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bstract

In this work, a one-dimensional, isothermal two-phase mass transport model is developed to investigate the water transport through the membrane
lectrode assembly (MEA) for liquid-feed direct methanol fuel cells (DMFCs). The liquid (methanol–water solution) and gas (carbon dioxide
as, methanol vapor and water vapor) two-phase mass transport in the porous anode and cathode is formulated based on classical multiphase flow
heory in porous media. In the anode and cathode catalyst layers, the simultaneous three-phase (liquid and vapor in pores as well as dissolved
hase in the electrolyte) water transport is considered and the phase exchange of water is modeled with finite-rate interfacial exchanges between

ifferent phases. This model enables quantification of the water flux corresponding to each of the three water transport mechanisms through the
embrane for DMFCs, such as diffusion, electro-osmotic drag, and convection. Hence, with this model, the effects of MEA design parameters on
ater crossover and cell performance under various operating conditions can be numerically investigated.
2007 Elsevier B.V. All rights reserved.
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. Introduction

The liquid-feed direct methanol fuel cell (DMFC) has
ecently received much attention as it has been regarded as an
ttractive alternative to conventional power sources for portable
lectronic devices. However, the commercialization of DMFC
echnology is still hindered by several technological problems,
mong which water management is one of the key issues [1–4].
nlike in gas-hydrogen-feed polymer electrolyte fuel cells

PEFCs), in DMFCs, liquid methanol solution is fed to its
node. As a result, liquid water is prone to transport through
he membrane from the anode to the cathode, which is usually
alled water crossover. Water crossover can not only result in
water loss from the anode, but also increase the difficulty
n avoiding the cathode-flooding problem, downgrading the
MFC performance significantly. Therefore, suppressing water

rossover is beneficial not only for simplifying the DMFC
ystem but also for improving cell performance. To this end, it
s essential to gain a better understanding of the mechanisms of

∗ Corresponding author. Tel.: +852 2358 8647; fax: +852 2358 1543.
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ater crossover in DMFCs, which appears to be significantly
ifferent with that in PEFCs [1–3]. Over the past decade, the
roblem of water crossover through Nafion membranes for
MFCs has been experimentally studied extensively [1–11].
owever, it is rather difficult to shed light on each mechanism
f water crossover through the membrane through experimental
nvestigations, as water transport in DMFCs is intrinsically
oupled with a series of physicochemical processes, including
pecies transport, momentum transport, and multiple electro-
hemical reactions. Hence, mathematical modeling plays an
mportant role, as it can provide a powerful and economical tool
o quantify the complex transport processes and thus elucidate
he water transport mechanisms in DMFCs.

Recently, extensive efforts have been made to develop
wo-phase mass transport models for DMFCs [12–17], which
re more realistic and effective as the coexisting liquid and
as flow behavior has a significant influence on the mass
ransport processes [18,19]. Murgia et al. [12] presented a

ne-dimensional model based on phenomenological transport
quations for DMFCs. In order to consider the two-phase flow
nteraction in the diffusion layer (DL), they introduced a Gaus-
ian function to approximately account for the influence of the

mailto:metzhao@ust.hk
dx.doi.org/10.1016/j.jpowsour.2007.11.098
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Nomenclature

aw water vapor activity
Alg interfacial specific area between liquid and gas

phase (m2 m−3)
Av specific area (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)
I current density (A m−2)
Ip 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 (s−1)
ke evaporation rate (atm s)−1

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)
nd electro-osmotic drag coefficient
N mol flux (mol m−2 s−1), or Nafion
pc capillary pressure (Pa)
pg gas phase pressure (Pa)
pl liquid phase pressure (Pa)
R gas constant, J (mol 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 Coordinate, m, or mole fraction in gas mixture

Greek letters
α net water-transport coefficient
αa anode transfer coefficient at anode
αc cathode transfer coefficient at cathode
δ thickness of porous layer (m)
ε porosity of porous medium
γ reaction order of ORR
η overpotential (V)
κ ionic conductivity of membrane (�−1 m−1)
κa(κd) absorption (desorption) coefficient (s−1)
κads(κdes) H2Odis absorption (H2Oliq desorption) coeffi-

cient (s−1)
λ water content
μ viscosity (kg m−1 s−1)

θ contact angle (◦)
ρ density (kg m−3)
σ interfacial tension (N m−1)

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

Subscripts
a anode
bf back flow
c cathode, or capillary
dry dry membrane
dv from dissolved phase to vapor phase
e electrolyte, or evaporation
g gas phase
l liquid phase
ld from liquid phase to dissolved phase
mem membrane
M methanol
MV methanol vapor
rg relative value for gas phase
rl relative value for liquid phase
vapor water vapor
vl from vapor phase to liquid phase
W water
we dissolved water
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WV water vapor

apillary pressure on the effective gas porosity. Wang and Wang
13] modeled a DMFC using the multiphase mixture model, in
hich the species in the liquid and gas phase are assumed to be

t the thermodynamic equilibrium condition. Rice and Faghri
14] proposed a transient, multiphase model for a passive fuel
eed DMFC. Noteworthy is that the evaporation/condensation
f methanol and water was formulated in a manner to capture
on-equilibrium effects between phases, which differed from
he thermodynamic equilibrium assumption employed else-
here [12,13]. Most recently, Yang and Zhao [16,17] developed
two-phase mass transport model for liquid-feed DMFCs,
hich was formulated based on classical multiphase flow theory

n porous medium and with the effect of non-equilibrium evap-
ration and condensation of methanol and water taken account.
ost of previous work about DMFCs mainly investigated the

ransport phenomena in porous regions of the anode and the
athode, but relatively little efforts have been made on modeling
f the simultaneous water transport across the membrane.

Water transport across the Nafion membrane has been

xtensively modeled over the past decade for hydrogen-feed
EFCs [20–38]. Springer et al. [20] developed a simple, one-
imensional isothermal model of a complete PEFC that has
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the cathode. At the anode, liquid methanol solution is fed from
the channel through the DL to the CL, while the produced gas
CO2 is expelled from the DL to the channel. Thus, a liquid–gas
two-phase counter flow is involved in the anode porous region,
C. Xu et al. / Journal of Pow

rovided useful insight into the cell’s water transport mech-
nism. They considered gas transport in the electrode and
issolved water transport in the membrane, and applied thermo-
ynamics phase equilibrium condition between dissolved water
n the membrane and water vapor in the electrode at the mem-
rane/electrode interfaces. This equilibrium assumption has
een widely adopted by many researchers [21–29] in modeling
he water transport through the membrane. This model had been
xtended by Kulikovsky [30], who considered transport of both
as phase and dissolved water in electrolyte phase in the catalyst
ayers (CLs). They also assumed that, in the CLs, the dissolved
ater phase is in phase equilibrium with the water vapor in voids,

nd thus water transport in the CLs can be dealt with based
n the “fictitious water concentration” treatment. This approach
an also be found elsewhere [25–28]. However, the equilibrium
ssumption between water vapor and dissolved water, albeit
uitable as an approximation, is not strictly correct, since the
quilibrium state is not achieved instantly but over a prolonged
eriod of time [31]. As thus, Siegel et al. [32] and Vorobev et al.
31] developed models for PEFCs, in which they did not assume
quilibrium between water vapor and dissolved water in the CLs,
ut rather considered them as different phases exchanging at a
nite rate. Most recently, since under typical PEFC operating
onditions both liquid water and water vapor exists in voids of
he electrodes, a more realistic one-dimensional model had been
eveloped by Shah et al. [33,34], in which three phases of water
i.e., dissolved water in the electrolyte, water vapor in voids and
iquid water in voids) were considered. Notably, the equilib-
ium assumption between different phases was not employed,
nd evaporation and condensation between liquid and vapor, as
ell as adsorption and desorption between dissolved water and
apor and between dissolved water and liquid, were introduced
or the finite-rate interfacial mass transport. This basic feature
f the model enables in capturing the convoluted water transport
henomena across the whole MEA for PEFCs.

