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a b s t r a c t

A two-phase mass-transport model is employed to investigate the water transport behaviour through
the membrane electrode assembly (MEA) of a liquid-feed direct methanol fuel cell (DMFC). Emphasis is
placed on examining the effects of each constituent component design of the MEA, including catalyst
layers, microporous layers and membranes, on each of the three water crossover mechanisms: electro-
osmotic drag, diffusion, and convection. The results show that lowering the diffusion flux of water or
enhancing the convection flux of water (termed as the back-flow flux) through the membrane are both
feasible to suppress water crossover in DMFCs. It is found that the reduction in the diffusion flux of water
can be mainly achieved through optimum design of the anode porous layers, as the effect of the cathode
porous region on water crossover by diffusion is relatively smaller. On the other hand, the design of the
ater crossover

wo-phase cathode porous layers plays a more important role in increasing the back-flow flux of water from the

Mass-transport model
Back-flow flux
Convection flux

cathode to anode.

1. Introduction

Proper water management is of vital importance to ensure sta-
ble, reliable and high performance of direct methanol fuel cells
(DMFCs) [1–3]. Although there are great similarities in DMFCs
and gas-hydrogen-fed polymer electrolyte fuel cells (PEFCs), water
management in DMFCs appears to be different from that in PEFCs. In
DMFCs, as a liquid methanol solution is fed to the anode, sufficient
membrane hydration can be maintained. Hence, unlike in PEFCs, no
external humidifying device is needed in liquid-feed DMFCs. How-
ever, a penalty associated with the liquid fuel feed at the anode is
the high rate of water crossover to the cathode, that causes two
problems for DMFC technology [4–13]. First, it results in a water
loss from the anode and thus make-up water is needed, especially
for passive DMFCs [10–13]. Second, a high rate of water crossover to
the cathode may exaggerate the cathode water flooding problem,
and there by limit the cathode performance. Therefore, suppressing
water crossover is important not only to simplify the DMFC system
but also to improve cell performance. To reduce the rate of water
crossover, it is essential to gain a better understanding of water
transport through the MEA structure.
The problem of water crossover through DMFC membranes has
een studied extensively over the past decade [4–21]. Ren et al.
4–5] were among the pioneers who measured the electro-osmotic
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drag coefficient of water in DMFC membranes. It was found that
the water transport property in DMFC membranes was much higher
than that in PEFC membranes. Modelling of water transport through
a single membrane and the entire membrane electrode assembly of
the DMFC was also performed [6–9]. Subsequently, some innova-
tive designs of the MEA structure were proposed [10–15] to achieve
low water crossover and even a water-neutral operation condition
[10–11] in DMFCs. In the previous designs, the main idea of reducing
water crossover was to increase the hydrophobic level and reduce
the pore size of the cathode microporous layer (MPL), which helps
build up a high cathode liquid pressure to enhance the water back-
flow to the anode. For instance, Peled et al. [10–11] found the use
of a highly hydrophobic cathode MPL made it possible to operate
a passive DMFC under water-neutral operating conditions. Jewett
et al. [13] tested the effect of the cathode gas-diffusion layer (GDL)
on water crossover from the anode to the cathode in a miniature
passive DMFC, and found that the rate of water crossover could be
reduced by adding two additional hydrophobic gas-diffusion layers
to the cathode. Lu et al. [14] reported a novel MEA design consist-
ing of a thin membrane and a GDL coated with a MPL. The buildup
of liquid pressure in the cathode that resulted from the large con-
tact angle and the small pore size of the MPL created the back-flow
flux of water from the cathode to the anode, which substantially

reduced the rate of water crossover. Recently, a similar MEA design
was also reported by Liu et al. [15] to suppress both methanol
and water crossover through the membrane. Additionally, water
crossover in single DMFCs and DMFC stacks were experimentally
quantified by researchers [16–18]. An approach that enabled in-situ
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Nomenclature

Alg interfacial specific area between liquid and gas
phase (m2 m−3)

As specific surface area of the active reaction sites
(m2 m−3)

C molar concentration (mol m−3)
D diffusivity (m2 s−1)
F faraday constant (96,478 C mol−1)
hlg interfacial transfer rate constant for methanol

(m s−1)
Icell cell current density (A m−2)
Ipara parasitic current resulting from methanol crossover

(A m−2)
j0 exchange current density (A m−2)
ja anode current density (A m−3)
jc cathode current density (A m−3)
kc condensation rate (mol atm−1 s−1 m−3)
ke evaporation rate (1 atm−1 s−1)
kH Henry’s law constant (Pa)
kr relative permeability
K permeability of porous material (m2)
ṁ source term in mass conservation equation

(kg m−3 s−1)
M molecular weight (kg mol−1)
N mol flux (mol m−2 s−1)
nd electro-osmotic drag coefficient
pc capillary pressure (Pa)
pg gas phase pressure (Pa)
pl liquid phase pressure (Pa)
R gas constant (J mol−1 K−1)
Ṙ source term in species conservation equation

(mol m−3 s−1)
R̃ interfacial species transfer rate (mol m−3 s−1)
Rcontact Ohmic contact resistance (� m2)
s liquid saturation
T temperature (K)
V0 thermodynamic equilibrium voltage, V
Vcell cell voltage (V)
x coordinate, m, or mole fraction in liquid solution
y mole fraction in gas phase

Greek
˛a anode transfer coefficient at anode
˛c cathode transfer coefficient at cathode
� reaction order
ı thickness of porous layer, m
ε porosity of porous medium
� water content
� overpotential (V)
� ionic conductivity of membrane (�−1 m−1)
� viscosity (kg m−1 s−1)
	c contact angle (◦)

 density (kg m−3)
� interfacial tension (N m−1)

Superscripts
eff effective value
in inlet condition
ref reference value
sat saturated value

Subscripts
a anode
c cathode

cl catalyst layer
con convection
diff diffusion
dl diffusion layer
dry dry membrane
eo electro-osmotic
eq equilibrium
g gas phase
l liquid phase
mem membrane
mpl micro-porous layer
M methanol
MV methanol vapour
N nafion

