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bstract

We show analytically that the water-crossover flux through the membrane used for direct methanol fuel cells (DMFCs) can be in situ determined
y measuring the water flow rate at the exit of the cathode flow field. This measurement method enables investigating the effects of various design
nd geometric parameters as well as operating conditions, such as properties of cathode gas diffusion layer (GDL), membrane thickness, cell
urrent density, cell temperature, methanol solution concentration, oxygen flow rate, etc., on water crossover through the membrane in situ in a
MFC. Water crossover through the membrane is generally due to electro-osmotic drag, diffusion and back convection. The experimental data

howed that diffusion dominated the total water-crossover flux at low current densities due to the high water concentration difference across the
embrane. With the increase in current density, the water flux by diffusion decreased, but the flux by back convection increased. The corresponding

et water-transport coefficient was also found to decrease with current density. The experimental results also showed that the use of a hydrophobic

athode GDL with a hydrophobic MPL could substantially reduce water crossover through the membrane, and thereby significantly increasing the
imiting current as the result of the improved oxygen transport. It was found that the cell operating temperature, oxygen flow rate and membrane
hickness all had significant influences on water crossover, but the influence of methanol concentration was negligibly small.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The liquid-fed direct methanol fuel cell (DMFC), offering
he tantalizing promise of cleaner electricity with less impact
n the environment than traditional energy conversion tech-
ologies, has received much attention as a leading candidate
ower source for portable electronic devices, electric vehicles
nd other mobile applications. However, the commercialization
f DMFCs is still hindered by several technological problems,
mong which the water management is one of the key issues
1–4]. Unlike in gas-hydrogen-fed polymer electrolyte fuel cells
PEFCs), in the DMFC, liquid methanol solution is fed to

ts anode. As a result, liquid water can transport, along with

ethanol, through the membrane from the aqueous anode to
he cathode. Water crossover through the membrane may cause

∗ Corresponding author. Tel.: +852 2358 8647; fax: +852 2358 1543.
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n layer; Back convection

wo problems for the DMFC technology. First, it results in a
ater loss from the anode, and thus make-up water is needed,

specially for passive DMFCs [5,6]. Secondly, a high rate of
ater crossover increases the difficulty in avoiding the cathode-
ooding problem, limiting the DMFC performance [5–11].
herefore, suppressing water crossover through the membrane

s beneficial not only for simplifying the DMFC system but also
or improving cell performance. To this end, it is essential to gain
better understanding of the mechanisms of water crossover in
MFCs, which appears to be significantly different with that in
EFCs.

The study of water transport through Nafion membranes has
een a focused interest over the past decade [5–33]. Ren et al. [7]
xperimentally determined the electro-osmotic drag coefficient
f water in the ionomeric membrane used for a DMFC, and they

ound that the electro-osmotic drag coefficient increased with
emperature. Rajalakshmi et al. [16] investigated water transport
hrough the membrane used for a H2/O2 PEMFC by measuring
he amount of product water at the anode side, and they found that

mailto:metzhao@ust.hk
dx.doi.org/10.1016/j.jpowsour.2007.03.023
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the oxygen-reduction reaction (ORR) on the cathode, is trans-
ported through the cathode CL and GDL to the cathode channel
by the capillary pressure and is swept out from the channel by
the oxygen/air flow stream. To quantify the total water-crossover
44 C. Xu, T.S. Zhao / Journal of P

he water produced at the cathode could transport to the anode,
hus allowing humidification for the anode gas and less con-
ensed water in the cathode. Mennola et al. [17] studied the water
alance in a free-breathing PEMFC, and the results showed that
he rate of water crossover through the membrane depended
n the operating temperature and the hydrogen flow rate, and
he net-water transport coefficient varied across the whole elec-
rode. Sandhu et al. [18] developed a mass flux model through
he membrane used for a DMFC. They assumed that the mem-
rane at the cathode side was always equilibrium with liquid
ater, and the predicted results showed that the water concen-

ration at the cathode side of the membrane was slightly greater
han that at the anode side, and thus water diffused from the
athode to the anode. Ge et al. [21] experimentally determined
he electro-osmotic drag coefficient in a Nafion 117 membrane
t different temperatures and water contents of the membrane.
hey also showed that the electro-osmotic drag coefficient of
ater in the Nafion membrane in contact with liquid water was

ndependent of the cell current density. Schultz and Sundmacher
30] analyzed the methanol and water crossover through the
embrane in a DMFC experimentally and theoretically. Con-

rary to the works of Sandhu et al. [18], they showed that the
ater concentration at the cathode side of the membrane was

ar less than that at the anode side, and diffusion was the major
ode of water transport from the anode to the cathode through

he membrane.
It has been understood that the cathode gas diffusion layer

GDL), which typically consists of a backing layer made of car-
on paper or carbon cloth and a micro-porous layer (MPL), plays
n important role on both water transport through the membrane
nd water ejection from the cathode. Recently, the effect of cath-
de GDL on water transport in PEFCs, including DMFCs, has
een reported [5–11,28–33,15]. Peled et al. [5,6] developed a
ovel approach to recycle water and reduce water crossover in
MFCs, by building up high hydraulic pressure at the cathode
ith the use of a hydrophobic liquid water barrier layer. They