However, with regard to DMFCs, most of previous models
ssumed that the membrane was fully hydrated and no water dif-
usion occurred, and little work about the water transport across
he membrane was reported [15,39–44]. Meyers and Newman
39–41] developed a mathematical model that described the
ransport of species in a multi-component membrane. Liquid
hase in the anode and gas phase in the cathode were considered,
nd the equilibrium condition was assumed between the mem-
rane and the adjacent liquid or vapor phases. Similarly, Schultz
nd Sundmacher [42] developed a one-dimensional rigorous
rocess model for a single-cell DMFC, which also introduced
hase equilibrium assumption between the dissolved water and
he water inside the pores of both CLs. These two reports all
onsidered single phase flow in both the anode and the cathode,
hich were just for a first approximation and could not reflect

he mass transport processes in real liquid–gas two-phase flow
ccurring in the DMFC. Recently, Liu and Wang [15,43] devel-
ped a liquid–gas two-phase transport model for DMFCs, in

hich the water-crossover flux was determined based on the con-
itions at the CL/membrane interfaces and the phase equilibrium
ssumption. Different water-crossover mechanisms, including
iffusion, electro-osmotic drag and convection, were analyzed.
urces 178 (2008) 291–308 293

The objective of this work is to develop a one-dimensional,
sothermal two-phase mass transport model for liquid-feed
MFCs. Water transport in three phases (i.e., liquid, vapor, and
issolved phase) is considered simultaneously, and finite-rate
nterfacial exchanges between different phases are introduced
ithout any phase equilibrium assumptions. With these finite-

ate interfacial exchanges between different phases, dissolved
ater transport across the membrane can be intrinsically cou-
led with the liquid–gas two-phase flow in the porous regions
f both the anode and the cathode. Thus, this model enables
s to investigate different water-crossover mechanisms sepa-
ately, and study the effect of cell operating conditions on water
rossover. Furthermore, since the cathode porous region, espe-
ially the cathode micro-porous layer (MPL), plays an important
ole in both water crossover through the membrane and water
jection from the cathode [1,2,45–47], this model also includes
PLs between the DL and CL of both the anode and the cath-

de, which enables us to study the effect of membrane electrode
ssembly (MEA) structure on water transport in the DMFC. The
esults presented in this work provide a useful insight into the
ater-crossover mechanisms, which is helpful for the optimal
esign of the MEA to reduce water crossover and to achieve
etter cell performance.

. Formulation

We consider a MEA, as illustrated in Fig. 1, which consists of
even layers from the interface I between the anode channel and
node diffusion layer (ADL) to the interface VIII between the
athode diffusion layer (CDL) and cathode gas channel. Note
hat micro-porous layers (MPLs) are also included between the
atalyst layers (CLs) and coarse DLs at both the anode and
Fig. 1. Schematic of the model domain.
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ig. 2. Schematic representation of the interaction between water in the three
hases in the catalyst layers.

ncluding the ADL, the AMPL and the ACL. Similarly, in the
as-feed cathode, liquid water usually resides in the porous
egion under typical operating conditions, and thus a liquid–gas
wo-phase counter flow also occurs. In the following, we present
one-dimensional mass transport model for water through the
EA.

.1. Phase changes of water in the CLs

In the CLs, both liquid and water vapor can dissolve in the
lectrolyte (typically Nafion) with the effect of adsorption to
orm dissolved water. Thus, as schematically illustrated in Fig. 2,
ater exists in three phases in the CLs: liquid, vapor, and the
issolved phase. To model the water transport in the CLs, the
hase-change rates between different phases are needed. As
hown in Fig. 2, both the water produced at the cathode and
hat consumed at the anode is in the liquid phase. For the phase
hange between liquid and vapor, the rate of condensation and
vaporation can be modeled using the finite-rate approach [17]:

˜ vl = hvl(xvaporpg − psat
vapor) (1)

here psat
vapor is the saturation pressure of water vapor, pg is the

as pressure, and xvapor is the molar fraction of water vapor in the
as phase. Eq. (1) indicates that the phase change between liquid
nd vapor is driven by the deviation of the local thermodynamic
tate from equilibrium. Note that the driving force (xvaporpg −
sat
vapor) is positive for condensation but negative for evaporation.
he mass-transfer coefficient hvl can be given by [17,33]:

vl = kcε(1 − s)xvapor

2RT

(
1 + |xvaporpg − psat

vapor|
xvaporpg − psat

vapor

)

+ keεsρl

2MH2O

(
1 − |xvaporpg − psat

vapor|
xvaporpg − psat

vapor

)
(2)

here kc and ke are the condensation and evaporation rate con-
tants, ε the porosity of the porous region, s the liquid water

aturation, T the cell temperature, ρ1 the density of liquid and

H2O the molecular weight of water. In the above expression, a
ufficiently high values of kc and ke are chosen so that the vapor
s essentially in equilibrium with the liquid.

(
t
t
d

urces 178 (2008) 291–308

In a similar fashion, the dissolved water-vapor transfer rate
hrough desorption and adsorption can be expressed as:

˜ dv = hdv(Cwe − C∗
we,v) (3)

here Cwe is the dissolved water concentration in the electrolyte
nd C∗

we,v is the equilibrium dissolved concentration when the
olymer is in equilibrium with water-vapor-saturated gas. The
riving force (Cwe − C∗

we,v) is positive for desorption but nega-
ive for adsorption. The dissolved water concentration Cwe can
e transformed to the water content λ in the electrolyte and the
elationship between Cwe and λ is given by

= EW

ρdry
Cwe (4)

n Eq. (3), C∗
we,v can be derived from the equilibrium water

ontent λ∗
we,v at 353 K [48] to give

∗
we,v @353 K = 0.3 + 10.8aw − 16a2

w + 14.1a3
w (5)

nd at 303 K [20]

∗
we,v @303 K = 0.043 + 17.81aw − 39.85a2

w + 36.0a3
w (6)

here aw is the water vapor activity (aw = xvaporpg/p
sat
vapor). The

quilibrium water content λ∗
we,v at any temperature can thus be

pproximated by [49]

∗
we,v = λ∗

we,v @303 K + λ∗
we,v @353 K − λ∗

we,v @303 K

50
(T − 303)

(7)

The coefficients of adsorption and desorption hdv can be given
y [33,34]

dv = 1

2
κd(1 − s)λ

(
1 + |Cwe − C∗

we,v|
Cwe − C∗

we,v

)

+1

2
κa(1 − s)λ

(
1 − |Cwe − C∗

we,v|
Cwe − C∗

we,v

)
(8)

here κd and κa are the desorption and adsorption rate constants.
It is known that when the electrolyte Nafion is submerged

n liquid water its equilibrium water content appears to jump
iscontinuously to a higher value of λ∗

we,l = 22 [34,39–41].
o capture this anomaly we also introduce the liquid-dissolved

ransfer rate through desorption and adsorption, which is driven
y the deviation of the water concentration from the equilibrium
ne and is given by

˜ ld = hld(C∗
we,l − Cwe) (9)

here C∗
we,l is the equilibrium dissolved concentration when the

lectrolyte is in equilibrium with liquid water. The driving force

C∗

we,l − Cwe) is positive for desorption of water from the elec-
rolyte to form liquid but negative for adsorption of liquid water
o the electrolyte in the CLs. The coefficients of adsorption and
esorption hld is assumed to be dependent of liquid saturation
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nd can be given by [33,34]

ld = 1

2
κadss

(
1 − |Cwe − C∗

we,l|
Cwe − C∗

we,l

)

+1

2
κdess

(
1 + |Cwe − C∗

we,l|
Cwe − C∗

we,l

)
(10)

here κdes and κads are the desorption and adsorption rate con-
tants between liquid and dissolved water. The values of κdes
nd κads are chosen large enough to avoid significant overshoot
f cwe when it exceeds C∗

we,l. These parameters and their values
re given in Table 1.

