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Abstract

The eftect of porous support properties such as porosity € and water absorptivity «,, on the methanol crossover (MCO) and transport phenomena
through the membrane electrode assembly (MEA) of a direct methanol fuel cell (DMFC) under open circuit conditions was theoretically and
experimentally investigated. Porous plates, made of different materials, with different properties, were used as the support of the DMFC, and the
performance of the crossover, i.e., CO, production rate at the cathode, cell temperature, fluxes of water and methanol, through the MEA with or
without the porous plate were measured and compared to each other. The methanol flux increased with the increasing product of ¢ and oy, ey,
and the water flux slightly decreased with its increase, in the range where e, was over a certain value, suggesting that the methanol flux was
controlled by the diffusion resistance through the porous plate, whereas the total flux was not affected by it. It was clearly shown that these porous
plates prevented the passive DMFC from undergoing a significant loss of methanol due to the crossover, and also being out of temperature control.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

There has been a increasing demand for the development of
direct methanol fuel cells (DMFCs) [1-3] because of their high
energy densities which are suitable for mobile electric devices
and automobiles. However, the energy density of the DMFCs
currently under development is still far from that expected due to
the methanol crossover and the high overvoltage at the electrodes
[4,5]. Due to the methanol crossover, the DMFC usually shows
the highest performance at low concentrations of methanol from
2 to 3M [6,7] under the active conditions. To overcome the
methanol crossover, a large number of studies [8—12] were car-
ried out for developing a new proton-conducting membrane with
alow methanol permeability and high proton conductivity. Mod-
ification of the existing membranes like Nafion has also been
conducted by making it a composite membrane [13—15] with
inorganic or organic materials, surface modification by physical
treatment [ 16] or by coating the surface with a thin film [17-19].
Only a few papers considered the reducing ability in methanol
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crossover by mass transport control in the backing layer
[20,21].

Recently, passive DMFCs, that suck methanol from a reser-
voir by an osmotic action and breath air from its surrounding by
natural convection and diffusion, have been demonstrated, and
the performance was investigated by some researchers under dif-
ferent conditions [20,22-32]. The reports on the passive DMFCs
revealed some different performance behaviors compared to that
of active DMFCs. For example, a methanol concentration like
5 M, which is higher than that for an active DMFC, was some-
times assigned as the optimum condition for the i—V performance
[18,27,33]. An air-breathing DMFC with a thinner membrane
exhibited a better i~V performance at low current density [34].
The power density calculated on the basis of the unit area of
the electrode for a stack was much better than that of the single
cell [23]. A passive vertically oriented DMFC always produced
a better performance than that horizontally oriented [35]. These
behaviors were attributed to the methanol crossover that induced
anincrease in the cell temperature due to the exothermic reaction
between the permeated methanol and the oxygen at the cathode,
so that the polarization was reduced, and hence, a high perfor-
mance was achieved [23,34,35]. These do not suggest that the
methanol crossover played a desirable role in the passive DMFC.
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It should be noted that the methanol crossover causes a loss of
the methanol and significantly reduced the energy density and
the efficiency of the DMFC. In the passive DMFCs, the methanol
crossover and the temperature of the cell were not controlled,
which sometimes leads to fatal damage to the cell.

The authors demonstrated, in a recent report [20], that a pas-
sive DMFC with a porous carbon plate as a support reduced
the methanol crossover and constantly controlled the cell tem-
perature. In the experiment, two different types of porous car-
bon plates were used, and their methanol crossover reductions
were different suggesting that the properties of the porous plate
affected the methanol crossover. The mechanism of reducing the
MCO was explained by the diffusion control of the methanol
through the porous plate. This study is primarily focused on
a theoretical consideration for the reduction of the methanol
crossover through the MEA with a porous plate. The behavior of
the transport and separation of methanol through this type of pas-
sive DMFC under open circuit conditions was then investigated.
Experiments were conducted to show the unique properties of
this cell by measurement of the MCO using different porous
materials, i.e., porous carbon and porous alumina, with different
properties, e.g., pore structures, water absorptivity, at different
methanol concentrations and different temperatures.

