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Abstract

We show analytically that the water-crossover flux through the membrane used for direct methanol fuel cells (DMFCs) can be in situ determined
by measuring the water flow rate at the exit of the cathode flow field. This measurement method enables investigating the effects of various design
and geometric parameters as well as operating conditions, such as properties of cathode gas diffusion layer (GDL), membrane thickness, cell
current density, cell temperature, methanol solution concentration, oxygen flow rate, etc., on water crossover through the membrane in situ in a
DMEC. Water crossover through the membrane is generally due to electro-osmotic drag, diffusion and back convection. The experimental data
showed that diffusion dominated the total water-crossover flux at low current densities due to the high water concentration difference across the
membrane. With the increase in current density, the water flux by diffusion decreased, but the flux by back convection increased. The corresponding
net water-transport coefficient was also found to decrease with current density. The experimental results also showed that the use of a hydrophobic
cathode GDL with a hydrophobic MPL could substantially reduce water crossover through the membrane, and thereby significantly increasing the
limiting current as the result of the improved oxygen transport. It was found that the cell operating temperature, oxygen flow rate and membrane

thickness 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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1. Introduction

The liquid-fed direct methanol fuel cell (DMFC), offering
the tantalizing promise of cleaner electricity with less impact
on the environment than traditional energy conversion tech-
nologies, has received much attention as a leading candidate
power source for portable electronic devices, electric vehicles
and other mobile applications. However, the commercialization
of DMFC:s is still hindered by several technological problems,
among 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
its anode. As a result, liquid water can transport, along with
methanol, through the membrane from the aqueous anode to
the cathode. Water crossover through the membrane may cause
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two problems for the DMFC technology. First, it results in a
water loss from the anode, and thus make-up water is needed,
especially for passive DMFCs [5,6]. Secondly, a high rate of
water crossover increases the difficulty in avoiding the cathode-
flooding problem, limiting the DMFC performance [5-11].
Therefore, suppressing water crossover through the membrane
is beneficial not only for simplifying the DMFC system but also
for improving cell performance. To this end, it is essential to gain
a better understanding of the mechanisms of water crossover in
DMEFCs, which appears to be significantly different with that in
PEFCs.

The study of water transport through Nafion membranes has
been a focused interest over the past decade [5-33]. Ren et al. [7]
experimentally determined the electro-osmotic drag coefficient
of water in the ionomeric membrane used for a DMFC, and they
found that the electro-osmotic drag coefficient increased with
temperature. Rajalakshmi et al. [16] investigated water transport
through the membrane used for a H»/O; PEMFC by measuring
the amount of product water at the anode side, and they found that
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the water produced at the cathode could transport to the anode,
thus allowing humidification for the anode gas and less con-
densed water in the cathode. Mennola et al. [17] studied the water
balance in a free-breathing PEMFC, and the results showed that
the rate of water crossover through the membrane depended
on the operating temperature and the hydrogen flow rate, and
the net-water transport coefficient varied across the whole elec-
trode. Sandhu et al. [18] developed a mass flux model through
the membrane used for a DMFC. They assumed that the mem-
brane at the cathode side was always equilibrium with liquid
water, and the predicted results showed that the water concen-
tration at the cathode side of the membrane was slightly greater
than that at the anode side, and thus water diffused from the
cathode to the anode. Ge et al. [21] experimentally determined
the electro-osmotic drag coefficient in a Nafion 117 membrane
at different temperatures and water contents of the membrane.
They also showed that the electro-osmotic drag coefficient of
water in the Nafion membrane in contact with liquid water was
independent of the cell current density. Schultz and Sundmacher
[30] analyzed the methanol and water crossover through the
membrane in a DMFC experimentally and theoretically. Con-
trary to the works of Sandhu et al. [18], they showed that the
water concentration at the cathode side of the membrane was
far less than that at the anode side, and diffusion was the major
mode of water transport from the anode to the cathode through
the membrane.

It has been understood that the cathode gas diffusion layer
(GDL), which typically consists of a backing layer made of car-
bon paper or carbon cloth and a micro-porous layer (MPL), plays
an important role on both water transport through the membrane
and water ejection from the cathode. Recently, the effect of cath-
ode GDL on water transport in PEFCs, including DMFCs, has
been reported [5-11,28-33,15]. Peled et al. [5,6] developed a
novel approach to recycle water and reduce water crossover in
DMECs, by building up high hydraulic pressure at the cathode
with the use of a hydrophobic liquid water barrier layer. They
showed that water crossover through the membrane could vary
from negative, through zero, to positive values as a function of
the thickness and properties of the water barrier layer. With the
optimized water barrier layer, water losses could be minimized
and a passive DMFC under water-neutral operation conditions
was developed. Lu et al. [9] reported a novel DMFC design based
on a thin Nafion 112 membrane and a GDL coated with a MPL.
The hydraulic liquid pressure built up in the MPL resulting from
the large MPL contact angle and small pore size was utilized to
create the water back flow from the cathode to the anode, which
substantially reduced water crossover through the membrane.
Kimetal. [10] proposed a novel structure of membrane electrode
assembly (MEA) for a passive DMFC. In the MEA, a hydrophilic
anode GDL and a hydrophobic cathode GDL were used to
enhance the water back flow through the membrane, while an
additional hydrophilic diffusion layer was coated adjacent to
the cathode catalyst layer (CL) to lower the water concentra-
tion difference across the membrane. Liu et al. [11] designed a
novel MEA to attain lower rates of methanol crossover and water
crossover and high cell performance simultaneously. The MEA
also employed a highly hydrophobic cathode MPL to build up

