cathode
humidification and the micro-porous layer (MPL) have significant
impacts on the performance of the AEMFC due to their effects on
the water transfer behavior. Considering the electro-osmosis drag
and the consumption in the electrochemical reaction, water is con-
sumed much faster than oxygen (O2) in the cathode CL, which indi-
cates that the membrane hydration on the cathode side needs
special attention. Decreasing the cathode CL contact angle (more
hydrophilic) generally improves the performance by retaining
more water close to the membrane, especially at high current den-
sities. Liquid water injection into the cathode can further improve
the cell performance however may cause flooding. The anode MPL
is useful in improving the performance by forcing more water to
diffuse back to the cathode. However the MPL is suggested to be
implemented only in the anode since the cathode MPL hinders
water transport from the gas diffusion layer (GDL) to CL resulting
in dehydration. Therefore, in order to maintain sufficient mem-
brane hydration and effective cathode reactant supplement, suffi-
cient humidification of cathode and proper MPL assembly should
be regarded as a critical issue for AEMFC operation, which may
require further humidification by liquid water injection and high
reactant flow rate.
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