.2. Governing equations for mass transport

We now present the governing equations for the one-
imensional, steady-state, isothermal two-phase mass transport
n the porous regions of the DMFC anode and cathode, as well as
or the dissolved water transport in the electrolyte in both the CLs
nd the membrane. The details of the two-phase mass transport
odel in the porous regions can be found elsewhere [16,17].
eferring to Fig. 1, in the anode and cathode porous regions

from Interface I to IV and from V to VIII), there are a total of
ine variables that are used to describe mass transport of each
pecies, including the concentration of liquid methanol (CM,l),
he concentration of methanol vapor (CMV,g), gas pressure in
he anode (pg,a), liquid pressure in the anode(pl,a), the concen-
ration of water vapor in the anode (CWV,g,a), the concentration
f gas oxygen in the cathode (CO2,g), liquid phase pressure in
he cathode (pl,c), gas phase pressure in the cathode (pg,c) and
he concentration of water vapor in the cathode (CWV,g,c). In the
lectrolyte region (from III to VI), variable of dissolved water
oncentration in the electrolyte (Cwe) are involved. The govern-
ng equations that describe the mass conservation of each species
t different phases are given below:

Anode porous region (I–IV):

pl,a : ∇ ·
(

− Kkrl

μl/ρl
∇pl,a

)
= ṁl,a (11)

pg,a : ∇ ·
(

− Kkrg

μg/ρg
∇pg,a

)
= ṁg,a (12)

CM,l : ∇ ·
[(

−Kkrl

μl
∇pl,a

)
CM,l − Deff

M ∇CM,l

]
= ṘM,l,a

(13)

MV,g : ∇ ·
[(

−Kkrg

μg
∇pg,a

)
CMV,g − Deff

MV,g∇CMV,g

]

= ṘMV,g (14)
WV,g : ∇ ·
[(

−Kkrg

μg
∇pg,a

)
CWV,g,a − Deff

WV,g∇CWV,g,a

]

= ṘWV,g,a (15)

H
v

urces 178 (2008) 291–308 295

Cathode porous region (V–VIII):

pg,c : ∇ ·
[(

− Kkrg

μg/ρg

)
∇pg,c

]
= ṁg,c (16)

pl,c : ∇ ·
[(

− Kkrl

μl/ρl

)
∇pl,c

]
= ṁl,c (17)

O2,g : ∇ ·
[(

−Kkrg

μg
∇pg,c

)
CO2,g − Deff

O2,g∇CO2,g

]

= ṘO2,g (18)

WV,g,c : ∇ ·
[(

−Kkrg

μg
∇pg,c

)
CWV,g,c − Deff

WV,g∇CWV,g,c

]

= ṘWV,g,c (19)

Here, it should be noted that the capillary pressure for the
orous region is given by [16,17]:

c = pg − pl = σ cos θ(ε/K)0.5J(s) (20)

here J(s) represents the widely-used Leverette function:

(s) =
{

1.417(1 − s) − 2.120(1 − s)2 + 1.263(1 − s)3 0 < θ ≤ 90o

1.417s − 2.120s2 + 1.263s3 90o < θ < 180o

(21)

Thus, the liquid saturation for the porous regions of both
he anode and the cathode can be determined from Eqs.
20) and (21) after obtaining the liquid pressure and gas
ressure.

.3. Electrolyte region (III–VI)

Unlike in the porous region, in the electrolyte region only
issolved water and methanol need to be considered, as the
embrane is usually regarded as a gas insulator. Transport of

issolved water through the electrolyte generally depends on
olecular diffusion, electro-osmotic drag and back convection.
ccordingly, the flux of water crossover (NW) can be given by

1,2]:

W = −ε1.5
e Dwe(λ)∇Cwe + nd,H2O

I

F
− εeKmemρl

μlMH2O
∇pl (22)

Thus, the governing equation for the dissolved water concen-
ration (Cwe) is:

· NW = ∇ · (−ε1.5
e Dwe(λ)∇Cwe) + ∇ ·

(
nd,H2O

I

F

)

=

⎧⎪⎨
⎪⎩

R̃ld − R̃dv − Ṙbf(ACL)

0(PEM)

R̃ld − R̃dv + Ṙbf(CCL)

(23)

ere, we assume that the water-crossover flux due to back con-

ection (− εeKmemρl

μlMH2O
∇pl) is uniformly distributed across the CLs,
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Table 1
Physicochemical properties

Parameters Symbols Value Unit Ref.

Porosity, permeability
ADL εadl,Kadl 0.75, 1.0 × 10−12 –, m2 –
AMPL εampl,Kampl 0.3, 2.5 × 10−13 –, m2 [16]
ACL εacl,Kacl 0.3, 1.5 × 10−14 –, m2 [16]
MEM εmem,Kmem 0.3, 2.0 × 10−18 –, m2 [16]
CCL εccl,Kccl 0.3, 1.5 × 10−14 –, m2 [16]
CMPL εcmpl,Kcmpl 0.3, 2.5 × 10−13 –, m2 [16]
CDL εcdl,Kcdl 0.75, 1.0 × 10−12 –, m2 –

Nafion volume fraction
ACL εe,acl 0.3 – –
CCL εe,ccl 0.3 – –

Diffusivities
MeOH in water DM,l 1.58 × 10−9e0.02623(T−298) m2 s−1 [16]
MeOH in Nafion DM,N 4.9 × 10−10e[2436(1/333−1/T)] m2 s−1 [16]
Methanol vapor DM,g −6.954 × 10−6 + 4.5986 × 10−8T + 9.4979 × 10−11T2 m2 s−1 [17]

O2 in gas DO2, g 1.775 × 10−5
(

T
273.15

)1.823
m2 s−1 [16]

Water vapor DWV,g 2.56 × 10−5
(

T
307.15

)2.334
m2 s−1 [16]

Dissolved water in Nafion Dwe 4.17 × 10−8λ(161e−� + 1)e−2436/T m2 s−1 [21]
Viscosity of gas phase μg 2.03 × 10−5 kg m−1 s−1 [17]
Viscosity of liquid phase μl 4.05 × 10−4 kg m−1 s−1 [16]
Electro-osmotic drag coefficients of

water and methanol
nd,H2O

2.5
22 λ – [24]

nd,M nd,H2OxM – –
Evaporation rate constant for water ke 1.0 × 103 (atm s)−1 –
Condensation rate constant for water kc 1.0 × 106 s−1 –
Interfacial transfer rate constant for

methanol
hlg 0.05 m s−1 –

Specific interfacial area between
liquid and gas

Alg 105 m−1 [17]

Water vapor adsorption (desorption)
coefficient

κa(κd) 8.0 (0.25) s−1 –

Water liquid adsorption (desorption)
coefficient

κads(κdes) 4.0 (100.0) s−1 [34]

Proton conductivity in membrane κ 7.3e[1268(1/298−1/T)] �−1 m−1 [16]
Henry law constant for methanol kH,M 0.096e0.04511(T−273) atm [17]
The saturation pressure of water

vapor
log10p

sat
WV −2.1794 + 0.02953(T−273) − 9.1837 × 10−5(T−273)2 + 1.4454 × 10−7(T−273)3 atm [17]

The saturation pressure of methanol
vapor

psat
MV kHxM,l atm [17]

Thermodynamic voltage V0 1.21 V [16]
Transfer coefficient of anode αa 0.5 – [16]
Transfer coefficient of cathode αc 1.0 – [16]
Anode exchange current density Av,aj

ref
0,M 1.0 × 105 A m−3 [16]

Cathode exchange current density Av,cj
ref
0,O2

6.97 × 102 A m−3 [16]
Anode reference concentration Cref

M 100 mol m−3 [16]
Cathode reference concentration Cref

O2
36.5 mol m−3 [16]

Surface tension � 0.0644 N m−1 [45]
E
D

a

R

i
r
a
d

d

N

I
w

quivalent weight of ionomer EW 1.1
ry membrane density ρdry 1980

nd the term

˙ bf = Kmemρl

μlMH2O

Δpl,c-a

δmemδcl
(24)
s to account for the effect of back convection, where �pl,c–a
epresents the liquid pressure difference between the cathode
nd the anode. The flux of methanol crossover (NM,l), which
epends on the effect of molecular diffusion, electro-osmotic

o

s
r

kg mol−1 [21]
kg m−3 [21]

rag and convection, can be given by:

M,l= −DM,N∇CM,l + nd,M
I

F
−
(

Kmem

μl

�pl,c-a

δmem

)
CM,l (25)

t should be mentioned here that the model developed in this
ork can also be used to study the effect of methanol crossover

n cell performance.