the hydraulic pressure at the cathode and hence drive the liquid
water from the cathode to the anode to offset the water dragged
by electro-osmosis. They also investigated the effect of differ-
ent operating conditions, including current density, temperature,
methanol concentration, etc.

Our literature review indicates that extensive efforts have
been made for studying water transport through Nafion type
of membranes used for DMFCs. However, most of previous
studies have generally been limited to the cases without taking
account the effects of MEA design and geometric parameters as
well as operating conditions. A general understanding of water
crossover through the membrane that is integrated with the MEA
for DMFCs is far less understood. In this work, we present a theo-
retical analysis of water crossover through the entire MEA used
for DMFCs, from which the net water-crossover flux through
the membrane can be in situ determined. We show the water-
crossover flux measured in an in-house fabricated DMFC with
various MEA design and geometric parameters under different
operating conditions.

2. Analytical

Water transport through the polymer electrolyte membrane
used for PEFCs and DMFCs is generally due to three transport
mechanisms: electro-osmotic drag by proton transport, diffusion
by water concentration gradients and convection by hydraulic
pressure gradients. We now focus on water crossover through
the membrane in a liquid-fed DMFC by looking at the scenarios
sketched in Fig. 1. Liquid water in the fed dilute methanol solu-
tion is transported from the anode channel through the GDL to
the CL, where part of it reacts with methanol to form gas CO,,
while the remainder permeates through the membrane to the
cathode. The permeated water, along with that produced from
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
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Fig. 1. Schematic illustrating water transport in a DMFC.
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flux through the membrane in the DMFC, we first consider the
water flux by electro-osmotic drag, which can be determined
from:
J ! 1
eo = K F (D
where « is the electro-osmotic drag coefficient in the mem-
brane, i the cell current density and F is Faraday’s constant.
The water crossover through the membrane is also by diffusion
as a result of the water concentration (water content) difference
across the membrane. The molar flux of water by diffusion can
be determined from:

Cla — Clc
Im

Jaitt = Dett )
where Detr is the effective diffusivity of water in the membrane,
dm the membrane thickness, cj, and ¢ represent, respectively,
liquid water concentrations at the anode and cathode surfaces of
the membrane. From the phase equilibrium between the poly-
mer and the free pores in CL [30], cy, is determined by the water
saturation in the anode CL, which is influenced by the liquid
water concentration and the rate of gas-CO» evolution in the CL
that is related to cell current density. Similarly, c|¢ is determined
by the water saturation in the cathode CL, which is influenced by
the rate of water generation at the cathode that is related to cur-
rent density, by the water-crossover flux through the membrane,
and by the rate of water removal from the GDL to the channel.
In summary, the magnitude of both ¢}, and c|c depends on the
properties of the MEA, the flow field design and operating con-
ditions. Under typical operating conditions without the cathode
flooding (or at low current densities), it is expected that ¢}, > cjc,
leading to a positive diffusion flux (from the anode to the cath-
ode). On the other hand, when the cathode is severely flooded
(or at high current densities), very likely, the diffusion flux of
water through the membrane becomes zero, as the membrane
is fully hydrated on both sides. It is worth noting that among
previous studies [7,9,12,18,30], the direction of diffusion flux
of water is inconsistent.

The water flux by convection depends on the liquid pressure
difference across the membrane, which can be determined from:
Jo = Kp(pia — pic) 3)

H/MHZO(Sm

where K is the permeability through the membrane, p the density
of water, u the viscosity of liquid water, My,o the molecular
weight of water, pj, and pj. represent, respectively, liquid water
pressure at the anode and cathode surfaces of the membrane.
Since the velocity of liquid flow through the anode GDL is rather
small, pj, is nearly the same as the liquid pressure in the anode
flow channel. The liquid pressure at the cathode side pj. can be
related to the cathode gas pressure by the capillary pressure in
the porous CL and GDL [34]:

1/2
&
DPc = Pg — DPlc = 00089() J(s) 4)