howed that water crossover through the membrane could vary
rom negative, through zero, to positive values as a function of
he thickness and properties of the water barrier layer. With the
ptimized water barrier layer, water losses could be minimized
nd a passive DMFC under water-neutral operation conditions
as developed. Lu et al. [9] reported a novel DMFC design based
n a thin Nafion 112 membrane and a GDL coated with a MPL.
he hydraulic liquid pressure built up in the MPL resulting from

he large MPL contact angle and small pore size was utilized to
reate the water back flow from the cathode to the anode, which
ubstantially reduced water crossover through the membrane.
im et al. [10] proposed a novel structure of membrane electrode

ssembly (MEA) for a passive DMFC. In the MEA, a hydrophilic
node GDL and a hydrophobic cathode GDL were used to
nhance the water back flow through the membrane, while an
dditional hydrophilic diffusion layer was coated adjacent to
he cathode catalyst layer (CL) to lower the water concentra-

ion difference across the membrane. Liu et al. [11] designed a
ovel MEA to attain lower rates of methanol crossover and water
rossover and high cell performance simultaneously. The MEA
lso employed a highly hydrophobic cathode MPL to build up
Sources 168 (2007) 143–153

he hydraulic pressure at the cathode and hence drive the liquid
ater from the cathode to the anode to offset the water dragged
y electro-osmosis. They also investigated the effect of differ-
nt operating conditions, including current density, temperature,
ethanol concentration, etc.
Our literature review indicates that extensive efforts have

een made for studying water transport through Nafion type
f membranes used for DMFCs. However, most of previous
tudies have generally been limited to the cases without taking
ccount the effects of MEA design and geometric parameters as
ell as operating conditions. A general understanding of water

rossover through the membrane that is integrated with the MEA
or DMFCs is far less understood. In this work, we present a theo-
etical analysis of water crossover through the entire MEA used
or DMFCs, from which the net water-crossover flux through
he membrane can be in situ determined. We show the water-
rossover flux measured in an in-house fabricated DMFC with
arious MEA design and geometric parameters under different
perating conditions.

. Analytical

Water transport through the polymer electrolyte membrane
sed for PEFCs and DMFCs is generally due to three transport
echanisms: electro-osmotic drag by proton transport, diffusion

y water concentration gradients and convection by hydraulic
ressure gradients. We now focus on water crossover through
he membrane in a liquid-fed DMFC by looking at the scenarios
ketched in Fig. 1. Liquid water in the fed dilute methanol solu-
ion is transported from the anode channel through the GDL to
he CL, where part of it reacts with methanol to form gas CO2,
hile the remainder permeates through the membrane to the

athode. The permeated water, along with that produced from
Fig. 1. Schematic illustrating water transport in a DMFC.
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ux through the membrane in the DMFC, we first consider the
ater flux by electro-osmotic drag, which can be determined

rom:

eo = κ
i

F
(1)

here κ is the electro-osmotic drag coefficient in the mem-
rane, i the cell current density and F is Faraday’s constant.
he water crossover through the membrane is also by diffusion
s a result of the water concentration (water content) difference
cross the membrane. The molar flux of water by diffusion can
e determined from:

diff = Deff
cla − clc

δm
(2)

here Deff is the effective diffusivity of water in the membrane,
m the membrane thickness, cla and clc represent, respectively,
iquid water concentrations at the anode and cathode surfaces of
he membrane. From the phase equilibrium between the poly-

er and the free pores in CL [30], cla is determined by the water
aturation in the anode CL, which is influenced by the liquid
ater concentration and the rate of gas-CO2 evolution in the CL

hat is related to cell current density. Similarly, clc is determined
y the water saturation in the cathode CL, which is influenced by
he rate of water generation at the cathode that is related to cur-
ent density, by the water-crossover flux through the membrane,
nd by the rate of water removal from the GDL to the channel.
n summary, the magnitude of both cla and clc depends on the
roperties of the MEA, the flow field design and operating con-
itions. Under typical operating conditions without the cathode
ooding (or at low current densities), it is expected that cla > clc,

eading to a positive diffusion flux (from the anode to the cath-
de). On the other hand, when the cathode is severely flooded
or at high current densities), very likely, the diffusion flux of
ater through the membrane becomes zero, as the membrane

s fully hydrated on both sides. It is worth noting that among
revious studies [7,9,12,18,30], the direction of diffusion flux
f water is inconsistent.

The water flux by convection depends on the liquid pressure
ifference across the membrane, which can be determined from:

c = Kρ(pla − plc)

μMH2Oδm
(3)

here K is the permeability through the membrane, ρ the density
f water, μ the viscosity of liquid water, MH2O the molecular
eight of water, pla and plc represent, respectively, liquid water
ressure at the anode and cathode surfaces of the membrane.
ince the velocity of liquid flow through the anode GDL is rather
mall, pla is nearly the same as the liquid pressure in the anode
ow channel. The liquid pressure at the cathode side plc can be
elated to the cathode gas pressure by the capillary pressure in
he porous CL and GDL [34]:

( )1/2
c = pg − plc = σ cosθ
ε

Kd
J(s) (4)

here pg is the gas pressure at the cathode, σ the surface tension,
d the permeability of the GDL, ε the porosity of the GDL, θ the

w
s
d
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ontact angle (>90◦ for hydrophobic porous media) and J(s) is
he Leverette function which is always positive and is a function
f liquid fraction in the porous electrode. Typically, the DMFC
perates at the same pressure on both the anode and the cathode,
.e. pg = pla. Thus, substituting Eq. (4) into Eq. (3), we obtain:

c = Kρσ cosθ

μMH2Oδm

(
ε

Kd

)1/2

J(s) (5)

The above equation indicates that even though the DMFC
perates at the same pressure on both the anode and cathode, a
ydrophobic GDL (cos θ < 0) may cause a convection from the
athode to the anode (i.e. Jc < 0), which is termed as ‘back con-
ection’ hereafter. Eq. (5) also implies that the back-convection
ux increases with the hydrophobic level (θ > 90◦) and the water-
aturation level of the GDL [34].