W water
WV water vapour

measurement of the water-crossover rate in a DMFC was proposed
by Xu and Zhao [18]. With this method, the mechanisms that lead
to water crossover and the effects of various design variables of the
MEA and cell operating conditions were investigated. The study
showed that the rate of water crossover was dominated by the
water diffusion transport due to a large water-concentration gra-
dient across the membrane, especially at relatively low current
densities. In addition, the study also highlighted the important role
of the hydrophobic cathode MPL in reducing water crossover. More
recently, the effects of the cathode backing layer and cathode MPL
on the transport behaviour of both water and oxygen were investi-
gated [19–20]. The results suggested that an optimum design of the
cathode gas-diffusion layer was crucial to reduce water crossover
and simultaneously ensure sufficient supply of oxygen. It should be
mentioned that most of the previous work focused on the effect of
the cathode GDL on water crossover [10–15,18–20], whereas there
are very few studies of the role of the anode GDL in the water
management of the DMFC. Very recently, Liu et al. [21] examined
the effect of various design variables of the anode MPL on water
crossover in a DMFC. They showed that the wettability of the anode
MPL had a significant impact on water crossover. The MEA with
a hydrophobic anode MPL led to a reduction in the rate of water
crossover compared with a hydrophilic one.

A literature review suggests that extensive efforts have been
devoted to explore the influence of the cathode GDL (the backing
layer and MPL) on water crossover in DMFCs [10–15,18–20]. How-
ever, at present the role of the anode porous structure in water
management is still far from understood. In this work, we have
numerically studied water transport behaviour through the MEA
of a liquid-fed DMFC. Emphasis is placed on examining the effects
of all the constituent components of the MEA, including the anode
catalyst layer, the anode MPL, the membrane, the cathode catalyst
layer and the cathode MPL, on water crossover.

2. Mathematical model

We consider a MEA, as illustrated in Fig. 1, which consists of
seven layers from the interface I between the anode channel and
anode diffusion layer to the interface VIII between the cathode dif-
fusion layer and cathode channel. Notice that micro-porous layers
(MPLs) are also included between the catalyst layers (CLs) and the

coarse diffusion layers (DLs) at both the anode and the cathode.
Due to the coexistence of liquid and gas phases in the constituent
components of the DMFC under typical operating conditions, a two-
phase mass-transport model, as outlined below, is used to study
the water transport behaviour through the MEA of the DMFC. More
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Fig. 1. Schematic of model domain.

etails about the development of the two-phase mass-transport
odel can be found elsewhere [20,22–24].

.1. Governing equations for mass-transport

We now present the governing equations for the steady-state,
sothermal two-phase mass-transport in the porous anode and
athode of the DMFC, as well as for the dissolved water and
ethanol transport through the membrane. Referring to Fig. 1, in

he anode (from interface I–IV) and cathode porous regions (from
to VIII), there are a total of eight variables involved, namely liquid

ressure in the anode (pl,a), gas pressure in the anode (pg,a), the con-
entration of liquid methanol (CM,L), the concentration of methanol
apour (CM,g), liquid phase pressure in the cathode (pl,c), gas phase
ressure in the cathode (pg,c), the concentration of gas oxygen in
he cathode (CO2,g), and the concentration of water vapour in the
athode (CWV,g,c). In the membrane (from interface IV to interface
), the variables that are considered are the dissolved methanol
oncentration (CM,N) and the dissolved water concentration (CW,N).
he corresponding governing equations are presented below:

Anode porous region (I–IV)

l,a : ∇
(

− Kkrl

�l/
l
∇pl,a

)
= ṁl,a (1)

g,a : ∇
(

− Kkrg

�g/
g
∇pg,a

)
= ṁg,a (2)

M,l : ∇
[(

−Kkrl

�l
∇pl

)
CM,l − Deff

M,l∇CM,l

]
= ṘM,l (3)

MV,g : ∇
[(

−Kkrg

�g
∇pg

)
CMV,g − Deff

MV,g∇CMV,g

]
= ṘMV,g (4)

Cathode porous region (V–VIII)

l,c : ∇
[(

− Kkrl

�l/
l

)
∇pl,c

]
= ṁl,c (5)

g,c : ∇
[(

− Kkrg

�g/
g

)
∇pg,c

]
= ṁg,c (6)

O2,g : ∇
[(

−Kkrg

�g
∇pg,c

)
CO2,g − Deff

O2,g∇CO2,g

]
= ṘO2,g (7)
WV,g,c : ∇
[(

−Kkrg

�g
∇pg,c

)
CWV,g,c − Deff

WV,g∇CWV,g,c

]
= ṘWV,g

(8)
er Sources 188 (2009) 433–446 435

Noted that the pressure difference between liquid and gas is
balanced by a capillary pressure as given by [25]:

pc = pg − pl = � cos 	c

(
ε

K

)0.5
J(s) (9)

where �, 	c, ε and K denote the surface tension between liquid
and gas, the contact angle of the porous medium, the porosity of
the porous medium and the intrinsic permeability of the porous
medium, respectively. The term J(s) herein is the widely-used Lev-
erett function and written as:

J(s) =
{

1.417(1 − s) − 2.120(1 − s)2 + 1.263(1 − s)3 0 < 	c ≤ 90◦

1.417s − 2.120s2 + 1.263s3 90◦ < 	c < 180◦ (10)

with s representing the liquid saturation, i.e., the volume fraction
of liquid water that fills pores in the porous medium.