Kq

where p, is the gas pressure at the cathode, o the surface tension,
K4 the permeability of the GDL, ¢ the porosity of the GDL, 6 the

contact angle (>90° for hydrophobic porous media) and J(s) is
the Leverette function which is always positive and is a function
of liquid fraction in the porous electrode. Typically, the DMFC
operates at the same pressure on both the anode and the cathode,
i.e. pg = p1a. Thus, substituting Eq. (4) into Eq. (3), we obtain:

Kpocost [ ¢ 1/2
Jo=———— | JG )
uMp,00m \ K4

The above equation indicates that even though the DMFC
operates at the same pressure on both the anode and cathode, a
hydrophobic GDL (cos 6 <0) may cause a convection from the
cathode to the anode (i.e. J. <0), which is termed as ‘back con-
vection’ hereafter. Eq. (5) also implies that the back-convection
flux increases with the hydrophobic level (8 >90°) and the water-
saturation level of the GDL [34].

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

Jwe = Jeo + Jiff + Joc = OlLF (6)
where « represents the so-called net water-transport coefficient.
Clearly, the net water-transport coefficient is influenced by all
the parameters that affect J¢, Jgifr and Jpc, such as the geometric
dimensions and properties of the membrane, CL and GDL. Note
that in Eq. (6), the sign of Ji is in opposition to Jeo and Jyigt.
Hence, the net water-crossover flux through the membrane can
be reduced by utilizing the back convection to offset the flux of
water by electro-osmotic drag and diffusion [5—11]. The increase
in the flux by back convection and the decrease in the flux by
diffusion can be achieved by optimizing the MEA design. It has
been demonstrated that it is possible to achieve a zero net flux of
water crossover through the membrane (a neutral water balance)
by properly designing the MEA [5].

With the water-crossover flux through the membrane given
by Eq. (6), we can now consider the water transport from the
cathode CL to the flow channel. Under steady state, the total
molar flux of water from the cathode CL to the flow channel can
be expressed as:

Nu,0
A

= JorR + JMOR + Jwc @)

where A is the electrode area and Ny,0 is the water flow rate
collected at the cathode channel exit. Jorr and JyoR represent,
respectively, the molar flux of water due to the ORR and MOR,
which are given by:

i
JORR = —— 8
ORR = 70 (8)
and
ic
JMOR = ~& 9
MOR = 3% 9

where i. is the equivalent methanol-crossover current den-
sity. Assuming that methanol crossover through the membrane
depends on electro-osmosis and diffusion, the equivalent
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methanol-crossover current density can be deduced to give (see
Appendix A for more details):
()
lim

1 + (ai/ Fkm)
1+ (ai/F(km + kq))

where ic ocy Tepresents the equivalent methanol-crossover cur-
rent density at the open-circuit voltage (OCV), iji, the anode
liming current density caused by the methanol transport limita-
tion, a a constant related to the electro-osmotic drag coefficient,
kq the effective mass-transport coefficient from the channel to the
anode CL, &, the effective mass-transport coefficient through
the membrane; ky can be determined by measuring the anode
limiting current density with low methanol concentration and
using the following expression [4]:

ilim/6F
¢in — (iimA/12FQ)

where Q is the methanol solution flow rate. Alternatively, for
the given ky and cj,, the anode limiting current density at
high methanol concentrations can also be approximated by Eq.
(11). ky, can be approximated from the methanol balance equa-
tion at open-circuit condition and using the measured methanol
crossover (ilim¢) at low methanol concentration (e.g. 0.25 M):

(10)

lc = lc,ocv

kp =

(11)

6Fciy
(1/kq) + (1/ ki)
With this approximated ky,, the measured ijim ¢ can be finally
modified to be the oxidation current of the total methanol

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

6k (kaxin/(ka + km))
In(1 + 6« (kqxin/(ka + km)))
where xj, is the molar fraction of methanol in the fed methanol

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

12)

lim,c =

(13)

lc,ocy = llim,c
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3. Experimental
3.1. The DMFC

The in-house fabricated DMFC consisted of a MEA, with an
active area of 2.0 cm x 2.0 cm, sandwiched between two bipolar
plates, which were fixed by two fixture plates. The MEA con-
sisted of a Nafion 112 (or 117) membrane and two electrodes.
Unless mentioned otherwise, the anode electrode was a single-
side ELAT electrode from E-TEK, which used carbon cloth
(E-TEK, type A) with 30 wt% PTFE wet-proofing treatment as
the backing layer. 4.0 mg cm™2 unsupported Pt/Ru (1:1 atom%)
was used as the catalyst on the anode. On the cathode, the CL was
fabricated in-house by the decal method [36,37]. The catalyst
ink was prepared by the method reported elsewhere [36,37] and
sprayed onto the Teflon blank. The CL was then transferred onto
the membrane by hot pressing the catalyst coated Teflon blank
and the anode electrode on the two sides of the membrane at
135 °C and 4.0 MPa for 3 min. The cathode catalyst loading was
about 2.0 mg cm™2 using 60% Pt on Vulcan XC-72 from E-TEK.
The content of Nafion ionomer in the cathode CL was main-
tained to be about 20 wt%. Three different cathode GDLs were
tested in the experiments, including untreated Toray-090 car-
bon paper, 30 wt% PTFE treated Toray-090 and 30 wt% PTFE
treated Toray-090 with a hydrophobic MPL. The MPL applied
on the carbon paper consisted of Vulcan XC-72 carbon powder
and 30 wt% PTFE, with a total loading about 2.0 mg cm~2. The
decal method for preparing the cathode ensured that the effect
of cathode GDL be investigated using different cathode GDLs
for the same cathode CL, the same membrane and the same
anode.