In summary, the total water-crossover flux through the mem-
rane can be obtained by summing up Eqs. (1), (3) and (5) to
ive:

wc = Jeo + Jdiff + Jbc = α
i

F
(6)

here α represents the so-called net water-transport coefficient.
learly, the net water-transport coefficient is influenced by all

he parameters that affect Jeo, Jdiff and Jbc, such as the geometric
imensions and properties of the membrane, CL and GDL. Note
hat in Eq. (6), the sign of Jbc is in opposition to Jeo and Jdiff.
ence, the net water-crossover flux through the membrane can
e reduced by utilizing the back convection to offset the flux of
ater by electro-osmotic drag and diffusion [5–11]. The increase

n the flux by back convection and the decrease in the flux by
iffusion can be achieved by optimizing the MEA design. It has
een demonstrated that it is possible to achieve a zero net flux of
ater crossover through the membrane (a neutral water balance)
y properly designing the MEA [5].

With the water-crossover flux through the membrane given
y Eq. (6), we can now consider the water transport from the
athode CL to the flow channel. Under steady state, the total
olar flux of water from the cathode CL to the flow channel can

e expressed as:

NH2O

A
= JORR + JMOR + Jwc (7)

here A is the electrode area and NH2O is the water flow rate
ollected at the cathode channel exit. JORR and JMOR represent,
espectively, the molar flux of water due to the ORR and MOR,
hich are given by:

ORR = i

2F
(8)

nd

MOR = ic (9)

3F

here ic is the equivalent methanol-crossover current den-
ity. Assuming that methanol crossover through the membrane
epends on electro-osmosis and diffusion, the equivalent
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ethanol-crossover current density can be deduced to give (see
ppendix A for more details):

c = ic,ocv
1 + (ai/Fkm)

1 + (ai/F (km + kd))

(
1 − i

ilim

)
(10)

here ic,ocv represents the equivalent methanol-crossover cur-
ent density at the open-circuit voltage (OCV), ilim the anode
iming current density caused by the methanol transport limita-
ion, a a constant related to the electro-osmotic drag coefficient,
d the effective mass-transport coefficient from the channel to the
node CL, km the effective mass-transport coefficient through
he membrane; kb can be determined by measuring the anode
imiting current density with low methanol concentration and
sing the following expression [4]:

b = ilim/6F

cin − (ilimA/12FQ)
(11)

here Q is the methanol solution flow rate. Alternatively, for
he given kb and cin, the anode limiting current density at
igh methanol concentrations can also be approximated by Eq.
11). km can be approximated from the methanol balance equa-
ion at open-circuit condition and using the measured methanol
rossover (ilim,c) at low methanol concentration (e.g. 0.25 M):

lim,c = 6Fcin

(1/kd) + (1/km)
(12)

With this approximated km, the measured ilim,c can be finally
odified to be the oxidation current of the total methanol

rossover from the anode to the cathode at open-circuit condition
ccounting for the electro-osmotic drag effect [35]

c,ocv = ilim,c
6κ(kdxin/(kd + km))

ln(1 + 6κ(kdxin/(kd + km)))
(13)

here xin is the molar fraction of methanol in the fed methanol
olution.

From Eq. (7) and with the aid of Eqs. (8)–(10), we can obtain:

wc = NH2O

A
− i

2F
− ic

3F
= NH2O

A
− i

(
1

2F
+ 1

3F

1 + (a

1 + (ai/F

It follows that the net water-transport coefficient can be deter-
ined from:

= JwcF

i
= NH2OF

Ai
−

(
1

2
+ 1

3

1 + (ai/Fkm)

1 + (ai/F (km + kd))

(
ic,ocv

i

Eqs. (14) and (15) indicate that once the relevant mass-
ransport parameters (A, a, km, kd, ilim, ic,ocv) are known, the
otal molar flux of water crossover through the membrane in
DMFC and the corresponding net water-transport coefficient

an be in-situ determined by measuring the water flow rate at the

athode channel exit at a given cell current density. With Eqs.
14) and (15), the effects of various parameters, such as methanol
oncentration, cell temperature, type of GDL, membrane thick-
ess, oxygen flow rate and others, on the water-crossover flux
nd the net water-transport coefficient can be investigated sys-
ematically.

b
t
p
t
o
a
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m)

+ kd))

(
ic,ocv

i
− ic,ocv

ilim

))
(14)

,ocv

lim

))
(15)