To make the above governing equations closed, some con-
titutive correlations and definitions are needed. These include
elative permeability for both gas and liquid phases, effective dif-
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Table 2
Constitutive relations

Parameters Expressions

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

Effective diffusion coefficients of species [16,17] Deff
i,g = Di,gε

1.5(1 − s)1.5 i : O2, WV, MV ADL/AMPL ACL MEM

Deff
M =

⎧⎪⎨
⎪⎩

DM,lε
1.5s1.5

(ε + εe)

[ε/(DM,lε
1.5s1.5) + εe/(DM,Nεe

1.5)]
DM,N

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

MH2OR̃vl − MMṘMV,g

MH2O(R̃vl − R̃ld + Ṙbf − ja/6F ) − MM(ṘMV,g + ja/6F + Ip/6Fδacl)
ADL/AMPL ACL

ṁl,c =
{

MH2OR̃vl

MH2O(R̃vl − R̃ld − Ṙbf + ((jc − Ip/δccl)/2F + Ip/3Fδccl))
CDL/CMPL CCL

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

−MH2OR̃vl + MMṘMV,g

MCO2 ja/6F + MH2O(R̃dv − R̃vl) + MMṘMV,g
ADL/AMPL ACL

ṁg,c =
{

−MH2OR̃vl

−MO2 jc/4F + MCO2 Ip/6Fδccl + MH2O(R̃dv − R̃vl)
CDL/CMPL CCL

Mole generation rate of species ṘO2,g =
{

0

− jc

4F

,ṘWV,g,c =
{

−R̃vl

R̃dv − R̃vl
CDL/CMPL CCL

ṘM,l,a =
{ −ṘMV,g

− ja − ṘMV,g − Ip

6

, ṘWV,g,a =
{−R̃vl

R̃dv − R̃vl
ADL/AMPL ACL

sat
MV−pM

RT

f
o
s
t

2

b
a

6F

ṘMV,g = Alghlgs(1 − s)
(p

usion coefficients for each species, the interfacial transfer rates
f methanol between liquid and gas phases and all the other
ource terms. All these correlations and associated nomencla-
ures are listed in Table 2.

.4. Boundary and interfacial conditions for mass transport

As indicated in Fig. 1, the computational domain is enclosed
y eight boundaries/interfaces. The conditions at each bound-
ry/interface are described below.

Boundary I: This boundary represents the inlet of reactant sup-
ply at the anode, at which the concentration of liquid methanol,
liquid-phase pressure, liquid saturation and the concentrations
of methanol vapor and water vapor are all specified to be inlet
conditions:

CM,l = Cin
M, CMV = Cin

MV, CWV = Cin
WV,a, pl = pin

l , s = 1

(26)

Interface III and VI: These two boundaries are the interfaces
between MPLs and CLs for the anode and cathode, which
indicate impermeable walls for the dissolved water since there

exists no electrolyte in the MPLs. Accordingly, the fluxes of the
dissolved water in the x direction are zero at these interfaces:

NW|+ = 0(III), NW|− = 0(VI) (27)
Fδacl

V)
ADL/AMPL/ACL

Interface IV: This interface is the interface between the ACL
and the membrane for the anode, which is impermeable for
both the gas and the liquid (except methanol in the liquid).
Thus, all the fluxes except the dissolved water and methanol in
the liquid in the x direction are zero at this interface:

∂pl,a

∂x

∣∣∣∣− = 0,
∂pg,a

∂x

∣∣∣∣− = 0,
∂CWV,g,a

∂x

∣∣∣∣− = 0,
∂CMV,g

∂x

∣∣∣∣− = 0

(28)

Interface V: This interface is the interface between the CCL and
the membrane for the cathode. It is assumed that the methanol
transported from the anode will be depleted immediately due
to the very fast methanol reaction at the cathode, and thus the
methanol concentration at this interface is zero. Similar to inter-
face IV, all the gas and liquid fluxes in the x direction are zero
at this interface:

CM,l
∣∣− = 0,

∂pl,c

∂x

∣∣∣∣+ = 0,
∂pg,c

∂x

∣∣∣∣+ = 0,
∂CWV,g,c

∂x

∣∣∣∣+
= 0,

∂CO2

∂x

∣∣∣∣+ = 0 (29)

Boundary VIII: This boundary represents the inlet of oxy-

gen supply at the cathode, at which the following boundary
conditions are specified:

CO2 = Cin
O2

, CWV = Cin
WV,c, pg = pin

g , s = 0 (30)
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Table 3
Cell geometric dimensions and operating parameters

Parameters Symbols Value Unit

Anode diffusion layer thickness δadl 2.6 × 10−4 m
Anode micro-porous layer thickness δampl 0.3 × 10−4 m
Anode catalyst layer thickness δacl 0.2 × 10−4 m
Membrane thickness (Nafion 115) δmem 0.5 × 10−4 m
Cathode diffusion layer thickness δcdl 2.6 × 10−4 m
Cathode micro-porous layer thickness δcmpl 0.3 × 10−4 m
Cathode catalyst layer thickness δccl 0.2 × 10−4 m
Operation temperature T 333.15 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 vapor concentration at anode Cin
MV Csat

MV mol m−3

Inlet oxygen concentration at cathode Cin
O2

7.68 mol m−3

Inlet water vapor concentration at anode Cin
WV,a psat

vapor/RT mol m−3

Inlet water vapor concentration at cathode Cin
c psat /RT mol m−3
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nlet liquid saturation at anode sin

nlet liquid saturation at cathode sin

Besides, the conditions at the interfaces II, III, VI and VII for
he gas and liquid transport in the porous region and at interfaces
V and V for the dissolved water transport in the electrolyte are
iven based on the principle that the continuity and mass/species
ux balance are required at each interface to satisfy the general
ass and species conservation of the entire cell. It should be

ointed out here that since the anode gas and liquid pressure, as
ell as the anode capillary pressure, is continuous at interfaces

I and III, so is the cathode gas and liquid pressure at interfaces
I and VII, the difference in the characteristics of DL, MPL and
L causes discontinuities in the liquid saturation at these four

nterfaces.

.5. Electrochemical kinetics

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

a = Av,aj
ref
0,MeOH

(
CM

Cref
MeOH

)γ

exp

(
αaF

RT
ηa

)
(31)

here the reaction order γ is related to the methanol con-
entration and assumed to be the zero-order when methanol
oncentration is higher than a reference value. Otherwise, the
rst-order reaction is specified.

With respect to the oxygen reduction reaction (ORR) on the
athode, the Tafel-like expression gives [13,15]:

c = (1 − s)Av,cj
ref
0,O2

(
CO2

Cref
O2

)
exp

(
−αcF

RT
ηc

)
(32)

.6. Current balance, cell voltage and water balance
The protons and electrons produced by the MOR on the anode
ransfer to the cathode through the membrane and the external
ircuit, respectively. The cell current density can be calculated

N

t

vapor
1 –
0 –

y

=
∫

ACL
jadx (33)

To account for methanol crossover, the ‘parasitic’ current
ensity is used to express the rate of methanol crossover:

p = 6FNM,l (34)

here the molar flux of methanol crossover, NM,l, is given by
q. (25).