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

Jo = NHzO _ L . lic _ NHzO —i i L 1 + (ai/ Fkm) ic,ocv _ ic,ocv (14)
we A 2F 3F A 2F  3F 1+ (ai/Flkm +ka)) \ i lim
It follows that the net water-transport coefficient can be deter-
mined from:
o= Jwe _ NH20F _ l 1 1+ (ai/ka) ic,ocv _ ic,ocv (15)
Y 2 31+ (ai/Flkm + k) \ i ilim

Egs. (14) and (15) indicate that once the relevant mass-
transport parameters (A, a, km, kd, ilim, ic.ocv) are known, the
total molar flux of water crossover through the membrane in
a DMFC and the corresponding net water-transport coefficient
can be in-situ determined by measuring the water flow rate at the
cathode channel exit at a given cell current density. With Eqs.
(14) and (15), the effects of various parameters, such as methanol
concentration, cell temperature, type of GDL, membrane thick-
ness, oxygen flow rate and others, on the water-crossover flux
and the net water-transport coefficient can be investigated sys-
tematically.

3.2. Measurement instrumentation and test conditions

The experiments were carried out in the test rig detailed else-
where [3]. On the anode, aqueous methanol solution was fed
by a digital HPLC micro-pump (Series III). Before entering
the cell, methanol solution was pre-heated to a desired tem-
perature by a heater connected to a temperature controller. On
the cathode, 99.999% high purity oxygen was supplied with-
out humidification. A mass flow meter (Omega FMA-7105E),
along with a multiple channel indicator (Omega FMA-5876A),
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was used to control and measure the flow rate of oxygen. The
Arbin BT2000 (Arbin Instrument) electro-load interfaced with
a computer was employed to control the cell operation and
measure voltage—current (polarization) curves. The experiments
were performed at different temperatures and fed with pure oxy-
gen with different flow rates. Methanol concentration was varied
from 1.0 to 4.0 M, while the flow rate was fixed at 2.0 ml min—!.
At such a relatively high flow rate of methanol solution, the
methanol consumption along channel length is so small such
that methanol concentration can be assumed to be uniform from
the inlet to outlet. To measure the anode limiting current density
(fim) at low methanol concentration, 0.25 and 0.5 M methanol
solution were used, and a high oxygen flow rate was used to
ensure that the measured limiting current density of the DMFC
was caused only by the mass-transport limitation of methanol
[4]. The rate of methanol crossover ijim was measured by the
voltammetric method [35]. Methanol solution at the flow rate of
2.0mlmin—! was fed into the anode, while liquid water, at the
same flow rate, was fed into the cathode to create an inert atmo-
sphere. When a positive voltage of 0.85V was applied on the
cathode, the limiting current density ijim could be measured.
A water trap filled with Dryerite® (anhydrous CaSQy) was con-
nected to the exit of the cathode channel to collect the water. The
water was collected by maintaining a constant current density for
about 0.5-3 h. Fifteen minutes were usually needed to make the
operating point to be stabilized at every water-collecting point.
To eliminate the influence of back pressures on the water trans-
port through the membrane, the respective back pressures on the
anode and cathode compartments were kept to the atmosphere
pressure. The measured mass-transport parameters are listed in
Table 1.

4. Results and discussion
4.1. General behavior

Fig. 2 shows the variation in the water flux measured at the
cathode channel exit, Ny,0/A (represented by circle symbols),
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Fig. 2. Variation in the water flux collected at the cathode channel exit with
current density.