. Experimental

.1. The DMFC

The in-house fabricated DMFC consisted of a MEA, with an
ctive area of 2.0 cm × 2.0 cm, sandwiched between two bipolar
lates, which were fixed by two fixture plates. The MEA con-
isted of a Nafion 112 (or 117) membrane and two electrodes.
nless mentioned otherwise, the anode electrode was a single-

ide ELAT electrode from E-TEK, which used carbon cloth
E-TEK, type A) with 30 wt% PTFE wet-proofing treatment as
he backing layer. 4.0 mg cm−2 unsupported Pt/Ru (1:1 atom%)
as used as the catalyst on the anode. On the cathode, the CL was

abricated in-house by the decal method [36,37]. The catalyst
nk was prepared by the method reported elsewhere [36,37] and
prayed onto the Teflon blank. The CL was then transferred onto
he membrane by hot pressing the catalyst coated Teflon blank
nd the anode electrode on the two sides of the membrane at
35 ◦C and 4.0 MPa for 3 min. The cathode catalyst loading was
bout 2.0 mg cm−2 using 60% Pt on Vulcan XC-72 from E-TEK.
he content of Nafion ionomer in the cathode CL was main-

ained to be about 20 wt%. Three different cathode GDLs were
ested in the experiments, including untreated Toray-090 car-
on paper, 30 wt% PTFE treated Toray-090 and 30 wt% PTFE
reated Toray-090 with a hydrophobic MPL. The MPL applied
n the carbon paper consisted of Vulcan XC-72 carbon powder
nd 30 wt% PTFE, with a total loading about 2.0 mg cm−2. The
ecal method for preparing the cathode ensured that the effect
f cathode GDL be investigated using different cathode GDLs
or the same cathode CL, the same membrane and the same
node.

For convenience of temperature control, both the anode and
athode fixture plates were made of stainless-steel blocks. Single
erpentine flow fields, having 0.8 mm channel width, 1.2 mm rib
idth and 0.8 mm depth, were formed in the fixture plates for
oth the anode and cathode sides.

.2. Measurement instrumentation and test conditions

The experiments were carried out in the test rig detailed else-
here [3]. On the anode, aqueous methanol solution was fed
y a digital HPLC micro-pump (Series III). Before entering
he cell, methanol solution was pre-heated to a desired tem-

erature by a heater connected to a temperature controller. On
he cathode, 99.999% high purity oxygen was supplied with-
ut humidification. A mass flow meter (Omega FMA-7105E),
long with a multiple channel indicator (Omega FMA-5876A),
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Table 1
Measured mass transport parameters used to determine the water-crossover flux

Mass transport parameters Values

For cathode CCM with Nafion 112
kb @ 70 ◦C 0.75 × 10−5 m s−1

kb @ 50 ◦C 0.35 × 10−5 m s−1

kb @ 30 ◦C 0.17 × 10−5 m s−1

km @ 70 ◦C 1.32 × 10−5 m s−1

km @ 50 ◦C 0.64 × 10−5 m s−1

km @ 30 ◦C 0.31 × 10−5 m s−1

ic @ 1.0 M, 70 ◦C 282.7 mA cm−2

ic @ 2.0 M, 70 ◦C 568.1 mA cm−2

ic @ 4.0 M, 70 ◦C 1068 mA cm−2

ic @ 1.0 M, 50 ◦C 114.6 mA cm−2

ic @ 1.0 M, 30 ◦C 72.1 mA cm−2

κ −1.834 + 0.0126T [21]

For cathode CCM with Nafion 117
kb @ 70 ◦C 0.75 × 10−5 m s−1

km @ 70 ◦C 0.354 × 10−5 m s−1

ic @ 2.0 M, 70 ◦C 225.4 mA cm−2

For anode CCM with untreated GDL
kb @ 70 ◦C 1.59 × 10−5 m s−1

km @ 70 ◦C 0.66 × 10−5 m s−1

ic @ 1.0 M, 70 ◦C 279.7 mA cm−2

For anode CCM with PTFE-treated GDL
kb @ 70 ◦C 1.26 × 10−5 m s−1

◦ −5 −1

w
w
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as used to control and measure the flow rate of oxygen. The
rbin BT2000 (Arbin Instrument) electro-load interfaced with
computer was employed to control the cell operation and
easure voltage–current (polarization) curves. The experiments
ere performed at different temperatures and fed with pure oxy-
en with different flow rates. Methanol concentration was varied
rom 1.0 to 4.0 M, while the flow rate was fixed at 2.0 ml min−1.
t such a relatively high flow rate of methanol solution, the
ethanol consumption along channel length is so small such

hat methanol concentration can be assumed to be uniform from
he inlet to outlet. To measure the anode limiting current density
ilim) at low methanol concentration, 0.25 and 0.5 M methanol
olution were used, and a high oxygen flow rate was used to
nsure that the measured limiting current density of the DMFC
as caused only by the mass-transport limitation of methanol

4]. The rate of methanol crossover ilim,c was measured by the
oltammetric method [35]. Methanol solution at the flow rate of
.0 ml min−1 was fed into the anode, while liquid water, at the
ame flow rate, was fed into the cathode to create an inert atmo-
phere. When a positive voltage of 0.85 V was applied on the
athode, the limiting current density ilim,c could be measured.
water trap filled with Dryerite® (anhydrous CaSO4) was con-

ected to the exit of the cathode channel to collect the water. The
ater was collected by maintaining a constant current density for

bout 0.5–3 h. Fifteen minutes were usually needed to make the
perating point to be stabilized at every water-collecting point.
o eliminate the influence of back pressures on the water trans-
ort through the membrane, the respective back pressures on the
node and cathode compartments were kept to the atmosphere
ressure. The measured mass-transport parameters are listed in
able 1.