Electrolyte regions (III–VI)
In the polymer electrolyte membrane, transport of dissolved

phases (i.e., dissolved methanol and water) needs to be consid-
ered. Generally, dissolved methanol transport in the membrane
depends on diffusion, convection and electro-osmotic drag. The flux
of the dissolved methanol transport through the membrane can be
expressed as:

NM = −Deff
M ∇CM,N + nd,

I

F
−
(

K

�l
∇pl

)
CM,N (11)

and the conservation of the dissolved methanol in the membrane
is:

∇NM = 0 (12)

The dissolved water transport through the membrane also
depends on diffusion, electro-osmotic drag and convection. Hence,
the flux of the dissolved water transport through the membrane
can be expressed as:

NW = −DW,N∇CW,N + nd,H2O
I

F
− 
l

MH2O

K

�l
∇pl (13)

and the conservation of dissolved water in the membrane is:

∇NW = 0 (14)

The concentration of the dissolved water (CW,N) is related to the
water content (�) in the membrane by:

CW,N = 
dry�

EW
(15)

where 
dry and EW represent the density of the dry membrane and
the equivalent weight of the ionomer in the membrane, respec-
tively.

As for the dissolved water in the polymer electrolyte of the CLs,
for simplicity, it is assumed to be in phase equilibrium with the
liquid water and water-vapour-saturated gas in the voids of the CLs.
As such, the water content in the polymer electrolyte of the CLs can
be expressed as:

�CL = (1 − s)�eq
WV + s�eq

l (16)

where �eq
WV and �eq

l are the equilibrium water contents when the
polymer electrolyte is in phase equilibrium with the water-vapour-
saturated gas [20] and liquid water, respectively.

2.2. Boundary and interfacial conditions

As indicated in Fig. 1, the model domain is enclosed by eight
boundaries/interfaces. The external boundaries (namely, interfaces
I and VIII) represent the inlets of the reactant supply at which the

variables are all specified to be the inlet conditions, while the inter-
nal interfacial conditions in the ‘sandwiched’ DMFC are given based
on the principle that continuity and mass flux balance are required
for each interface to satisfy the general mass conservation in the
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Table 1
Constitutive correlations.

Parameters Expressions

Relative permeabilities krl = s3 Liquid
krg=(1 − s)3 Gas

Effective diffusion coefficients of species [22] Deff
i,g

= Di,gε1.5(1 − s)1.5 i: O2, WV,MV

Deff
M =

⎧⎨
⎩

DM,lε
1.5s1.5

(ε + εN)
[ε/(DM,lε1.5s1.5) + εN/(DM,NεN

1.5)]
DM,Nε1.5

ADL/AMPL ACL MEM

General generation rate of mass in liquid phase ṁl,a =
{

−MMR̃M

−(MH2O + MM)
ja
6F

− MMR̃M
ADL/AMPL ACL

ṁl,c =

{
−MH2OR̃w

MH2O

(
jc
2F

− Ip

6Fıccl

)
− MH2OR̃w

CDL/CMPL CCL

General generation rate of mass in gas phase ṁg,a =
{

MMR̃M

MCO2

ja
6F

+ MMR̃M
ADL/AMPL ACL

ṁg,c =
{

MH2OR̃w

−MO2

jc
4F

+ MCO2

Ip

6Fıccl
+ MH2OR̃w

CDL/CMPL CCL

Mole generation ṘO2
=
{

0

− jc
4F

, ṘWV,c =
{

R̃w
R̃w

CDL/CMPL CCL

Rate of species ṘM,l =
{

−R̃M

− ja
6F

− R̃M
, ṘMV,a =

{
R̃M
R̃M

ADL/AMPL ACL

Interfacial transfer rate of methanol between the liquid and gas phase [33] R̃M = Alghlg s(1 − s)
(psat

MV
−pMV)
RT

R̃w

⎧ εs
l sat sat
Interfacial transfer rate of water between the liquid and gas phase [33]

entire cell. More details of the boundary and interfacial conditions
can be found elsewhere [20,22].

2.3. Electrochemical kinetics

At the DMFC anode, the Tafel-like expression is simply used to
express the kinetics of the methanol oxidation reaction (MOR):

ja = As,ajref
0,M

(
CM

Cref
M

)�

exp
(

˛aF

RT
�a

)
(17)

where the reaction order (�) is related to the methanol concen-
tration and assumed to be zero when the methanol concentration
is higher than a reference value [25]. Otherwise, the first-order
reaction is specified.

With respect to the oxygen reduction reaction (ORR) on the
cathode, the modified first-order Tafel-like kinetics is used, which
gives:

jc = (1 − s)As,cjref
0,O2

(
CO2

Cref
O2

)
exp
(

˛cF

RT
�c

)
(18)

where the term (1 − s) represents a correction factor in view of
the adverse impact of the liquid water in the cathode CL on the rate
of the ORR [25].
2.4. Water balance

As mentioned above, transport of dissolved water through the
membrane depends on diffusion, electro-osmotic drag and con-
=
⎨
⎩

ke
MH2O

(yWVpg − pWV) yWVpg < pWV

kc
ε(1 − s)yWV

RT
(yWVpg − psat

WV) yWVpg > psat
WV

vection. The fluxes of water crossover through the membrane by
diffusion (NW,diff) and electro-osmotic drag (NW,eo) are, respectively,
determined from:

NW,diff = −DW,N(�)∇CW,N|IV (19)

NW,eo = nd,H2O(�)
I

F
|IV (20)

and the flux of water by back-flow resulting from the liquid pressure
difference between the anode and cathode can be approximated by:

NW,con = 
l

MH2O

Kmem

�l

(pl,acl/mem − pl,ccl/mem)
ımem

(21)

Thus, the total flux of water crossover to the cathode can be
determined from:

NW,tot = −DW,N(�)∇CW,N|IV + nd,H2O(�)
I

F
|IV

+ 
l

MH2O

Kmem

�l

(pl,acl/mem − pl,ccl/mem)
ımem

(22)

2.5. Current balance and cell voltage
The protons and electrons produced by the MOR at the anode
transfer to the cathode through the membrane and the external
circuit, respectively. Herein, the cell current density is calculated
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Fig. 2. Effects of current density on distributions of (a) anode liquid saturation, (b) cathode liquid saturation, (c) water content in membrane, (d) anode liquid pressure, (e)
cathode liquid pressure, (f) on water crossover through membrane.

by:

Icell =
∫

acl

jadx (23)

To account for the rate of methanol crossover, the concept of the
parasitic current is used and is given by:

Ipara = 6FNM (24)
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where the molar flux of methanol crossover (NM) is given by Eq.
(11).