On the cathode, it is assumed that both the cell current and
he ‘parasitic’ current are entirely consumed by the ORR, i.e.:

+ Ip =
∫

CCL
jcdx (35)

In summary, for a given anode overpotential, ηa, the cell
urrent density, I, and the ‘parasitic’ current density, Ip, can
e determined from Eqs. (33) and (34), respectively. Then, the
athode mixed overpotential, ηc, with the effect of methanol
rossover, can be obtained from Eqs. (32) and (35). Finally, the
ell voltage can be determined from:

Cell = V0 − ηa + ηc − I

(
RContact + δmem

κ

)
(36)

here V0, RContact and κ denote the thermodynamic equilib-
ium voltage of a DMFC, the contact resistance and the proton
onductivity of the membrane, respectively.

Finally, the flux of water crossover with the effect of diffusion
NW,diff), electro-osmotic drag (NW,eo) is determined using the
alues at the interface IV:

W,diff = −ε1.5
e Dwe(λ)∇Cwe|+ (37)

I
∣∣
W,eo = +nd,H2O
F
∣∣+ (38)

And the total flux of water crossover is also represented by
he so-called net water-transport coefficient, α, which is given
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y:

= NWF

I
(39)

The above-described governing equations for the cell geo-
etric dimensions and operating parameters listed in Table 3

ubjected to electrochemical properties listed in Table 1,
ere solved numerically using a self-written code, which was
eveloped based on the SIMPLE algorithm with the finite-
olume-method [16,17].

. Results and discussion

.1. Distributions and various species at different current
ensities

This section presents the distributions of several species,
ncluding concentration of methanol solution, cathode oxygen
oncentration, anode gas pressure and liquid saturation, cathode
iquid pressure and liquid saturation, and the water content in
he electrolyte region, at different current densities.

Fig. 3a shows the distribution of methanol concentration in
he DMFC anode and the membrane at different current densi-
ies. It can be seen that at a given current density the methanol
oncentration decreases in each layer and reaches zero at the
EM/CCL interface. The different slopes of methanol concen-

ration across different porous layers (ADL, AMPL, ACL, and
EM) indicate the different effective diffusivities of methanol
Deff

M ) in different layers. Fig. 3a also shows that with the
ncrease in current density, methanol concentration decreases in
ll the layers as more methanol is consumed in the ACL. When
he current density reaches about 484.0 mA cm−2 (ηa = 0.6 V),
ethanol concentration approaches almost zero in the ACL,
eaning that methanol is almost completely consumed in the

CL and correspondingly, 484.0 mA cm−2 is just the methanol-

ransport-controlled limiting current density.
The distribution of gas oxygen concentration in the cathode

orous region at different current densities is shown in Fig. 3b.

t
w
w
p

ig. 3. Distributions of (a) methanol concentration in liquid phase through the anode e
t different current densities.
urces 178 (2008) 291–308 299

xygen is transported through the gas pores from the cathode
hannel to the CCL, in which the oxygen concentration becomes
ower due to the consumption of oxygen by the ORR. With
he increase in current density, the oxygen concentration is also
educed due to the increased oxygen consumption. However, the
ecrease in oxygen concentration from the channel to the CL is
elatively small even at the largest current density, indicating
hat the mass transport resistance of oxygen is rather low. This
s due to faster transport of oxygen in the gas phase and lower
iquid water saturation in the cathode porous region, as will be
iscussed later.

The distribution of gas pressure in the anode at different
urrent densities is shown in Fig. 4a. Due to the hydrophobic
haracteristic of the anode porous region, the gas pressure is
maller than the anode liquid pressure, which is nearly a con-
tant of 101.3 kPa. It can be seen that the gas pressure can vary
reatly from the anode channel to the ACL. Apparently, the gas
ressure in the region close to the PEM is higher than that in
he region close to the anode flow channel, as gas CO2, gen-
rated by MOR in the ACL, is transferred from the ACL to
he flow channel. Across the interfaces II and III the gas pres-
ure is continuous while the gradients are different due to the
ifferent properties (K and krg) at different layers, which can
e understood by referring to Eq. (12). With the increase in
urrent density, the gas pressure increases due to the increased
eneration of gas CO2. It should be pointed out here that in
he ACL the gas pressure does not always decrease from the
nterface IV to III, and this anomalous distribution is caused
y the complicated mass exchanges between different phases
i.e., gas, liquid, dissolved phase) in the CL. By referring to Eq.
12) and the corresponding source terms for the gas transport,
here exists not only the CO2 generation and water vapor gaining
rom the desorption of dissolved water into the gas phase, but
lso the water vapor loss by condensing into the liquid phase in

he CL. The fluxes of water exchange depend highly on the local
ater status (e.g., concentrations of water vapor and dissolved
ater), which in turn affects the anomalous distribution of gas
ressure.

lectrode and membrane, and (b) gas oxygen concentration through the cathode
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Fig. 4. Distributions of (a) gas pressure in the anode, and

The corresponding distribution of anode liquid saturation at
ifferent current densities is shown in Fig. 4b. It is seen that
node liquid saturation is always smaller than 1.0 in the porous
egion due to the generation of CO2. It deceases from the channel
cross the ADL as the liquid is transported from the channel to
he CL. It is clear that there is a discontinuity of anode liquid
aturation at the interface II, which is caused by the continuity of
apillary pressure across the interface. At the interface II, from
he definition of capillary pressure (Eq. (20)), it gives:

cos θADL

(
εADL

KADL

)0.5

J(sADL,II)

= cos θAMPL

(
εAMPL

KAMPL

)0.5

J(sAMPL,II) (40)

Thus, the large differences in permeability and porosity
etween the ADL and AMPL cause a discontinuity in the liquid

aturation across the interface of these two layers. Since the per-
eability of the MPL is extremely small, the liquid saturation

n this finer porous region is rather low (∼0.6–0.7). Similarly,
ue to the large difference in permeability and contact angle

f
p
i
t

Fig. 5. Distributions of (a) liquid pressure in the cathode, and (b) l
uid saturation in the anode at different current densities.

etween the AMPL and ACL, a discontinuity in the liquid sat-
ration occurs across the interface III, and the less hydrophobic
roperty (θ) of the ACL mainly contributes to the relatively high
iquid saturation (∼0.85–0.95). With the increase in current den-
ity, the anode liquid saturation is reduced due to the increased
eneration of gas CO2. Generally, the gas phase in the anode
orous region has two effects: on one hand, it limits the access
f methanol from the channel to the catalyst region; on the other
and, the gas occupancy in the catalyst layer reduces the water
ontent in the electrolyte and thus influences the water crossover
rom the anode to the cathode, as will be discussed later.