. Results and discussion
.1. General behavior

Fig. 2 shows the variation in the water flux measured at the
athode channel exit, NH2O/A (represented by circle symbols),

ig. 2. Variation in the water flux collected at the cathode channel exit with
urrent density.
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km @ 70 C 0.544 × 10 m s
km @ 1.0 M, 70 ◦C 223.8 mA cm−2

ith current density. The DMFC was operated at 70 ◦C and fed
ith 1.0 M-methanol solution at the flow rate of 2.0 ml min−1

nd pure oxygen at the flow rate of 300 sccm. The MEA con-
isted of the Nafion 112 membrane and PTFE-treated carbon
aper as the cathode GDL, noting that the anode GDL was
ade of 30 wt% PTFE treated carbon cloth for all the exper-

ments. As expected, the water flux at the cathode channel exit
ncreased gradually with current density. Also shown in Fig. 2,
re the flux of water production by the ORR, JORR (repre-
ented by upward triangles), calculated from Eq. (8), and by the
OR, JMOR (represented by downward triangles), calculated

rom Eq. (9). It is interesting to notice that the flux of water pro-
uction by each reaction was substantially lower than the total
ater flux measured at the cathode channel exit. However, the
ater-crossover flux through the membrane, Jwc (represented
y square symbols), which was determined from Eq. (14), was
ery much close to NH2O/A. The substantially smaller differ-
nce between NH2O/A and Jwc as well as the larger difference
etween NH2O/A and the sum of JORR and JMOR suggest that
he total molar flux of water collected at the cathode channel
xit be predominated by water crossover through the membrane
up to 92%). The higher flow rate of water crossover not only
esults in a water loss from the anode but also causes the cath-
de to be flooded if water cannot be effectively removed from
he cathode. Therefore, unlike the water management in H2/O2

EFCs, the water management in DMFCs is to reduce the rate of
ater crossover or increase the water-transport limitation on the

athode so that the electrode flooding problem can be avoided.
nother interesting observation can be made from Fig. 2 is that
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the anode GDL with higher hydrophobic level, resulting in a
lowered Jdiff and thus the lower flux of water crossover. This
result clearly proves the considerable influence of anode CO2
evolution on the water crossover through the membrane.
ig. 3. Variation in the water-crossover flux through the membrane and the
orresponding net water-transport coefficient with current density.

he increase in the water-crossover flux, Jwc, with current density
as rather slow. This finding is consistent with that by Schultz

nd Sundmacher [30].
Let us now examine how the water flux by each water-

ransport mechanism in the membrane varied with current
ensity by studying Fig. 3. First, it is seen that the water flux
y electro-osmotic drag, Jeo (represented by circles), increased
inearly with current density, which was plotted based on Eq.
1). Secondly, look at the curve (open triangles) representing
he water flux by the combined effect of diffusion and back
onvection, Jdiff + Jbc, which was obtained from Jwc − Jeo. The
ollowing observations can be made from the curve representing
diff + Jbc. First, since Jbc was always negative (from the cath-
de to the anode), the positive values of Jdiff + Jbc indicate that
he water flux by diffusion from the anode to the cathode was
lways larger than that by back convection. This fact suggests
hat under typical operating conditions the water concentration
t the anode, cla, be higher than that at the cathode, clc, per-
aps meaning that the cathode is not flooded. Hence, previous
reatments in modeling DMFCs by assuming a uniform water
ontent across the membrane will cause significant errors in pre-
icting cell performance. Secondly, it is observed from Fig. 3 that
diff + Jbc was rather sensitive to the change in current density:
diff + Jbc was reduced from about 10.5 to 3.5 �mol cm−2 s−1

hen current density was increased from 0 to 300.0 mA cm−2.
his rapid decrease in Jdiff + Jbc with current density was the
onsequence of a sharp decrease in Jdiff and an increase in Jbc.
or the diffusion effect, as illustrated in Fig. 1, water concentra-

ions at both the anode, cac, and the cathode, clc, of the membrane
ere influenced by current density. On the anode, the rate of gas
O2 production increased with current density. As a result, the

iquid fraction in the anode CL decreased with current density.
ence, cla decreased with current density. While on the cathode,
oth the water flux by electro-osmotic drag Jeo and the rate of
ater production increased with current density. As a result, clc

ncreased with current density. Thus, the decrease in cla and the

ncrease in clc resulted in a reduction in Jdiff with current den-
ity. For the back convection effect, higher water saturation in
he cathode CL also led to higher liquid saturation in the cathode
DL. As a result, the capillary pressure increased with current F
Sources 168 (2007) 143–153

ensity, resulting in a larger water flux by back convection Jbc.
herefore, the opposite variations in Jdiff and Jbc with current
ensity led to the behavior that Jdiff + Jbc rapidly decreased with
urrent density.