At the cathode, it is assumed both the cell current and the ‘par-
asitic’ current are completely consumed by the ORR, i.e.:

Icell + Ipara =
∫

ccl

jcdx (25)

Accordingly, for a given cell current, the anode overpotential (�a)
and the parasitic current density (Ipara) can be calculated by Eqs.
(23) and (24), respectively. Then, the cathode mixed overpotential
(�c) can be determined with the help of Eqs. (18) and (25). Finally,
the cell voltage can be determined from:

Vcell = V0 − �a − �c − Icell

(
Rcontact + ımem

�

)
(26)

where V0, Rcontact and � denote the thermodynamic-equilibrium
cell voltage of the DMFC, the contact resistance and the proton
conductivity of the membrane, respectively.

3. Results and discussion

The above-described governing equations for the cell geometric
dimensions and operating parameters listed in Table 2 subjected to
the boundary conditions, along with the constitutive correlations
listed in Table 1 and electrochemical properties listed in Table 3, are
solved numerically using a self-written code, which was developed
based on the SIMPLE algorithm with the Finite-Volume-Method
[22]. Note that more details on the validation of the two-phase
mass-transport model presented above can be found elsewhere
[22,24].

3.1. Effect of cell current density

In this section, the distributions of several species, including liq-
uid saturation, water content and liquid pressure, in the DMFC are
presented first and then followed by the variation in the flux of
water crossover with the current density.

Fig. 2a shows the distribution of the anode liquid saturation
at different current densities. Interestingly, the anode liquid sat-
uration at each interface between two adjacent layers exhibits a
jump, which results from the continuity of the capillary pressure
across the interface; a more detailed explanation of this phenom-
ena has been reported me elsewhere [20]. With increase in cell
current density, the anode liquid saturation level decreases as a
result of increased generation of carbon dioxide (CO2) at a higher
current density. The distribution of the cathode liquid saturation at
different current densities is displayed in Fig. 2b. In general, the liq-
uid saturation level is smaller in the cathode porous region than in
the anode porous region. The liquid saturation level in the cathode
porous region increases with the cell current density as a result of
the increased water generated in the cathode CL at a higher current
density. Since the liquid saturation in the anode CL is higher than in
the cathode CL at the same current density, there is a water content
gradient across the membrane that can drive the water diffusion
to the cathode. The distribution of the water content (equivalent to
dissolved water concentration) in the membrane at different cur-
rent densities is given in Fig. 2c. Apparently, there exists a large
water gradient across the membrane, and this suggests that the flux
of water crossover due to diffusion is substantial. For instance, at a
current density of 50 mA cm−2, the water content at the interface
between the anode CL and the membrane is close to 20, whereas

it is only about 12 at the interface between the cathode CL and the
membrane. Since an increase in the current density causes the liq-
uid saturation in the anode CL to decrease but in the cathode CL
to increase (shown in Fig. 2a and b), the water gradient across the
er Sources 188 (2009) 433–446

membrane becomes flatter with increasing current density, mean-
ing that the flux of water crossover by diffusion decreases with the
current density. In addition, the distribution of both the anode and
cathode liquid pressure at different current densities is displayed in
Fig. 2d and e, respectively. It is seen from Fig. 2d that the anode liq-
uid pressure decreases from the anode channel to the anode CL, but
the change is extremely small. On the other hand, however, Fig. 2e
shows that the cathode liquid pressure decreases dramatically from
the cathode CL to the cathode channel. This can be explained as fol-
lows. As indicated by Eqs. (1) and (5), the water flow through the
porous medium depends on the pressure gradient, the intrinsic per-
meability of the porous medium, and the relative permeability. At
the same current density, the relative permeability is much higher
at the anode than at the cathode, as the liquid saturation at the
anode is much higher than at the cathode. As a result, the pres-
sure difference required to drive the same flux of water through
the porous medium will be much higher at the cathode than at the
anode. Also, it is interesting to note that the liquid pressure in the
cathode CL is higher than in the anode CL, suggesting that the liq-
uid water can flow backward from the cathode to the anode, which
tends to reduce the total rate of water crossover from the anode to
cathode [10–15]. In addition to the back-flow of water, however, the
total rate of water crossover also depends on the electro-osmotic
drag and diffusion, as follows. Fig. 2f shows the variation in the flux
of water crossover due, respectively, to electro-osmotic drag, dif-
fusion and backflow with current density. First, it is seen that the
flux by electro-osmotic drag increases almost linearly with the cur-
rent density, as indicated by Eq. (20). Second, it is evident that the
diffusion flux is quite substantial due to the large water content
gradient across the membrane, especially at low current densities.
With increase in current density, the diffusion flux decreases greatly
as the water content at the cathode increases with current density,
whereas the water content in the anode decreases with current
density. Third, the absolute value of the back-flow flux (note that
a negative value means that the water flows from the cathode to
anode) increases slightly with current density, as the cathode liq-
uid pressure increases but the anode liquid pressure decreases with
increasing current density. Note that the variation trends of the
flux of water crossover due to each mechanism are consistent with
previous experimental data [18] and numerical results [20].

In the subsequent sections, we explore how each constituent
component of the MEA affects water crossover.