2. Theoretical consideration of the mass transfer
through MEA

2.1. Mass flow rate of the solution

When an MEA with a polymer electrolyte membrane like
Nafion is in contact with a methanol solution and air at both sur-
faces, the crossover of methanol and also water occurs. The mass
flow rate of the solution MT, a mixture of methanol and water,
through the MEA would be controlled by the rate of removal of
the solution from the cathode surface into the cathode gas due to
vaporization under open circuit conditions, in some cases. The
driving force of the vaporization is the difference in vapor pres-
sure of the solution between the cathode surface and the flowing
gas and the rate of vaporization, vy, can be expressed as follows:

v = k(py — pa) (D
=k (poexp(—L,/(RT)) — pa) (2)

where k is a constant, p, the vapor pressure of the solution at
the meniscus of the porous cathode, p, the vapor pressure of
the cathode gas, po the vapor pressure of the bulk solution, and
L, is the latent heat of vaporization of the solution. Eq. (2) was
derived from the Clausuis—Clapeyron relation.

The solution that exists at the cathode was a mixture of
methanol and water, and the total flux across the membrane Jt
consists of a methanol flux Jp and a water flux Jyw:

Jr=Ju+Jw 3)

and also, as the total flux is controlled by the rate of vaporization,
and hence:

Jr=Mr/A =vi/A 4)

where A is the area of the membrane. The methanol flux can
be related to the water flux based on the general relationship
in flux between a solute and a solvent that permeate through a
membrane as follows:

Jm = (1 —0)ChiJw — Diam(dCr/dx) = Jom + Jom 5)

The first term of Eq. (5) is the convection flux of methanol
Jowm with the water flux and the second term shows the diffusion
flux of methanol Jpym, where o is the reflection coefficient, and
C} is the average concentration of methanol in the membrane
and Dy is the diffusion coefficient of methanol in the mem-
brane, and Cy, is the methanol concentration at position x in the
membrane from the surface.

Methanol that usually permeated to the cathode is oxidized by
oxygen into water with the help of a catalyst, and the methanol
concentration at the cathode surface remained low. Under this
situation, the diffusion flux, Jpy is increased by the increase of
difference in the methanol concentration between both surfaces
of the membrane. This raised the methanol flux Jy, while the
total flux was constant, i.e., reducing the flux of water, because
the total flux was controlled by the rate of water vaporization
as shown by Egs. (3) and (4). As a result, methanol prefer-
entially permeated through the membrane, and this caused a
significant loss in energy density and energy efficiency of the
DMEFC.

2.2. Methanol diffusion through a porous plate

Let us now consider a case where a porous plate, which
absorbs water into the body by osmotic action, is used as a sup-
port of the MEA on the anode side. When the flow rate of the
solution through the MEA driven by the evaporation of water at
the cathode is not very high, the porous plate is not a resistance
for the transport of the total solution through the porous plate and
MEA, if the porous plate absorbs sufficient water. In addition,
the flux of methanol through the membrane can be controlled
by the diffusion resistance of the porous plate. This mechanism
can reduce the diffusion flux of methanol through the membrane
Jpwm by reducing the methanol concentration at the anode surface
resulting in reducing the difference in the methanol concentra-
tion between the surfaces of the membrane. The diffusion flux of
methanol controlled by the porous plate can be given by Fick’s
law as follows:

JoMm = —Defi M(ACM/AX) (6)

where Defrv is the effective diffusion coefficient of methanol
through the porous plate, and AC)y is the difference in the con-
centrations of methanol between both sides of the porous plate
with thickness AX.

The effective diffusion coefficient Dery depends on the
properties of the porous plate where the coefficient is propor-
tional to the porosity of cross-section &g and inversely propor-
tional to the tortosity t of the porous plate as follows:

Detr v = kDymes/t (7)
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where Dy is the diffusion coefficient of methanol in water and
k is a constant related to the affinity between methanol and the
surface of the porous material.

When some pores are filled with the methanol-water solution
due to the hydrophilic properties of the porous plate and the
diffusion through the flooded pore dominates the mass transport,
Eq. (7) can be modified as follows:

Degr. = k' Dy(ase)”3 /¢ ®)

where o is the absorptivity of the solution to the porous plate
defined by the volume fraction of flooded pore to that of the
total pore, and ¢ is the porosity in volume. The power 2/3 in
the equation expresses the transfer in the cross-sectional value
instead of the volumetric value.