Table 1
Measured mass transport parameters used to determine the water-crossover flux
Mass transport parameters Values
For cathode CCM with Nafion 112
ky, @ 70°C 0.75x 109 ms™!
ky @ 50°C 0.35%x 10 ms~!
ky @ 30°C 0.17 x 109 ms~!
km @ 70°C 1.32x 10 ms™!
km @ 50°C 0.64 x 10> ms™!
km @ 30°C 031 x10° ms~!
i. @ 1.0M,70°C 282.7mA cm 2
ic @2.0M,70°C 568.1 mA cm 2
i @4.0M,70°C 1068 mA cm 2
i @ 1.0M, 50°C 114.6 mA cm™2
i. @ 1.0M,30°C 72.1 mA cm 2
P —1.834+0.0126T [21]
For cathode CCM with Nafion 117
ky, @ 70°C 0.75x 109 ms™!
km @ 70°C 0.354 x 105 ms~!
ic @2.0M,70°C 225.4mA cm 2
For anode CCM with untreated GDL
ky, @ 70°C 1.59 x 109 ms~!
km @ 70°C 0.66 x 10 ms~!
i @ 1.0M, 70°C 279.7 mA cm 2
For anode CCM with PTFE-treated GDL
ky, @ 70°C 126 x 109 ms~!
km @ 70°C 0.544 x 105 ms~!
km @ 1.0M, 70°C 223.8mA cm 2

with current density. The DMFC was operated at 70 °C and fed
with 1.0 M-methanol solution at the flow rate of 2.0 ml min~!
and pure oxygen at the flow rate of 300 sccm. The MEA con-
sisted of the Nafion 112 membrane and PTFE-treated carbon
paper as the cathode GDL, noting that the anode GDL was
made of 30 wt% PTFE treated carbon cloth for all the exper-
iments. As expected, the water flux at the cathode channel exit
increased gradually with current density. Also shown in Fig. 2,
are the flux of water production by the ORR, Jorr (repre-
sented by upward triangles), calculated from Eq. (8), and by the
MOR, Jmor (represented by downward triangles), calculated
from Eq. (9). It is interesting to notice that the flux of water pro-
duction by each reaction was substantially lower than the total
water flux measured at the cathode channel exit. However, the
water-crossover flux through the membrane, Jy. (represented
by square symbols), which was determined from Eq. (14), was
very much close to Ny,0/A. The substantially smaller differ-
ence between Ny,0/A and Jy as well as the larger difference
between Np,0/A and the sum of Jorr and Jpmor suggest that
the total molar flux of water collected at the cathode channel
exit be predominated by water crossover through the membrane
(up to 92%). The higher flow rate of water crossover not only
results in a water loss from the anode but also causes the cath-
ode to be flooded if water cannot be effectively removed from
the cathode. Therefore, unlike the water management in Hy/O»
PEFCs, the water management in DMFCs is to reduce the rate of
water crossover or increase the water-transport limitation on the
cathode so that the electrode flooding problem can be avoided.
Another interesting observation can be made from Fig. 2 is that



148 C. Xu, T.S. Zhao / Journal of Power Sources 168 (2007) 143—-153

—
2

MEA: E-TEK anode+N112+CCM cathode +GDL with PTFE]

- 4 70°C, 1 M, 2 mU/min, 300 scem O, 120 5
~ -
E \ |Wa(er Crossover, J“ o Eq. I4| ‘E
= 7 2
=] - -
£ L;———G——\—-D——— a----B----B---"0 715&
S 10 ~ \ \ Water flux by electro-osmotic 8
; ~ \\T. drag, JW.Eq. 1 ;
= / ) =
- \ =
b A = 110 @
y-d =
2 SN 5
2 st Sy T
= o . o
5 & “-.L‘ ~ S 5 ;

= &z - 15

]
2 e N 2
a ~ Water flux by diffusion and back 2
- =0 convection, Jum“m
0 \ T : 0
0 100 200 300 400

Current density, mA/cm?

Fig. 3. Variation in the water-crossover flux through the membrane and the
corresponding net water-transport coefficient with current density.

the increase in the water-crossover flux, Jy.c, with current density
was rather slow. This finding is consistent with that by Schultz
and Sundmacher [30].

Let us now examine how the water flux by each water-
transport mechanism in the membrane varied with current
density by studying Fig. 3. First, it is seen that the water flux
by electro-osmotic drag, Je, (represented by circles), increased
linearly with current density, which was plotted based on Eq.
(1). Secondly, look at the curve (open triangles) representing
the water flux by the combined effect of diffusion and back
convection, Jgiff + Jpe, which was obtained from Jy. — Jeo. The
following observations can be made from the curve representing
Jaitf + Jve. First, since Jy,, was always negative (from the cath-
ode to the anode), the positive values of Jgir + Jyc indicate that
the water flux by diffusion from the anode to the cathode was
always larger than that by back convection. This fact suggests
that under typical operating conditions the water concentration
at the anode, cjy, be higher than that at the cathode, c|, per-
haps meaning that the cathode is not flooded. Hence, previous
treatments in modeling DMFCs by assuming a uniform water
content across the membrane will cause significant errors in pre-
dicting cell performance. Secondly, it is observed from Fig. 3 that
Jaitr + Joe Was rather sensitive to the change in current density:

Jaiff +Joe Was reduced from about 10.5 to 3.5 pmol cm2g~!