3.2. Effect of anode CL

In this section, we focus on investigating the effects of the con-
tact angle and the permeability of the anode CL on water crossover.
Fig. 3 shows the effect of the anode CL contact angle on the distri-
bution of the anode liquid saturation (3a), the distribution of water
content across the membrane (3b), and the rate of water crossover
(3c) at a current density of 100 mA cm−2. The numerical results
shown in Fig. 3 were obtained by varying the contact angle from
94.5o to 99o, which indicates an increase in the anode CL hydropho-
bic level, while all the other parameters are kept unchanged as listed
in Tables 2 and 3. As shown in Fig. 3a, an increase in the anode CL
contact angle leads to a decrease in the liquid saturation level as
more hydrophobic pores tend to hold more gas CO2 in the anode
CL. The decrease in liquid saturation in the anode CL directly low-
ers the water content in the membrane adjacent to the anode CL,
as shown in Fig. 3b. It is also noticed from Fig. 3b that the water
content near the cathode CL decreases slightly with increase in the
anode CL contact angle. In general, Fig. 3b indicates that the water

content gradient across the membrane decreases with increasing
anode CL contact angle. Technically, the changes in water con-
tent and its gradient across the membrane affect water crossover
through the membrane in several ways. First, a decrease in water
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Table 2
Cell geometric dimensions and operating parameters.

Parameters Symbols Value Unit

Anode diffusion layer thickness ıadl 2.6 × 10−4 m
Anode microporous layer thickness ıampl 0.2 × 10−4 m
Anode catalyst layer thickness ıacl 0.2 × 10−4 m
Membrane thickness ımem 1.3 × 10−4 m
Cathode diffusion layer thickness ıcdl 2.6 × 10−4 m
Cathode microporous layer thickness ıcmpl 0.2 × 10−4 m
Cathode catalyst layer thickness ıccl 0.2 × 10−4 m
Operation temperature T 343.15 K
Anode inlet pressure pin

l
1.013 × 105 Pa

Cathode inlet pressure pin
g 1.013 × 105 Pa

Inlet methanol concentration at anode Cin
M 1000 mol m−3

Inlet methanol vapour concentration Cin
MV Csat

MV mol m−3

Inlet oxygen concentration at cathode Cin
O2

7.35 mol m−3

I
I
I

c
b
m
l
i

T
P

P

P

N

D

V
V
E

C
E
H
H
I

S

P
T

T

T
T
T
A

C

A
C

S
E
D

nlet water-vapour concentration at cathode Cin
WV pSat

WV/RT mol m−3

nlet liquid saturation at anode sin 1 –
nlet liquid saturation at cathode sin 0 –
ontent decreases the diffusivity of dissolved water in the mem-
rane, which tends to reduce the water diffusion flux through the
embrane. Second, a decrease in the water-content gradient also

owers the water diffusion flux through the membrane, as indicated
n Eq. (19). Third, a decrease in the water content in the membrane

able 3
hysicochemical properties.

arameters Symbols V

ADL εadl, Kadl 0

orosity permeability AMPL εampl, Kampl 0
ACL εacl, Kacl 0
MEM εmem, Kmem 0
CCL εccl, Kccl 0
CMPL εcmpl, Kcmpl 0
CDL εcdl, Kcdl 0

afion volume fraction in ACL εN,acl 0
MeOH in water DM,l 1
MeOH in Nafion DM,N 4
Methanol vapour DM,g −

iffusivities O2 in gas DO2,g 1
Water-vapour DWV,g 2

iscosity of gas phase �g 2
iscosity of liquid phase �l 4
lectro-osmotic drag coefficients of
water and methanol

nd,H2O 2

nd,M n

ondensation rate constant for water kc 5
vaporation rate constant for water ke 5
enry law constant for oxygen kH,O2

e
enry law constant for methanol kH,M 0

nterfacial transfer rate constant for
methanol

hlg 0

pecific interfacial area between liquid
and gas

Alg 1

roton conductivity in membrane � 7
he saturation pressure of water
vapour

log10psat
WV −

1
he saturation pressure of methanol
vapour

psat
MV k

hermodynamic voltage V0 1
ransfer coefficient of anode ˛a 0
ransfer coefficient of cathode ˛c 1
thode exchange current density Av,ajref

0,M 1

athode exchange current density Av,cjref
0,O2

1

node reference concentration Cref
M 1

athode reference concentration Cref
O2

0

urface tension � 0
quivalent weight of ionomer EW 1
ry membrane density 
dry 1
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lowers the electro-osmotic drag coefficient of water, thus reducing
the electro-osmotic drag flux, as indicated in Eq. (20). In summary,
the water flux by both diffusion and electro-osmotic drag decreases
with increasing anode CL contact angle. This is evident from the data
in Fig. 3c. It is seen that the back-flow flux of water increases slightly
with increasing the anode CL contact angle, as the liquid pressure in
the cathode CL decreases slightly due to decreased liquid saturation
in the cathode CL. Summarizing the water fluxes by the three mech-
anisms, it is found that the total rate of water crossover decreases
with increasing the anode CL contact angle, as shown in Fig. 3c. That
the total rate of water crossover can be reduced by almost a factor
of 3 when the anode CL contact angle is changed from 94.5o to 99o.
Hence, it can be concluded that increasing the hydrophobic level of
the anode CL is an effective way to suppress the total rate of water
crossover to the cathode.

The influence of the anode CL permeability is examined by
changing its value from 0.4 × 10−14 to 3.0 × 10−14 m2, while keep-
ing all other parameters the same. Fig. 4a shows the distribution
of anode liquid saturation with different anode CL permeabilities

−2
at a current density of 100 mA cm . On average, the liquid sat-
uration in the anode CL decreases from about 0.9 to 0.2 when the
anode CL permeability decreases from 3.0 × 10−14 to 0.4 × 10−14 m2.
The reduction in the liquid saturation level in the anode CL from a
liquid-dominant to a gas-dominant condition inevitably reduces

alue Unit Ref.