Fig. 3 also shows the corresponding net water-transport
oefficient, α (represented by upward triangles), which was
etermined from Eq. (15). It is seen that α decreased rapidly
t low current densities, but the decrease became slower at high
urrent densities, from about 20.5 to 3.7 when current density
as increased from 50.0 to 300.0 mA cm−2. This variation trend
f α is consistent not only with that measured in a PEFC [32]
ut also with that in a DMFC [11]. It should be noted that the
alue of α in Fig. 3 was much larger than the electro-osmotic
rag coefficient in the Nafion membrane, about 2.48 at 70 ◦C, as
hown in Table 1. This implies that the water flux by back con-
ection in this MEA was insufficient to offset that by diffusion.
he rapid change in α with current density shown in Fig. 3 also
uggests that the comparison in the rate of water crossover by
between different MEAs have to be made at the same current

ensity.
As discussed above, the increase in the rate of gas CO2 pro-

uction with current density can decrease the water flux by
iffusion through the membrane. To verify this point, the rate of
ater crossover was measured for two MEAs that consisted the

ame membrane (Nafion 112) and the same cathode (a commer-
ial single-side ELAT cathode from E-TEK) but different anode
DLs: one was made of a untreated Toray-090 carbon paper
hereas the other was made of 30 wt% PTFE-treated Toray-090

arbon paper. The measured water-crossover flux for the two dif-
erent anode GDLs are shown in Fig. 4. The water crossover was
arger for the untreated GDL, and the difference became larger
ith the increase of current density. This difference was obvi-
usly caused by the difference in Jdiff between the two anode
DLs. It is well understood that at a given current density, the
O2 gas fraction in the GDL is increased with the increase of
ydrophobic level of the GDL. Accordingly, cla was lower for
ig. 4. Effect of anode GDL on the water-crossover flux through the membrane.
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ig. 5. Effect of methanol concentration on the water-crossover flux and the net
ater-transport coefficient.

.2. Effect of methanol concentration

Methanol solutions with different methanol concentrations,
.e. 1.0, 2.0 and 4.0 M, were tested to study its effect on water
rossover; the results are shown in Fig. 5. The total water flux
H2O/A measured at the cathode channel exit was enlarged by

bout 25% when methanol concentration was increased from
.0 to 4.0 M. However, it is interesting to see from Fig. 5 that
he water-crossover fluxes for different methanol concentrations
ere almost the same. Thus, the higher water flux measured at

he cathode channel exit for higher methanol concentration must
ave come from the increased water production from the MOR
ssociated with the increased methanol crossover. As a result, the
orresponding net water-transport coefficients nearly coincided
ith each other for different methanol concentrations, as shown

n Fig. 5. In summary, the experiments showed that the methanol
oncentration had a negligible influence on the water-crossover
ux through the membrane.

.3. Effect of temperature

To investigate the effect of temperature on water crossover,
xperiments were conducted at three different temperatures (i.e.
0, 50 and 70 ◦C); the results are shown in Fig. 6. It is seen that the
ater-crossover flux increased substantially with temperature:
hen temperature was increased from 30 to 70 ◦C, the water-

rossover flux increased from about 1.4 to 10.7 �mol cm−2 s−1.
rom Eq. (6), it is understood that the increased water-
rossover flux was caused by the increased water diffusivity,
lectro-osmotic drag coefficient and permeability at elevated
emperatures. The corresponding net water-transport coeffi-
ient was also dependent on temperature. Although α always
ecreased rapidly at low current densities and the decrease
ecame slower at high current densities at all temperatures, it sig-

ificantly increased with temperature at a given current density.
or example, at the current density of 60.0 mA cm−2,α increased
rom about 6.4 to 18.5 when temperature was increased from 50
o 70 ◦C. This trend is consistent with that by Liu et al. [11].

a
o
o
t

ig. 6. Effect of cell temperature on the water-crossover flux and the net water-
ransport coefficient.

herefore, α depended on the two variables: temperature and
urrent density. One should investigate the effect of temperature
n α with the same current density. However, it should be men-
ioned that the operating current density is usually low at low
ell temperatures, and investigations of the temperature effect
n α using different current densities for different temperatures
ave been reported by several researches [5,6,9,11]. This may
ead to incorrect conclusions. For example, 30.0 mA cm−2 at
0 ◦C, 80.0 mA cm−2 at 50 ◦C and 200.0 mA cm−2 at 70 ◦C all
orresponded to the same α = 5.0, but this does not mean that
he temperature had no influence on water crossover.

.4. Effect of cathode GDL

We first investigated the hydrophobic level of cathode GDL
n cell performance and water crossover. Two carbon papers
ith different hydrophobic levels were used as the cathode
DL in the experiments: one was the as-received untreated car-
on paper that was slightly hydrophobic, while the other was
0 wt% PTFE-treated carbon paper that was highly hydropho-
ic. We also investigated the effect of the hydrophobic MPL
y comparing the performance with different cathode GDLs:
0 wt% PTFE-treated carbon paper with and without a MPL.
he results of cell performance and water crossover are shown

n Figs. 7 and 8, respectively. It is seen from Fig. 7 that the DMFC
ith the three different cathode GDLs yielded nearly the same
oltages at low current densities, implying that the voltage dif-
erences at high current densities were mainly caused by the
ifferent cathode GDLs.

Let us first examine the polarization curves corresponding to
he PTFE-treated GDL and the untreated GDL, shown in Fig. 7.
t is found that the PTFE-treated GDL showed a significantly
ower mass-transport limitation than did the untreated GDL,
ndicating that the oxygen-transport resistance became larger
fter the carbon paper was PTFE treated. This phenomenon was

lso found in PEFCs [28,29]. This seems contradictory to the
riginal purpose of PTFT treating carbon papers to reduce the
xygen transport resistance. Actually, it has already been found
hat PTFE in a carbon paper is prone to form thin films, which
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Fig. 7. Polarization curves with different cathode GDLs.

ay block the gas pores and cause a larger gas-transport resis-
ance [28–33,15,34–36]. This fact suggests that PTFE treatment
e carefully processed such that a proper hydrophobicity can be
chieved but severe gas pore blockages can be avoided.