For a methanol-water solution, the absorptivity of solution o
can be empirically related to that of water «, due to the change
in the surface tension:

as = k1 + koot 9)

where ki and ky are the constants depending on the methanol
concentration and type of porous material.

Based on the above mechanism, the methanol flux through
the MEA and the acceleration effect on it can be reduced by the
porous plate. In the following sections, the mechanism will be
experimentally confirmed.

3. Experimental

3.1. Measurements of the pore structure and the water
absorptivity of the porous plates

The porous plates used as the MEA support in this study
included seven different types of porous carbon plates supplied
from Mitsubishi Pencil Co., Ltd., and one Al,O3 porous plate
from Nikkato Co., Ltd., used as a membrane in the electrolysis.
The properties and pore structure of this porous plate are listed
in Table 1. The porous carbon plates were categorized into two
types, the CS type that was made of graphitic carbon and amor-
phous carbon and the CY type that was made of amorphous

Table 1
Properties of the carbon paper and the porous carbon plates used

Anode & (mm) oy Pore structure measured by
backing the mercury porosimeter

5 (Cm3 gil) dpA,ave (pom) &
C-paper 0.17 0.82 1.51 50.6 0.81
CS1 2.0 0.0 0.137 2.0 0.244
CS2 2.0 0.15 0.521 2.0 0.487
CS3 2.0 0.55 0.248 2.0 0.33
CS4 2.0 0.9 - 2.0 0.49
CS5 2.0 0.83 0.265 7.8 043
CYl1 2.0 0.5 - 20 0.59
CY2 2.0 0.7 0.775 43.8 0.588
CER 2.0 0.87 0.129 0.4 0.322

d: thickness; ay: water absorptivity defined by Eq. (7); Vj: total cumulative
volume; dj,: pore diameter; &: total porosity.

carbon. The Al O3 porous plate, denoted as CER, was prepared
as a reference to check if the carbon material is significantly
important for controlling the MCO.

The microstructure of the porous plates was measured using a
mercury porosimeter, Pascal 140 + 440 (Thermo Finnigan, Inc.).
The water absorptivity, oy, was defined as the fraction of the
pore volume that filled with water when the plate was dipped
into water for a long enough time. In the table, the properties and
pore structure of a conventional carbon paper, C-paper, is also
listed for comparison. It was clear that the porous carbon plates
had a smaller average-pore diameter and porosity than that of
the carbon paper.

The water absorptivity «y of the porous plates combined
with the porous plate cut into a 10 mm wide, 50 mm long and
2 mm thick strip by fully immersing the stick in water until its
weight became constant. From the volume of the initial pore,
Vo, and the volume of the absorbed water, Vi, the absorptivity
was calculated as follows:

aw = Vw/Vo (10)
3.2. MEA preparation

3.2.1. Conventional MEA

The conventional MEA, which uses carbon paper as the
anode-backing layer, was prepared in the following man-
ner. Catalyst ink containing Pt-Ru (54 wt.%, Pt/Ru=1.5)/C
catalyst, a Swt.% Nafion solution (Wako, Inc.) and glyc-
erol in the weight ratio of 1:3:3 was applied on the carbon
paper (TGP-H-060, Toray, Inc.) to give a catalyst loading of
3-4mgcm~2 and then used as the anode after being dried
in a vacuum oven for 3h. A ready-made electrode, EC-20-10
(ElectroChem, Inc.) with Pt (1.0 mg cm~2)/C was used as the
cathode. Nafion 112 was used as the electrolyte membrane. It
was pretreated to activate the proton conduction as follows:
dipping it into 3 vol.% H»O,, de-ionized water, 2.5 mol dm™3
H>SO4 and de-ionized water in that order and boiling each
solution for 1h during each step. Finally, the MEA was fab-
ricated by sandwiching the membrane between the anode and
the cathode and hot pressing them at 403 K and 9 MPa for
3 min. The conventional MEA was labeled as MEA(c in this

paper.