when current density was increased from 0 to 300.0 mA cm™2.
This rapid decrease in Jgigf +Jpe With current density was the
consequence of a sharp decrease in Jyifr and an increase in Jp.
For the diffusion effect, as illustrated in Fig. 1, water concentra-
tions at both the anode, c,., and the cathode, c|c, of the membrane
were influenced by current density. On the anode, the rate of gas
CO; production increased with current density. As a result, the
liquid fraction in the anode CL decreased with current density.
Hence, ¢}, decreased with current density. While on the cathode,
both the water flux by electro-osmotic drag J, and the rate of
water production increased with current density. As a result, cic
increased with current density. Thus, the decrease in ¢, and the
increase in ¢ resulted in a reduction in Jgi with current den-
sity. For the back convection effect, higher water saturation in
the cathode CL also led to higher liquid saturation in the cathode
GDL. As a result, the capillary pressure increased with current

density, resulting in a larger water flux by back convection Jy..
Therefore, the opposite variations in Jyiff and Jp with current
density led to the behavior that Jgifr + Jic rapidly decreased with
current density.

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

As discussed above, the increase in the rate of gas CO pro-
duction with current density can decrease the water flux by
diffusion through the membrane. To verify this point, the rate of
water crossover was measured for two MEAs that consisted the
same membrane (Nafion 112) and the same cathode (a commer-
cial single-side ELAT cathode from E-TEK) but different anode
GDLs: one was made of a untreated Toray-090 carbon paper
whereas the other was made of 30 wt% PTFE-treated Toray-090
carbon paper. The measured water-crossover flux for the two dif-
ferent anode GDLs are shown in Fig. 4. The water crossover was
larger for the untreated GDL, and the difference became larger
with the increase of current density. This difference was obvi-
ously caused by the difference in Jgif between the two anode
GDLs. It is well understood that at a given current density, the
CO; gas fraction in the GDL is increased with the increase of
hydrophobic level of the GDL. Accordingly, cj, was lower for
the anode GDL with higher hydrophobic level, resulting in a
lowered Jgise and thus the lower flux of water crossover. This
result clearly proves the considerable influence of anode CO»
evolution on the water crossover through the membrane.
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Fig. 4. Effect of anode GDL on the water-crossover flux through the membrane.
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Fig. 5. Effect of methanol concentration on the water-crossover flux and the net
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4.2. Effect of methanol concentration

Methanol solutions with different methanol concentrations,
i.e. 1.0, 2.0 and 4.0 M, were tested to study its effect on water
crossover; the results are shown in Fig. 5. The total water flux
Nh,0/A measured at the cathode channel exit was enlarged by
about 25% when methanol concentration was increased from
1.0 to 4.0 M. However, it is interesting to see from Fig. 5 that
the water-crossover fluxes for different methanol concentrations
were almost the same. Thus, the higher water flux measured at
the cathode channel exit for higher methanol concentration must
have come from the increased water production from the MOR
associated with the increased methanol crossover. As aresult, the
corresponding net water-transport coefficients nearly coincided
with each other for different methanol concentrations, as shown
in Fig. 5. In summary, the experiments showed that the methanol
concentration had a negligible influence on the water-crossover
flux through the membrane.

4.3. Effect of temperature

To investigate the effect of temperature on water crossover,
experiments were conducted at three different temperatures (i.e.
30,50and 70 °C); the results are shown in Fig. 6. Itis seen that the
water-crossover flux increased substantially with temperature:
when temperature was increased from 30 to 70 °C, the water-
crossover flux increased from about 1.4 to 10.7 wmol cm 2 s~ 1.
From Eq. (6), it is understood that the increased water-
crossover flux was caused by the increased water diffusivity,
electro-osmotic drag coefficient and permeability at elevated
temperatures. The corresponding net water-transport coeffi-
cient was also dependent on temperature. Although o always
decreased rapidly at low current densities and the decrease
became slower at high current densities at all temperatures, it sig-
nificantly increased with temperature at a given current density.
For example, at the current density of 60.0 mA cm 2, aincreased
from about 6.4 to 18.5 when temperature was increased from 50
to 70 °C. This trend is consistent with that by Liu et al. [11].
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Fig. 6. Effect of cell temperature on the water-crossover flux and the net water-
transport coefficient.

Therefore, o depended on the two variables: temperature and
current density. One should investigate the effect of temperature
on « with the same current density. However, it should be men-
tioned that the operating current density is usually low at low
cell temperatures, and investigations of the temperature effect
on « using different current densities for different temperatures
have been reported by several researches [5,6,9,11]. This may
lead to incorrect conclusions. For example, 30.0 mA cm 2 at
30°C, 80.0mA cm™2 at 50 °C and 200.0 mA cm™ at 70 °C all
corresponded to the same o =5.0, but this does not mean that
the temperature had no influence on water crossover.