As shown in Fig. 8, the water-crossover flux was signifi-
antly reduced, from about 15.0 to 11.0 �mol cm−2 s−1, after
he carbon paper was PTFE treated. Correspondingly, the net
ater-transport coefficient was also reduced as a result of using

he PTFE-treated carbon paper: i.e. α decreased from about 7.0
o 5.0 at the current density of 200.0 mA cm−2. This clearly
ndicates that although PTFE in carbon papers may increase
he oxygen-transport resistance by pore blocking, the increased
ydrophobicity can indeed help to reduce the water-crossover
ux through the membrane. The lower water-crossover flux
ith the PTFE-treated carbon paper must be associated with the

ncrease in Jbc. The increase in Jbc as a result of the increased
ydrophobicity of the cathode GDL can be understood by exam-
ning Eq. (5), which indicates that the liquid pressure at the
athode increases with the hydrophobicity of cathode GDL. As
llustrated in Fig. 1, the liquid pressure at the cathode side is

ncreased from plc,i to plc,o after using the PTFE-treated GDL.
ence, the use of the PTFE-treated cathode GDL can enhance
ack convection Jbc from the cathode to the anode.

ig. 8. Effect of cathode GDL on the water-crossover flux and the net water-
ransport coefficient.
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When a hydrophobic MPL was applied onto the PTFE-treated
DL, it can be seen in Fig. 7 that the mass-transport limita-

ion was increased from about 350.0 mA cm−2 to more than
50.0 mA cm−2, which indicates that the oxygen-transport resis-
ance was significantly reduced by adding the MPL. Since the
DLs all consisted of the PTFE-treated carbon papers and a
PL also functioned as an additional oxygen-transport resis-

ance, the improved oxygen transport through the GDL with
MPL indicates that water flooding in the GDL was effec-

ively mitigated after adding the MPL. This is coincident with
he results of water crossover shown in Fig. 8, where it can
e seen that the water-crossover flux was further markedly
educed after adding the MPL, and in particular, at low cur-
ent densities the water-crossover flux was reduced from about
1.0 to 6.0 �mol cm−2 s−1. As a result, the corresponding α

ecreased, i.e. from about 5.0 to 3.0 for the current density of
00.0 mA cm−2. Therefore, the results show that the hydropho-
ic MPL helped to significantly reduce water crossover and thus
itigate the water accumulation in the GDL, thereby effectively

mproving the oxygen transport in the cathode. The reduced
ater crossover was also caused by the enhancement of Jbc. Eq.

4) indicates that a very large capillary pressure can be induced
y the MPL [5,34], since the pores in the MPL are much smaller
han that in carbon papers. As a result, a larger liquid pressure can
nhance Jbc and significantly reduce the water-crossover flux.
he hydrophobic MPL has been successfully utilized to lower

he water crossover and even achieve neutral or reverse water
ransport [5,6,9,11]. In summary, in general the use of a PTFE-
reated cathode GDL can reduce the water-crossover flux, but
he PTFE loading to carbon papers cannot be too high as PTFE
lms formed in gas pores may increase the oxygen-transport
esisitance. On the other hand, the MPL plays a more significant
ole on both the water crossover and oxygen transport.

.5. Effect of oxygen flow rate

To prevent cathode flooding in DMFCs, a sufficiently high
xygen flow rate is usually required to sweep out liquid water in
he cathode channel and GDL. The water-crossover flux under
pen-circuit conditions was measured with different cathode
DLs and by varying the oxygen flow rate from 60 to 480 sccm;

he results are shown in Fig. 9. It is seen that for all the cath-
de GDLs the water-crossover flux increased with the oxygen
ow rate, and particularly, the GDL without PTFE treatment
xhibited much more rapid increase in the water-crossover flux
ith oxygen flow rate than did the other two cases. An increase

n oxygen flow rate reduced the water fraction in the GDL,
hich led to a lowered water concentration clc and a lowered

iquid pressure plc at the cathode surface of the membrane. The
ncrease in Jdiff and decrease in Jbc resulted in an increase in the
ater-crossover flux through the membrane. The reduced water

raction in the GDL by increasing the oxygen flow rate can be
roved by observing the polarization curves shown in Fig. 10. It

an be seen that for the GDL with PTFE treatment the limiting
urrent density increased nearly three times (from about 132.0
o 384.0 mA cm−2) when the oxygen flow rate was increased
rom 60 to 300 sccm.
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ig. 9. Effect of oxygen flow rate on the water-crossover flux at open-circuit
ondition and with different cathode GDLs.

Similar to Fig. 8, Fig. 9 also indicates that the use of the
TFE-treated GDL and the addition of the MPL can substan-

ially reduce the water-crossover flux through the membrane.