.75, 1.0 × 10−12 –, m2 [20]

.3, 2.5 × 10−13 –, m2 [20]

.3, 2.0 × 10−14 –, m2

.3, 2.0 × 10−18 –, m2 [20]

.3, 2.0 × 10−14 –, m2

.3, 2.5 × 10−13 –, m2 [20]

.75, 1.0 × 10−12 –, m2 [20]

.4 – [33]
0−5.4163−999.778/T m2 s−1 [25]
.9 × 10−10e[2436(1/333−1/T)] m2 s−1 [26]
6.954 × 10−6+4.5986 × 10−8T+9.4979 × 10−11T2 m2 s−1 [25]

.775 × 10−5(T/273.15)1.823 m2 s−1 [25]
.56 × 10−5(T/307.15)2.334 m2 s−1 [25]

.03 × 10−5 kg m−1 s−1 [32]

.05 × 10−4 kg m−1 s−1 [32]

.5�/22 – [29]

d,H2OxM – [29]

.0 × 10−5 mol atm−1 s−1 cm−3 [27]

.0 × 10−3 atm−1 s−1 [27]
(−666/T+14.1)/R/T – [30]
.096e0.04511(T−273) atm [25]
.001 m2 s−1 [28]

05 m−1 [28]

.3e[1268(1/298−1/T)] �−1 m−1 [26]
2.1794+0.02953(T − 273)−9.1837×10−5(T − 273)2+
.4454×10−7(T − 273)3

atm [31]

H,MxM,l atm [25]

.21 V [25]
.5 – [22]
.0 – [22]
.0 × 105 A m−3 [22]

.14 × 103 A m−3 [22]

00 mol m−3 [22]
.52 mol m−3 [22]

.0644 N m−1 [32]
.1 kg mol−1 [34]
980 kg m3 [34]



440 W.W. Yang, T.S. Zhao / Journal of Power Sources 188 (2009) 433–446

F
t
m

t
t
m
1
0
a
m

ig. 3. Effect of anode CL contact angle on (a) distribution of anode liquid satura-
ion, (b) distribution of water content in membrane, (c) water crossover through

embrane.

he water content level in the membrane and its gradient across
he membrane. As indicated in Fig. 4b, the water content in the
embrane near the anode CL decreases from about 20 to about
2 when the anode CL permeability decreases from 3.0 × 10−14 to
.4 × 10−14 m2. Fig. 4b also shows that the water-content gradient
cross the membrane decreases with decreasing anode CL per-
eability. As discussed earlier, the decrease in the water content
Fig. 4. Effect of anode CL permeability on (a) distribution of anode liquid satura-
tion, (b) distribution of water content in membrane, (c) water crossover through the
membrane.

and its gradient across the membrane reduces both the diffusion
and the electro-osmotic drag flux of water through the mem-
brane. As shown in Fig. 4c, the diffusion flux decreases by a factor

of almost 7 when decreasing the anode CL permeability from
3.0 × 10−14 to 0.4 × 10−14 m2. In the meantime, the electro-osmotic
drag flux decreases with decreasing anode CL permeability. As for
the absolute value of the back-flow flux, it slightly decreases with
decreasing anode CL permeability due to the lowered cathode liq-
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ration in the cathode CL. The effect of the cathode CL contact angle
on water crossover through the membrane is presented in Fig. 7c.
It is seen that increasing the cathode CL contact angle enhances
the back-flow of water, thus suppressing water crossover. Overall,
Fig. 5. Effect of anode MPL contact angle on (a) distribution of anode liquid satura-
tion, (b) distribution of water content in membrane, and (c) water crossover through
membrane.

the total rate of water crossover decreases with increasing cathode
CL contact angle. Hence, it can be concluded that increasing the
cathode CL contact angle is a benefit not only to lowering water
crossover, but also to water flooding avoidance in the cathode CL.
W.W. Yang, T.S. Zhao / Journal o

uid pressure. Overall, the total rate of water crossover decreases
by a factor of about 5 when decreasing the anode CL permeabil-
ity from3.0 × 10−14 to 0.4 × 10−14 m2. Hence it can be concluded
that water crossover can be effectively suppressed by lowering the
anode CL permeability, which can be achieved by reducing the pore
size of the anode CL.

3.3. Effect of anode MPL

First, we investigate how the anode MPL contact angle affects
water transport through the MEA. Fig. 5a shows the distribution of
anode liquid saturation with different anode MPL contact angles at
a current density of 100 mA cm−2. As can be seen, an increase in
anode MPL contact angle leads to a significant reduction in liquid
saturation in the anode MPL, but liquid saturation in the anode CL
remains almost the same value. As a result, a change in anode MPL
contact angle does not alter the water content gradient across the
membrane, as shown in Fig. 5b. Accordingly, as shown in Fig. 5c,
the water fluxes by all the three mechanisms do not change with a
change in anode MPL contact angle. Hence, it can be concluded that
the anode MPL contact angle has little effect on water crossover.
Nevertheless, it should be mentioned that increasing the anode
MPL contact angle will lead to an increase in the mass-transport
resistance of liquid methanol in the anode MPL, as a result of the
decreased liquid saturation there, and this would be a benefit to the
use of more concentrated methanol solutions in DMFCs.

The influence of anode MPL permeability is examined by
increasing its value from 0.25 × 10−14 to 4.0 × 10−14 m2. Fig. 6a
presents the distribution of anode liquid saturation with differ-
ent permeabilities at a current density of 100 mA cm−2. It is seen
that liquid saturation in the anode MPL decreases greatly with
decreasing anode MPL permeability, but the change in the liquid
saturation in the anode CL is much smaller. The corresponding dis-
tribution of water content across the membrane is displayed in
Fig. 6b. The water content in the membrane near the anode CL
decreases slightly as a result of the decreased liquid saturation in
the anode CL, which, in turn, results in a slight decrease in the water
content gradient across the membrane. As a result, as shown in
Fig. 6c, the diffusion flux of water decreases slightly when the anode
MPL permeability is decreased from 1.0 × 10−14 to 0.25 × 10−14 m2.
In summary, the anode MPL permeability has little effect on water
crossover. It is worth mentioning that decreasing the anode MPL
permeability will also cause an increase in the mass-transport resis-
tance of liquid methanol, which results from the decreased liquid
saturation in the anode MPL.