The gas pressure in the cathode is also nearly a constant of
01.3 kPa, while the liquid pressure can vary greatly from the
athode channel to the CCL, which is shown in Fig. 5a. Due
o the hydrophobic characteristic of the cathode porous region,
he liquid pressure is larger than the cathode gas pressure. It is
een that the liquid pressure increases from the cathode channel
o the CCL due to the fact that liquid water is transported out

rom the CCL to the cathode channel. Similar to the anode gas
ressure, the cathode liquid pressure is continuous across the
nterfaces VI and VII while the gradients are different due to
he different diffusivities (K and krl) at different layers, which

iquid saturation in the cathode at different current densities.
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an be understood by referring to Eq. (17). With the increase
n current density, the liquid pressure also increases due to the
ncreased water generation from the ORR and water crossover
n the CCL. Since the liquid pressure in the anode is nearly a
onstant (101.3 kPa), the liquid pressure in the cathode is always
arger, and the induced back convection of water from the cath-
de to the anode is utilized to reduce the water crossover in the
MFC.
The corresponding distribution of cathode liquid saturation

t different current densities is shown in Fig. 5b. It is seen that
athode liquid saturation is rather small (<0.15) in the cathode
orous region, accordingly the mass transport resistance of oxy-
en is rather small (see Fig. 3b). The liquid saturation increases
rom the cathode channel across the CDL, and similar to the
node liquid saturation, it shows a discontinuity at the interface
II, which is caused by the large difference in permeability and
orosity between the CMPL and the CDL. The much smaller
ermeability of the CMPL mainly results in the lower liquid
aturation in this finer porous region. Similarly, a discontinuity
n the liquid saturation occurs at the interface VI, and the less
ydrophobic property (θ) of the CCL leads to the relatively high
iquid saturation. It is also found that the cathode liquid satu-
ation increases with the increase in current density due to the
ncreased water flux across the porous region.

Comparing Figs. 4b and 5b, it can be seen that liquid–gas
wo-phase flow takes place in both the ACL and the CCL, and
hus the electrolyte polymer is not exactly in equilibrium with
iquid water in the anode or saturated water vapor in the cathode.
ccordingly, it is easy to conceive that water content across

he electrolyte region is not uniform, and it depends highly on
he liquid saturation in the ACL and the CCL, which in turn
nfluences the water crossover through the membrane.

The water content, representing the dissolved water concen-
ration from Eq. (4), across the electrolyte region (ACL, PEM
nd CCL) at different current densities is shown in Fig. 6a.

pparently, the distribution of water content across the elec-

rolyte region is highly not uniform: the water content near the
node is higher than that near the cathode. For instance, at the
urrent density of 16.0 mA cm−2, water content of electrolyte in

d
t
s
m

ig. 6. Distribution of water content in the electrolyte region at different current den
he corresponding net water-transport coefficient with current density (b).
urces 178 (2008) 291–308 301

he ACL is near to 21, whereas in the CCL it is only between
3 and 15. This significant difference in water content between
he ACL and the CCL is mainly due to the fact that liquid sat-
ration in the ACL is relatively high (about 0.9 from Fig. 4b),
hereas in the CCL it is rather low (about 0.12 from Fig. 5b).
ith the increase in current density, it is seen that water con-

ent decreases somewhat in the ACL while increases slightly
n the CCL, leading to reduced gradients across the membrane
s well. This change in water content is also mainly caused by
he slight change in liquid saturation with current density: liq-
id saturation decreases in the ACL (Fig. 4b) while increases
n the CCL (Fig. 5b) with the increase in current density. The
on-uniform distribution of water content and its variation with
urrent density shown in Fig. 6a clearly demonstrate that water
ontent across the electrolyte region highly depends on the liq-
id saturation in both the ACL and the CCL. It is also noted that
ear the limiting current density (484 mA cm−2) water content
cross the ACL increases first from the AMPL/ACL interface
III) and then decreases, which is different from the continu-
us decrease at relatively low current densities. This anomalous
ehavior is due to that near the limiting current density, the gen-
rated current across the ACL is highly not uniform: current is
ainly generated near the interface III. The generated current in

he region near the interface III can lead to a considerable anal-
gous dissolved water “loss” by the effect of electro-osmotic
rag, which can be understood by referring to Eq. (23).

Based on the water content distribution shown in Fig. 6a,
e can now examine how the flux of water crossover varies
ith current density by studying Fig. 6b. It is seen that the total
ux of water crossover increases first slowly and then faster
ith the increase in current density, which is consistent with the

xperimental data reported elsewhere [1,2]. As discussed in the
receding section, the total flux is due to three water-crossover
echanisms: diffusion flux, electro-osmotic drag flux and back-
ow flux. First, it is seen that the water flux by electro-osmotic

rag increases nearly linearly with current density. Secondly,
he diffusion flux from the anode to the cathode is quite sub-
tantial, which is due to that the water content at the anode is
uch higher than that at the cathode (Fig. 6a). With the increase

sities (a), and variation in the water-crossover flux through the membrane and
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Table 4
Limiting current densities under different parameters (ηa = 0.6 V)

Limiting current density (mA cm−2)

Effect of contact angle of CMPL

110◦ 484.6
120◦ 484.2
130◦ 483.5
140◦ 482.6
150◦ 481.9

Effect of thickness of CMPL

15 �m 484.5
30 �m 484.2
60 �m 483.6
90 �m 483.1

Effect of permeability of CMPL

5.0e–13 m2 484.7
2.5–13 m2 484.2
1.0e–13 m2 480.3
0.75e–13 m2 477.4
0.5e–13 m2 470.1
0.4e–13 m2 462.8
0.3e–13 m2 449.7
0.25e–13 m2 438.9

Effect of contact angle of CCL

93◦ 454.2
94◦ 471.7
95◦ 477.4
97◦ 481.4

100◦ 483.2
105◦ 483.6
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n current density, the diffusion flux decreases as a result of the
ecreased water content in the anode and the increased water
ontent in the cathode, as shown in Fig. 6a. Hence, the assump-
ion of uniform water content across the membrane made in

any previous papers on modeling DMFCs will cause signifi-
ant errors in predicting water crossover and cell performance.
hird, the back-flow flux from the cathode to the anode, indi-
ating by the negative value, is slightly enhanced with current
ensity, which is due to the increased liquid pressure difference
cross the membrane as shown in Fig. 5a. Fig. 6b also shows
he corresponding net water-transport coefficient, α, which is
etermined from Eq. (39). It is seen that α decreases rapidly at
ow current densities, but the decrease becomes slower at high
urrent densities, from about 15 to 2.6 when the current density
s increased from 35.0 to 400.0 mA cm−2. It is worth mention-
ng here that the variation trends of the water-crossover flux by
ifferent transport mechanisms, as well as the corresponding α,
re all consistent with the experimental results in our previous
ork [1,2].

.2. Effect of contact angle of the cathode MPL

From the results shown in Figs. 4–6, it is clear that the prop-
rties of cathode porous region have great effects on water
rossover through the membrane, due to the fact that the flux
f water crossover depends both on the liquid pressure built up
n the cathode and on the liquid saturation in the CCL. From
qs. (17) and (20), we can obtain:

= − Kkrl

μl/ρl
∇pl,c = σ cos θ(εK)0.5krl

μl/ρl

dJ(s)

ds
∇s (41)

hich shows that the liquid pressure and liquid saturation in
he cathode can be significantly affected by the permeability,
ontact angle, porosity and thickness of the cathode porous layer,

specially the CMPL. In this section, the effect of contact angle
f CMPL is discussed.

The contact angle of the CMPL varies from 110◦ to 150◦,
ndicating relatively low to high hydrophobic level, while all the

h
b
h
t

ig. 7. Distributions of (a) liquid pressure in the cathode, and (b) liquid saturation in th
ensities (ηa = 0.6 V).
110◦ 483.1
120◦ 481.8

ther parameters are kept the same as listed in Tables 1 and 3.
ig. 7a shows the distribution of cathode liquid pressure with dif-
erent CMPL contact angles at nearly the same limiting current
ensities (∼484.0 mA cm−2 as shown in Table 4). Apparently,
he increase in the liquid pressure across the CMPL becomes

ore rapidly with the increase in the contact angle, which also
eads to increased liquid pressure built up in the CCL. This indi-
ates that using highly hydrophobic CMPL helps build up a

igher liquid pressure in the CCL and thus enhance the water
ack flow from the cathode to the anode. From Eq. (41), the
igher liquid pressure gradient in the CMPL with a larger con-
act angle comes from the reduced liquid saturation, as shown

e cathode with different contact angles of the CMPL and at the limiting current
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ig. 8. Distribution of water content in the electrolyte region with different con
orresponding variation in the water-crossover flux through the membrane and

n Fig. 7b. It is seen that the liquid saturation in the CMPL
s reduced from about 0.10 to 0.05 when the contact angle is
ncreased from 110◦ to 150◦, due to the enhanced hydrophobic
evel. However, the liquid saturation in the CCL is increased
rom about 0.12 to 0.17, which is caused by the increased liq-
id pressure in the CCL. This result indicates that increasing
he hydrophobic level of the CMPL helps to reduce the water
aturation across it, which is beneficial for the oxygen transport
hrough it, while the accordingly increased liquid pressure built
p in the CCL enhances the water flooding in the CL.