.6. Effect of membrane thickness

The water-crossover fluxes through two membranes (Nafion
12 and 117) with the cathode GDL consisting of either the
TFE-treated GDL or the untreated one are compared in Fig. 11.
t can be seen that for the same cathode GDL, the water-crossover
ux through the thicker membrane was much lower than through

he thinner one. For example, for the untreated GDL, the water
rossover was reduced from about 15.0 to 12.2 �mol cm−2 s−1

hen Nafion 112 was replaced with the Nafion 117 membrane.
qs. (2) and (3) indicate that an increase in membrane thick-
ess will result in a decrease in both Jdiff and Jbc, and thus a
owered water-crossover flux. More importantly, it can be seen
rom Fig. 11 that for the thinner membrane (Nafion 112), the use

f the PTFE-treated GDL resulted in a decrease in the water-
rossover flux by about 4.0 �mol cm−2 s−1, but the use of the
TFE-treated GDL in combination with the thicker membrane
Nafion 117) led to a decrease in the water-crossover flux by

Fig. 10. Polarization curves with different oxygen flow rates.
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ig. 11. Effect of membrane thickness on the water-crossover flux with different
athode GDLs.

bout 3.2 �mol cm−2 s−1 only. This comparison suggests that
educing water crossover by enhancing back convection be more
ffective with the use of thin membranes.

. Conclusions

Reducing the water transport from the anode to the cathode
hrough the membrane is of significant importance for the water
anagement in DMFCs, and thus it is critical to gain a bet-

er understanding of the mechanism of water crossover through
he membrane used for DMFCs. In this work, we have shown
nalytically that the water-crossover flux through the membrane
an be in situ determined by measuring the water flow rate at the
xit of the cathode flow field. We have further demonstrated
hat this in situ method enables us to investigate the effects
f various design and geometric parameters of the MEA and
perating conditions, such as properties of GDLs, membrane
hickness, cell current density, operating temperature, methanol
olution concentration and oxygen flow rate, on water crossover
hrough the membrane used in DMFCs. Salient findings and con-
lusions, which are valuable in the development of models for
redicting water transport in operating DMFCs, are summarized
s follows:

1) Water crossover through the membrane is in general due
to electro-osmotic drag, diffusion and back convection.
The experimental results showed that at low current den-
sities diffusion dominated the total water-crossover flux.
With the increase in current density, the water flux by dif-
fusion decreased significantly, whereas the flux by back
convection increased to some extent. Accordingly, the net
water-transport coefficient decreased rapidly at low current
densities, but the decrease became slower at high current
densities. The rapid change in the net water-transport coef-
ficient with current density suggests that the comparison in

the water-crossover flux between different MEAs have to be
made at the same current density.

2) Increasing the hydrophobic level of the cathode GDL could
significantly lower the water-crossover flux as the result of
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the enhanced back convection. In particular, the addition
of a hydrophobic MPL to the cathode GDL could greatly
enhance back convection and thus substantially suppress
water crossover through the membrane. Consequently, the
use of the hydrophobic cathode GDL with a hydropho-
bic MPL enables the electrode water-flooding problem to
become less serious, and thereby significantly increasing
the limiting current as the result of the improved oxygen
transport.

3) It was found that the cell operating temperature, oxygen
flow rate and membrane thickness all had significant influ-
ences on water crossover, but the influence of methanol
concentration was negligibly small. At a given current den-
sity, the water-crossover flux increased with temperature but
decreased with membrane thickness. An increase in oxy-
gen flow rate markedly increased the water-crossover flux
through the membrane. The results also showed that reduc-
ing water crossover by enhancing back convection was more
effective with the use of thin membranes.
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ppendix A. Deduction of the methanol-crossover
urrent

At the DMFC anode, methanol is transported from the chan-
el through the gas diffusion layer (GDL) to the electrode, where
art of it is oxidized and the remainder is transported through
he membrane to the cathode side. From the mass balance,
ssuming all the permeated methanol will be oxidized in the
athode catalyst layer (CL) (or zero methanol concentration), we
ave

d(cin − ccl) = i

6F
+ ic

6F
(A-1)

here cin is the methanol concentration in the channel, ccl the
ethanol concentration in the anode CL, i the current density,

c the methanol-crossover current density, kd the effective mass
ransport coefficient from the channel to the CL and km is the

ass transport coefficient through the membrane. Thus, at the
iming current density, i.e. ccl = 0, the equation can be reduced
o:

lim = 6Fkdcin (A-2)

The methanol-crossover current density as the result of both

iffusion and electro-osmotic drag can be expressed as:

ic

6F
= kmccl + κxcl

i

F
≈ kmccl + κ

ccl

(1000/0.018)

i

F

=
(

km + a
i

F

)
ccl (A-3)

[

[
[
[
[
[
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here κ is the electro-osmotic drag coefficient of water and the
onstant a = 1.8e − 5�. Under the open-circuit condition (i = 0),
ombining Eqs. (A-2) and (A-3) gives:

ic,ocv

6F
= kmccl,ocv = kd(cin − ccl,ocv) = kmkd

km + kd
cin (A-4)

Solving ccl from Eqs. (A-1)–(A-3), we obtain:

cl = ilim − i

6F (kd + km + a(i/F ))
(A-5)

Substituting Eq. (A-5) into (A-3), and with the help of Eqs.
A-2) and (A-4), the equivalent methanol-crossover current den-
ity can finally be expressed as:

c = ic,ocv
(1 + (ai/Fkm))

1 + (ai/F (km + kd))

(
1 − i

ilim

)
(A-6)
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