4.4. Effect of cathode GDL

We first investigated the hydrophobic level of cathode GDL
on cell performance and water crossover. Two carbon papers
with different hydrophobic levels were used as the cathode
GDL in the experiments: one was the as-received untreated car-
bon paper that was slightly hydrophobic, while the other was
30 wt% PTFE-treated carbon paper that was highly hydropho-
bic. We also investigated the effect of the hydrophobic MPL
by comparing the performance with different cathode GDLs:
30wt% PTFE-treated carbon paper with and without a MPL.
The results of cell performance and water crossover are shown
in Figs. 7 and 8, respectively. It is seen from Fig. 7 that the DMFC
with the three different cathode GDLs yielded nearly the same
voltages at low current densities, implying that the voltage dif-
ferences at high current densities were mainly caused by the
different cathode GDLs.

Let us first examine the polarization curves corresponding to
the PTFE-treated GDL and the untreated GDL, shown in Fig. 7.
It is found that the PTFE-treated GDL showed a significantly
lower mass-transport limitation than did the untreated GDL,
indicating that the oxygen-transport resistance became larger
after the carbon paper was PTFE treated. This phenomenon was
also found in PEFCs [28,29]. This seems contradictory to the
original purpose of PTFT treating carbon papers to reduce the
oxygen transport resistance. Actually, it has already been found
that PTFE in a carbon paper is prone to form thin films, which
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Fig. 7. Polarization curves with different cathode GDLs.

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

As shown in Fig. 8, the water-crossover flux was signifi-
cantly reduced, from about 15.0 to 11.0 wumolcm™2s~!, after
the carbon paper was PTFE treated. Correspondingly, the net
water-transport coefficient was also reduced as a result of using
the PTFE-treated carbon paper: i.e. o decreased from about 7.0
to 5.0 at the current density of 200.0mA cm~2. This clearly
indicates that although PTFE in carbon papers may increase
the oxygen-transport resistance by pore blocking, the increased
hydrophobicity can indeed help to reduce the water-crossover
flux through the membrane. The lower water-crossover flux
with the PTFE-treated carbon paper must be associated with the
increase in Jpc. The increase in Jyc as a result of the increased
hydrophobicity of the cathode GDL can be understood by exam-
ining Eq. (5), which indicates that the liquid pressure at the
cathode increases with the hydrophobicity of cathode GDL. As
illustrated in Fig. 1, the liquid pressure at the cathode side is
increased from pjc; to pico after using the PTFE-treated GDL.
Hence, the use of the PTFE-treated cathode GDL can enhance
back convection Jp. from the cathode to the anode.
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Fig. 8. Effect of cathode GDL on the water-crossover flux and the net water-
transport coefficient.

When a hydrophobic MPL was applied onto the PTFE-treated
GDL, it can be seen in Fig. 7 that the mass-transport limita-
tion was increased from about 350.0mA cm™2 to more than
650.0 mA cm™—2, which indicates that the oxygen-transport resis-
tance was significantly reduced by adding the MPL. Since the
GDLs all consisted of the PTFE-treated carbon papers and a
MPL also functioned as an additional oxygen-transport resis-
tance, the improved oxygen transport through the GDL with
a MPL indicates that water flooding in the GDL was effec-
tively mitigated after adding the MPL. This is coincident with
the results of water crossover shown in Fig. 8, where it can
be seen that the water-crossover flux was further markedly
reduced after adding the MPL, and in particular, at low cur-
rent densities the water-crossover flux was reduced from about
11.0 to 6.0 umolecm™2s~!. As a result, the corresponding «
decreased, i.e. from about 5.0 to 3.0 for the current density of
200.0 mA cm™~2. Therefore, the results show that the hydropho-
bic MPL helped to significantly reduce water crossover and thus
mitigate the water accumulation in the GDL, thereby effectively
improving the oxygen transport in the cathode. The reduced
water crossover was also caused by the enhancement of Jy,.. Eq.
(4) indicates that a very large capillary pressure can be induced
by the MPL [5,34], since the pores in the MPL are much smaller
than that in carbon papers. As aresult, alarger liquid pressure can
enhance Jy. and significantly reduce the water-crossover flux.
The hydrophobic MPL has been successfully utilized to lower
the water crossover and even achieve neutral or reverse water
transport [5,6,9,11]. In summary, in general the use of a PTFE-
treated cathode GDL can reduce the water-crossover flux, but
the PTFE loading to carbon papers cannot be too high as PTFE
films formed in gas pores may increase the oxygen-transport
resisitance. On the other hand, the MPL plays a more significant
role on both the water crossover and oxygen transport.