The water content across the electrolyte region with differ-
nt contact angles of the CMPL is shown in Fig. 8a. With the
ontact angle increasing from 110◦ to 150◦, water content in the
CL increases somewhat, which is due to the increased liquid

aturation in the CCL, as shown in Fig. 7b. As a result, the gra-
ient of water content across the membrane is slightly reduced.

ccordingly, the change in the cathode liquid pressure and the
ater content in the polymer caused by the change in the CMPL

ontact angle will affect the flux of water crossover from the
node to the cathode, which is shown in Fig. 8b. It can be seen

i
o
s

ig. 9. Distributions of (a) liquid pressure in the cathode, and (b) liquid saturation in
ensities (ηa = 0.6 V).
gles of the CMPL and at the limiting current densities (ηa = 0.6 V) (a), and the
t water-transport coefficient (b).

hat with the increase in the CMPL contact angle, the water flux
y diffusion from the anode to the cathode is slightly reduced
ue to the lowered gradient of water content across the mem-
rane, while the water flux by back flow from the cathode to
he anode is slightly increased due to the enhanced liquid water
ressure difference between the cathode and the anode. As a
esult, the total flux of water crossover from the anode to the
athode as well as the corresponding net water-transport coeffi-
ient is slightly reduced. However, it is clear that the reduction
f water crossover caused by the increased CMPL contact angle
s rather small, possibly indicating that the water crossover from
he anode to the cathode is not very sensitive to the contact angle
f the hydrophobic CMPL.

.3. Effect of thickness of the cathode MPL
The effect of thickness of the CMPL is studied by chang-
ng the thickness from 15 to 90 �m, while keeping all the
ther parameters the same, as listed in Tables 1 and 3. Fig. 9a
hows the distribution of cathode liquid pressure with different

the cathode with different thicknesses of the CMPL and at the limiting current
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ig. 10. Distribution of water content in the electrolyte region with different th
orresponding variation in the water-crossover flux through the membrane and

MPL thicknesses at nearly the same limiting current densities
∼484.0 mA cm−2 as shown in Table 4). It is seen that the gra-
ients of the increase in the liquid pressure across the CMPL
or different CMPL thicknesses are nearly the same due to the
ame properties, but a thicker CMPL can build up a higher liquid
ressure due to the longer transport route, which also leads to an
ncreased liquid pressure built up in the CCL. This indicates that
ncreasing thickness of the CMPL is beneficial for building up a
igher liquid pressure in the CCL and thus enhancing the water
ack flow from the cathode to the anode. The corresponding liq-
id saturation in the cathode is shown in Fig. 9b. Similarly, the
radients of the increase in the liquid saturation across the CMPL
or different CMPL thicknesses are also the same, but thicker
MPLs can lead to larger liquid saturation near the CCL/CMPL

nterface (VI). For instance, at the interface VI, liquid saturation
n the CMPL for the thickness of 15 �m is about 0.07, which is
maller than that in the CDL near the interface VII, while for
he thickness of 90 �m it is about 0.09, which is larger than that
n the CDL near the interface VII. It is also found that the liq-
id saturation in the CCL increases with the CMPL thickness,
ue to the increased liquid pressure in the CCL. The increased
iquid pressure shown in Fig. 9a and the increased liquid satura-
ion in the CCL shown in Fig. 9b will obviously affect the water
rossover through the membrane.

The water content across the electrolyte region with differ-
nt CMPL thicknesses is shown in Fig. 10a. Water content in
he CCL is increased slightly due to the increased liquid satu-
ation in the CCL, as shown in Fig. 9b, which leads to a slight
ecrease in the gradient of water content across the membrane.
he change in the water-crossover flux with the increase in the
MPL thickness is shown in Fig. 10b. It is also found that the
ater-crossover flux by diffusion is slightly reduced with the

ncrease in the thickness due to the lowered water content gradi-
nt across the membrane, but the water-crossover flux by back

ow is slightly increased due to the enhanced liquid water pres-
ure difference between the anode and the cathode. Accordingly,
he total flux of water crossover as well as the corresponding
et water-transport coefficient is slightly reduced. The rather

t
i
l
p

sses of the CMPL and at the limiting current densities (ηa = 0.6 V) (a), and the
t water-transport coefficient (b).

mall change in the water-crossover flux with the increase in
he CMPL thickness possibly indicates that the water crossover
hrough the membrane is also not very sensitive to the thickness
f the hydrophobic CMPL. At the same time, it should be noted
hat increasing the CMPL thickness will lead to a larger oxygen
ransport resistance in both the CMPL and the CCL, due to the
ncreased liquid saturation, as shown in Fig. 9b.

.4. Effect of permeability of the cathode MPL

The effect of permeability of the CMPL is examined
y changing its value from 5.0 × 10−13 to 0.25 × 10−13 m2,
hile keeping all the other parameters the same, as listed in
ables 1 and 3. Fig. 11a shows the distribution of cathode

iquid pressure with different permeabilities of the CMPL at
he limiting current densities (shown in Table 4). It is seen
hat the increase in the liquid pressure across the CMPL can
ecome much more rapidly with the decrease in the CMPL per-
eability. For instance, the liquid pressure increases slightly

rom 2.9 to 3.0 kPa across the CMPL for the permeability of
.0 × 10−13 m2, whereas it can increase about four times from
bout 2.6 to 10.8 kPa across the CMPL for the permeability of
.25 × 10−13 m2. As a result, the liquid pressure in the CCL is
ignificantly enhanced with the reduction of the CMPL perme-
bility.

The corresponding liquid saturation in the cathode is shown
n Fig. 11b. It is seen that with the permeability decreasing
rom 5.0 × 10−13 to 1.0 × 10−13 m2, the liquid saturation in the
MPL is evidently decreased. However, when the permeability

s reduced below 1.0 × 10−13 m2, the change in the saturation
n the CMPL is rather small. In the CCL, the liquid saturation is
ncreased significantly from about 0.12 to 0.84 with the decrease
n the CMPL permeability. This sharp increase in the liquid sat-
ration is due to the significantly enhanced liquid pressure in

he CCL, and it obviously increases the risk of water flood-
ng. The sharply increased liquid saturation in the CCL can
ead to two effects. On one hand, it increases the oxygen trans-
ort resistance through the CCL due to the reduced gas void
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ig. 11. Distributions of (a) liquid pressure in the cathode, and (b) liquid satu
urrent densities (ηa = 0.6 V).

raction, which can be proved by the reduced oxygen concen-
ration in the CCL, as shown in Fig. 12. On the other hand, the
ffective catalyst sites available for ORR reaction are seriously
educed due to the increased coverage by liquid water. These
wo effects result in increased mass transport polarization and
hus reduced cell performance. From Table 4, it can be seen
hat the limiting current density can be decreased from about
84.0 to 439.0 mA cm−2 due to the increased liquid saturation in
he CCL.