3.4. Effect of cathode CL

In this section, the effects of two cathode CL parameters, namely
the contact angle and the permeability, on water transport through
the MEA are examined. The cathode CL contact angle was varied
from 94◦ to 99◦. Fig. 7a shows the distribution of the cathode liq-
uid pressure with different contact angles at a current density of
100 mA cm−2. As can be seen, an increase in cathode CL contact
angle leads to a sharper increase in liquid pressure across the cath-
ode CL. This implies that the liquid pressure in the cathode CL can
be enhanced by increasing the cathode CL hydrophobic level. The
corresponding distribution of the cathode liquid saturation is given
in Fig. 7b, which indicates that the liquid saturation in the cath-
ode CL decreases with increasing cathode CL contact angle. Hence,
increasing the cathode CL hydrophobic level can not only build up
a higher liquid pressure but can also help to reduce the liquid satu-
The influence of cathode CL permeability is examined by vary-
ing its value from 0.3 × 10−14 to 5.0 × 10−14 m2. Fig. 8a shows the
distributions of the cathode liquid pressure with different cathode
CL permeabilities at a current density of 100 mA cm−2. Clearly, the
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tion of the water content in the membrane. The dependence of
ig. 6. Effect of anode MPL permeability on (a) distribution of anode liquid satu-
ation, (b) distribution of water content in membrane, (c) water crossover through
embrane.

iquid pressure across the cathode CL increases more rapidly with
ecreasing cathode CL permeability. For increase, the liquid pres-
ure increases from about 1.6 to 4.5 kPa across the cathode CL for a

ermeability of 0.4 × 10−14 m2. This result indicates that decreasing
he cathode CL permeability helps build up a high liquid pressure
n the cathode CL. The corresponding distributions of the liquid sat-
ration in the cathode are shown in Fig. 8b. In general, the change
Fig. 7. Effect of cathode CL contact angle on (a) distribution of cathode liquid
pressure, (b) distribution of cathode liquid saturation, (c) water crossover through
membrane.

in the liquid saturation in the cathode CL is small with decreasing
cathode CL permeability, thus causing little effect on the distribu-
water crossover on cathode CL permeability is shown in Fig. 8c.
Clearly, both the water fluxes by diffusion and electro-osmotic drag
remain almost unchanged with permeability. On the other hand, the
back-flow of water is greatly enhanced with reduction in cathode
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Fig. 8. Effect of cathode CL permeability on (a) distribution of cathode liquid pres-
sure, (b) distribution of cathode liquid saturation, (c) water crossover through
membrane.
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MPL contact angle on water transport through the MEA, followed
by examining the effect of cathode MPL permeability. The cath-
ode MPL contact angle is varied from 110◦ to 150◦. Fig. 9a shows
the distribution of cathode liquid pressure with different cathode
L permeability. As a result, the total rate of water crossover to the
athode is reduced from 5.0 to 3.5 �mol cm−2 s−1 when decreas-
ng the cathode CL permeability from 2.0 × 10−14 to 0.4 × 10−14 m2.
ence, decreasing the cathode CL permeability is also effective in

uppressing water crossover in DMFCs.
Fig. 9. Effect of the cathode MPL contact angle on (a) the distribution of cathode liq-
uid pressure, (b) the distribution of cathode liquid saturation, and (c) water crossover
through the membrane.

3.5. Effect of cathode MPL

In this section, first we investigate the effect of the cathode
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In this section, the influence of two membrane parameters,
namely thickness and permeability, on water crossover is exam-
ined. The fluxes of water crossover through different membranes
Fig. 10. Effect of the cathode MPL permeability on (a) the distribution of cathode liq-
uid pressure, (b) the distribution of cathode liquid saturation, and (c) water crossover
through the membrane.

(including Nafion 112, Nafion 115 and Nafion 117) at a current den-
sity of 100 mA cm−2 are presented in Fig. 11. It is seen that the total
rate of water crossover through a thicker membrane is much lower

than that through a thinner one. For instance, the flux of water
crossover decreases from about 10 to 5 �mol cm−2 s−1 when the
444 W.W. Yang, T.S. Zhao / Journal of

MPL contact angles at a current density of 100 mA cm−2. Clearly,
the gradient of liquid pressure across the cathode MPL becomes
relatively larger with increasing cathode MPL hydrophobic level,
which, in turn, results in a slight increase in the liquid pressure in
the cathode CL. The corresponding distribution of cathode liquid
saturation with different cathode MPL contact angles is shown in
Fig. 9b. As can be seen, the mean liquid saturation in the cathode
MPL decreases from about 0.045 to about 0.025 when increasing
the cathode MPL contact angle from 110◦ to 150◦, but the mean liq-
uid saturation in the cathode CL increases slightly from about 0.07
to about 0.09 as a result of increased liquid pressure in the cathode
CL. Fig. 9c displays the effect of the cathode MPL contact angle on
water crossover. The absolute value of the back-flow flux of water
slightly increases with increasing cathode MPL contact angle as a
result of the slightly enhanced liquid pressure in the cathode CL.
Overall, the total rate of water crossover decreases with increasing
contact angle, but the change is relatively small. This is probably due
to the two reasons. First, the built up of liquid pressure in the cath-
ode MPL is relatively insensitive to the contact angle of the cathode
MPL once the hydrophobic level is high enough in the cathode MPL,
as indicated in Eq. (9), such that the back-flow flux is not sensitive to
the increase in the contact angle of the hydrophobic cathode MPL.
Second, the flux of water crossover to the cathode due to diffusion
and electro-osmotic drag is so strong that the enhancement in the
back-flow flux can only offset a small portion of the water crossover
by diffusion and electro-osmotic drag [19–20].