4.5. Effect of oxygen flow rate

To prevent cathode flooding in DMFCs, a sufficiently high
oxygen flow rate is usually required to sweep out liquid water in
the cathode channel and GDL. The water-crossover flux under
open-circuit conditions was measured with different cathode
GDLs and by varying the oxygen flow rate from 60 to 480 sccm;
the results are shown in Fig. 9. It is seen that for all the cath-
ode GDLs the water-crossover flux increased with the oxygen
flow rate, and particularly, the GDL without PTFE treatment
exhibited much more rapid increase in the water-crossover flux
with oxygen flow rate than did the other two cases. An increase
in oxygen flow rate reduced the water fraction in the GDL,
which led to a lowered water concentration cj. and a lowered
liquid pressure pj. at the cathode surface of the membrane. The
increase in Jgifr and decrease in Jp resulted in an increase in the
water-crossover flux through the membrane. The reduced water
fraction in the GDL by increasing the oxygen flow rate can be
proved by observing the polarization curves shown in Fig. 10. It
can be seen that for the GDL with PTFE treatment the limiting
current density increased nearly three times (from about 132.0
to 384.0mA cm™2) when the oxygen flow rate was increased
from 60 to 300 sccm.
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Similar to Fig. 8, Fig. 9 also indicates that the use of the
PTFE-treated GDL and the addition of the MPL can substan-
tially reduce the water-crossover flux through the membrane.

4.6. Effect of membrane thickness

The water-crossover fluxes through two membranes (Nafion
112 and 117) with the cathode GDL consisting of either the
PTFE-treated GDL or the untreated one are compared in Fig. 11.
It can be seen that for the same cathode GDL, the water-crossover
flux through the thicker membrane was much lower than through
the thinner one. For example, for the untreated GDL, the water
crossover was reduced from about 15.0 to 12.2 umol cm2 s~
when Nafion 112 was replaced with the Nafion 117 membrane.
Egs. (2) and (3) indicate that an increase in membrane thick-
ness will result in a decrease in both Jyifs and Jy¢, and thus a
lowered water-crossover flux. More importantly, it can be seen
from Fig. 11 that for the thinner membrane (Nafion 112), the use
of the PTFE-treated GDL resulted in a decrease in the water-
crossover flux by about 4.0 wumolcm™2s~!, but the use of the
PTFE-treated GDL in combination with the thicker membrane
(Nafion 117) led to a decrease in the water-crossover flux by
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Fig. 10. Polarization curves with different oxygen flow rates.
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Fig. 11. Effect of membrane thickness on the water-crossover flux with different
cathode GDLs.

about 3.2 wumolcm~2 s~ ! only. This comparison suggests that
reducing water crossover by enhancing back convection be more
effective with the use of thin membranes.

5. Conclusions

Reducing the water transport from the anode to the cathode
through the membrane is of significant importance for the water
management in DMFCs, and thus it is critical to gain a bet-
ter understanding of the mechanism of water crossover through
the membrane used for DMFCs. In this work, we have shown
analytically that the water-crossover flux through the membrane
can be in situ determined by measuring the water flow rate at the
exit of the cathode flow field. We have further demonstrated
that this in situ method enables us to investigate the effects
of various design and geometric parameters of the MEA and
operating conditions, such as properties of GDLs, membrane
thickness, cell current density, operating temperature, methanol
solution concentration and oxygen flow rate, on water crossover
through the membrane used in DMFCs. Salient findings and con-
clusions, which are valuable in the development of models for
predicting water transport in operating DMFCs, are summarized
as 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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Appendix A. Deduction of the methanol-crossover
current

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

i ic
ka(cin — cel)) = — + — A-1
d(Cin cl) 6F 6F ( )
where c;j, is the methanol concentration in the channel, ¢ the
methanol concentration in the anode CL, i the current density,
i the methanol-crossover current density, kg the effective mass
transport coefficient from the channel to the CL and ky, is the
mass transport coefficient through the membrane. Thus, at the
liming current density, i.e. ¢; =0, the equation can be reduced
to:
ilim = 6 Fkqcin (A-2)
The methanol-crossover current density as the result of both
diffusion and electro-osmotic drag can be expressed as:

i i Cel i
S — =~k 100070 011 &
GF Gl KXl A KmCel F K(1000/0.018) F

i
<km + aF) Cel

(A-3)

where « is the electro-osmotic drag coefficient of water and the
constant a = 1.8e — 5k. Under the open-circuit condition (i =0),
combining Egs. (A-2) and (A-3) gives:

i kmk
cg;v = kchl,ocv = kq(cin — Ccl,ocv) = kmmi_i_dkdcin (A-4)
Solving ¢ from Egs. (A-1)-(A-3), we obtain:
ilim — 1
Col = A-5
= 6F(ka + km + ali/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-
sity can finally be expressed as:

(1 + (ai/ Fkm)) < _l>
1+ (ai/ F(km + kq)) ilim

(A-6)

lc = lc,ocv
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