The water content across the electrolyte region with different
MPL permeabilities is shown in Fig. 13a. Due to the highly

ncreased liquid saturation in the CCL, it is seen that water
ontent in the CCL is also highly increased from about 13.5
or the permeability of 5.0 × 10−13 m2 to about 21 for the per-
eability of 0.25 × 10−13 m2, which is even higher than that
n the anode side. Accordingly, the gradient of water content
cross the membrane is also reduced greatly. The change in the
ater-crossover flux with the effect of the CMPL permeability

s shown in Fig. 13b. It can be seen that the total water-crossover

ig. 12. Distributions of gas oxygen concentration through the cathode with
ifferent permeabilities of the CMPL and at the limiting current densities
ηa = 0.6 V).
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in the cathode with different permeabilities of the CMPL and at the limiting

ux as well as the flux by diffusion only decreases slightly
hen the CMPL permeability is reduced from 5.0 × 10−13 to
.0 × 10−13 m2. However, when the permeability is reduced
elow 1.0 × 10−13 m2, the water flux by diffusion is decreased
harply, and it can even become negative, indicating diffusing
rom the cathode to the anode. This rapidly change in the diffu-
ion flux is caused by the significantly increased water content
n the CCL. On the other hand, the highly enhanced liquid
ressure in the CCL leads to a rapid increase in the flux of
ack flow from the cathode to the anode. As a result, when the
ermeability is reduced from 1.0 × 10−13 to 0.25 × 10−13 m2,
he total water-crossover flux can decrease greatly from
bout 11.5 to 3.3 �mol cm−2 s−1, and the corresponding net
ater-transport coefficient is reduced significantly from about
.4 to 0.8.

Apparently, decreasing the permeability of the CMPL is a
ery effective way to build up high liquid pressure in the CCL
nd thus reduce the water crossover from the anode to the cath-
de. However, the induced relatively high liquid saturation in the
CL is not beneficial for the oxygen transport and cell perfor-
ance. In fact, the liquid saturation in the CCL can be adjusted

y changing the hydrophobic level or the contact angle of the
CL, as discussed in the next section.

.5. Effect of contact angle of the cathode CL

This section presents the effect of contact angle of the CCL on
ater crossover. The contact angle is changed from 93◦ to 120◦,
hile the permeability of the CMPL is fixed at 0.75 × 10−13 m2

nd all the other parameters are kept the same as listed in
ables 1 and 3. Fig. 14a shows the distribution of cathode liquid
ressure with different contact angles of the CCL at the limiting
urrent densities (shown in Table 4). It is seen that the increase
n the liquid pressure across the CCL becomes more rapidly

ith the increase in the contact angle of the CCL. For instance,

he liquid pressure increases negligibly from 5.70 to 5.71 kPa
cross the CCL for the contact angle of 93◦, but it can increase
ver 2 times from about 6.0 to 13.5 kPa across the CCL for the
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ig. 13. Distribution of water content in the electrolyte region with different p
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ontact angle of 120◦. This indicates that the liquid pressure in
he CCL can also be significantly enhanced by increasing the
ydrophobic level of the CCL.

The corresponding liquid saturation in the cathode is shown
n Fig. 14b. With the increase in the contact angle from 93◦ to
10◦, the liquid saturation in the CCL is significantly decreased,
ut the decrease in the liquid saturation becomes rather slow
hen the contact angle is above 110◦. As such, increasing the
ydrophobic level of the CCL can not only effectively build
p high liquid pressure, which is beneficial for reducing water
rossover, but also helps reduce the water flooding in the CCL.
t can be seen from Table 4 that the limiting current density can
e increased from about 454.0 to 482.0 mA cm−2 resulting from
he reduced liquid saturation.
The water content across the electrolyte region with different
ontact angles of the CCL is shown in Fig. 15a. Due to the
ighly decreased liquid saturation in the CCL, water content in
he CCL is also significantly decreased from about 19.3 for the

f
i
l
c

ig. 14. Distributions of (a) liquid pressure in the cathode, and (b) liquid saturation in
ensities (ηa = 0.6 V).
bilities of the CMPL and at the limiting current densities (ηa = 0.6 V) (a), and
e net water-transport coefficient (b).

ontact angle of 93◦ to about 13.5 for the contact angle of 120◦.
ccordingly, the gradient of water content across the membrane

s also increased greatly. The increased liquid pressure and the
ecreased liquid saturation with the contact angle in the CCL
esult in an inconsistent effect on the flux of water crossover,
hich is shown in Fig. 15b. It is interesting to see that increasing

he contact angle of the CCL can simultaneously enhance the
ack-flow flux from the cathode to the anode, which is beneficial
or reducing water crossover, but increase the diffusion flux from
he anode to the cathode, which tends to increase water crossover.
his inconsistent effect leads to the result that an intermediate
ontact angle of about 97◦ yields the largest total flux of water
rossover, and decreasing or increasing the contact angle can all
ffectively reducing the total flux of water crossover. However,

rom the point view of oxygen transport and cell performance,
ncreasing the contact angle of the CCL is preferred for both
owered water crossover through the membrane and improved
ell performance.

the cathode with different contact angles of the CCL and at the limiting current
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. Conclusions

In this work, we present a one-dimensional, isothermal
wo-phase mass transport model to investigate the water trans-
ort through the membrane electrode assembly for liquid-feed
MFCs. Liquid–gas two-phase mass transport in the porous

node and cathode is modeled with classical multiphase flow
heory in porous media, in which the liquid phase consists of
ethanol–water solution, while the gas phase includes carbon

ioxide gas, methanol vapor, and water vapor. In the electrolyte
egion that includes the membrane and the catalyst layers (CLs),
ransport of dissolved water is driven by diffusion, electro-
smotic drag and convection. In particular, water transport in
hree phases (i.e., liquid, vapor and dissolved phase) in the
Ls is coupled intrinsically, and finite-rate interfacial exchanges
etween different phases are introduced without any phase equi-
ibrium assumptions. With this new model, we investigated
ach water-crossover mechanism through the membrane for the
MFC, and studied the effect of cathode structure, such as the
esign of the cathode MPL, on the water crossover through
he membrane and the water ejection through the cathode. The
alient findings in this work are summarized as follows:

1) At low current densities, liquid saturation in the anode CL is
in general larger than that in the cathode, resulting in a large
difference in water content across the membrane and thus
water diffusion from the anode to the cathode. However, on
the other hand, liquid pressure in the cathode is larger than
that in the anode, leading to back convection of liquid water
directly from the cathode to the anode. Lowering water dif-
fusion and enhancing water back convection through the
membrane should be utilized to reduce the water crossover
in the DMFC.

2) With the increase in current density, liquid saturation

decreases in the anode CL, but increases in the cath-
ode CL. At the same time, an increase in current density
also leads to an increase in liquid pressure in the cath-
ode CL. Accordingly, the water-crossover flux by diffusion
angles of the CCL and at the limiting current densities (ηa = 0.6 V) (a), and the
t water-transport coefficient (b).

decreases significantly, although the flux by back convection
increases to some extent. As a result, the net water-transport
coefficient decreases rapidly at low current densities, but the
decrease becomes slower at high current densities.

3) It is found that increasing the liquid pressure in the cathode
CL by lowering the permeability or increasing the contact
angle or the thickness of the cathode MPL is accompanied
with an increase in the liquid saturation in it, which helps
reduce the water diffusion from the anode to the cathode.
As a result, water crossover can be reduced significantly
by lowering the permeability of the cathode MPL due to
the enhanced back convection and decreased water diffu-
sion, while the reduction of water crossover by increasing
the hydrophobic level or the thickness of the cathode MPL
is relatively small. Morever, lowering the permeability or
increasing the hydrophobic level of the cathode MPL can
reduce the water saturation in it, which is beneficial for
the oxygen transport. However, it should be noted that the
induced relatively high liquid saturation in the cathode CL
increases the risk of electrode flooding. The liquid satura-
tion in the cathode CL can be lowered by increasing its
hydrophobic level, which is also very effective to build
up high liquid pressure and thus reduce the flux of water
crossover.
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