The influence of the cathode MPL permeability is examined by
varying its value from 4.0 × 10−13 to 0.4 × 10−13 m2. Fig. 10a shows
the distribution of cathode liquid pressure with different cathode
MPL permeabilities at a current density of 100 mA cm−2. Clearly,
the liquid pressure across the cathode MPL increases sharply with
decreasing the cathode MPL permeability. For instance, the liquid
pressure increases from about 1.0 to 3.9 kPa across the cathode MPL
for a permeability of 0.4 × 10−13 m2. As a result, the liquid pres-
sure in the cathode CL is significantly enhanced on decreasing the
cathode MPL permeability. The corresponding distribution of liquid
saturation in the cathode is presented in Fig. 10b. On decreasing the
cathode MPL permeability from 4.0 × 10−13 to 0.4 × 10−13 m2, the
liquid saturation in the cathode MPL and the cathode DL decreases
slightly, but the liquid saturation in the cathode CL increases greatly
from about 0.07 to about 0.17 as a result of the significantly
increased liquid pressure in the cathode CL as shown in Fig. 10a.
Due to the changes in liquid pressure and liquid saturation in the
cathode CL that result from the change in the cathode MPL perme-
ability, the water crossover through the membrane will be affected.
The dependence of water crossover on cathode MPL permeability
is presented in Fig. 10c. As shown, the total rate of water crossover
decreases slightly when the cathode MPL permeability decreases
from 4.0 × 10−13 to 1.0 × 10−13 m2, but it decreases sharply when
the permeability falls below 1.0 × 10−13 m2. Obviously, the rapid
decrease in the total rate of water crossover is mainly caused by
the enhanced back-flow of water. In addition, the diffusion flux of
water decreases slightly as a result of increased liquid saturation
in the cathode CL. Although decreasing the cathode MPL perme-
ability tends to reduce water crossover, the induced relatively high
liquid saturation in the cathode CL might cause an adverse impact
on oxygen transport in the cathode CL, which may lower the cath-
ode potential. Therefore, a careful optimization of the cathode MPL
is necessary to balance the two opposite effects in real applications.

3.6. Effect of membrane
Nafion 112 membrane is replaced by Nafion 115 membrane. As indi-
cated in Eqs. (19) and (21), an increase in membrane thickness will
result in a decrease in both the diffusion flux and back-flow flux of
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Fig. 11. Effect of the membrane thickness on water crossover through the mem-
brane.
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ig. 12. Effect of the membrane permeability on water crossover through the mem-
rane.

ater crossover through the membrane. Since the diffusion flux is
uch higher than the back-flow flux of water in this study, employ-

ng a thick membrane can effectively reduce the total rate of water
rossover as well as the rate of methanol crossover, which tends
o reduce the anode water loss, mitigate the cathode water flood-
ng, and simultaneously lower the cathode mixed over potential.
n the other hand, a penalty associated with the thick membrane

s the high ohmic loss of the cell. Thus there is a tradeoff of benefits
nd disadvantages in real applications. Also, it is worth mention-
ng that, in some special cases where the water diffusion is much

eaker than the water back-flow through the membrane or both
re in the same direction from the cathode to the anode, the use of
hinner membrane is preferred [14–15,18].

The influence of membrane permeability on water crossover
s examined by varying its value from 1 × 10−18 to 1 × 10−17 m2.
ig. 12 presents the effect of the membrane permeability on water
rossover at a current density of 100 mA cm−2. It is seen that the
ack-flow flux of water increases from 0.5 to 4.0 �mol cm−2 s−1

hen the membrane permeability is increased from 1 × 10−18 to

× 10−17 m2. As a result, the total rate of water crossover decreases
reatly as a result of the enhanced back-flow flux of water. This
esult suggests that the membrane permeability should be as high
s possible for enhancing the back-flow of water to the DMFC anode.
wer Sources 188 (2009) 433–446 445

4. Conclusions

In this work, a two-phase mass-transport model is used to inves-
tigate the water transport through the MEA of a DMFC. The effects
of the design variables of each constituent component of the MEA
on each of the three water crossover mechanisms, namely electro-
osmotic drag, diffusion and back-flow, have been examined. Key
parameters that influence water crossover have been identified. The
salient findings are summarized as follows.

(1) Liquid saturation in the anode CL is usually larger than that in
the cathode CL, especially at low current densities, and results
in a water content gradient across the membrane to drive the
water diffusion to the cathode. On the other hand, the liquid
pressure in the cathode is larger in the anode, leading to a back-
flow of water from the cathode to the anode. Increasing the cell
current density leads to a decrease in the liquid saturation in
the anode CL as a result of the increased generation rate of CO2,
which decreases the water diffusion through the membrane. On
the other hand, the liquid pressure in the cathode CL increases
with current density, resulting in an increase in the back-flow of
water through the membrane. Technically, lowering the diffu-
sion flux of water to the cathode or enhancing the back-flow of
water to the anode can reduce the total rate of water crossover
in the DMFC.

(2) Lowering the liquid saturation in the anode CL by decreasing the
anode CL permeability or increasing the anode CL hydropho-
bic level can greatly reduce the water content and its gradient
across the membrane, thereby reducing the diffusion flux and
electro-osmotic drag flux of water across the membrane. As a
result, the total rate of water crossover can be significantly sup-
pressed. By contrast, anode MPL permeability and contact angle
have little effect on water crossover through the membrane.

(3) The permeability and contact angle of both the cathode CL
and cathode MPL are found to have strong impacts on water
crossover in the DMFC. Lowering the permeability or increasing
the contact angle can help the build up of a high liquid pressure
in the cathode CL, thus enhancing the back-flow of water to the
anode and reducing the total rate of water crossover.

(4) Increasing the thickness and permeability of the membrane can
greatly lower the total rate of water crossover to the cathode.
Although employing a thicker membrane helps reduce water
crossover and methanol crossover, a penalty associated with
the use of thicker membranes is the higher cell resistance, which
lowers cell performance. Attention needs to be paid to a tradeoff
between the benefits and disadvantages in real applications. It
should be noted that in some special cases where the water
diffusion is much weaker than the water back-flow through the
membrane or both are in the same direction from the cathode
to the anode, the use of a thinner membrane is preferred.
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