3.2.2. MEA with the porous plate

The porous plate was cut into a 10 mm wide, 50 mm long
and 2 mm thick strip and was used as the support of the cell,
i.e., used as an anode backing instead of the carbon paper for
the conventional MEA. In a preliminary experiment, we con-
firmed that the mass transport through the MEA with a porous
plate was unrelated between the case where the porous plate
was mated with the membrane by hot pressing and the case
where the porous plate was just placed on the conventional
MEA. Hence, we put the porous plate on the anode surface
of the conventional MEA and fixed them by pressing them
in the cell holder. Therefore, the porous plate acted as a bar-
rier to mass transport between the methanol reservoir and the
anode surface. These MEAs with the porous plate was denoted
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MEA with or without PCP
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Fig. 1. Experimental apparatus used for measuring the methanol crossover under
open circuit conditions.

as MEA/CSi or MEA/CYi depending on the type of porous
plate.

3.3. Methanol and water flux measurements

Fig. 1 shows the experimental setup used to measure the mass
transport through the MEA with or without the porous plate. The
MEA with or without the porous plate was placed on a holder
as shown in the figure. The cell chamber was separated by the
MEA into the methanol reservoir and the oxygen flow cham-
ber, and it arranged such that the reservoir top and the oxygen
chamber bottom remained in constant contact between the solu-
tion and MEA. Into the oxygen chamber, the oxygen gas flowed
at 500 mlmin~! from a cylinder. On the other hand, the CO,
produced in the oxygen chamber by the oxidation of methanol
permeated from the reservoir with the help of the Pt catalyst in
the gas exhaust was measured using the IR CO; meter. In a pre-
liminary experiment, we found, under certain conditions of this
study, that 85-90% of the permeated methanol was converted
to CO; and 10-15% of the permeated methanol was not com-
pletely oxidized. Hence, the CO> production rate was used to
determine a trend in the time profile of the methanol crossover
rate. We also measured the weight loss of the entire cell holder
at a certain time interval and the methanol concentration of the
liquid that remained in the reservoir after the experiment. The
total flux was calculated from the weight loss, and the methanol
flux was calculated from the amount of the methanol consumed
from the reservoir during the experiment. The water flux was
also calculated by subtracting the methanol flux from the total
flux. These fluxes were the time average value in the 4 h exper-
iment.

3.4. Controlling and measuring the temperature of the cell

The entire cell holder was placed it in a furnace and the sur-
rounding temperature was adjusted at the desired temperature
by the furnace. The holder was kept for sufficient time until the
entire holder reached to the desired temperature before the mea-
surement. The surrounding temperatures employed in this study
were 297, 310 and 323 K.

In some experiments, the temperature of the cell was directly
measured using a thermocouple placed on the cathode surface.
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Fig. 2. Variations in (a) CO; production rate and (b) methanol solution loss with
different porous materials at 2 M.

4. Results and discussion
4.1. CO; production rate and loss of the total solution

Fig. 2(a) shows the CO; production rate measured for MEAC,
MEA/CS2, MEA/CY2 and MEA/CER at the methanol con-
centration of 2 M, at 297 K. The CO, production rate for the
conventional MEA, MEA(, was greater than that for the MEAs
with the porous plate, especially at the initial time. At 25 min,
the CO, production rate for the MEA¢ was three to five times
greater than that for the MEAs with the porous plate. The produc-
tion rate for the MEAs with the porous plate was different from
each other according to the type of porous plate. It should be
noted that CO; production rate when using the porous plate was
nearly constant during the measurement, whereas the rate for the
conventional MEA was initially high and decreased with time.
Although the CO; production rate did not accurately agree with
the rate of the methanol crossover due to the —10% to —15%
error in the mass balance, it roughly indicated that the rate of
MCO for each MEA. Hence, it was clear that the porous plate
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significantly reduced the methanol crossover and constantly sta-
bilized the crossover rate for a long time, and also, the degree of
reduction in the methanol crossover depended on the properties
of the porous plate.

Fig. 2(b) shows the weight loss of the cell holder with time
for the cases shown in Fig. 2(a). The weight loss was due to the
crossover of methanol and water from the reservoir to the oxy-
gen chamber followed by the vaporization that transferred the
solution out of the chamber with the oxygen flow. The methanol
solution loss increased with the increasing time in all cases.
Here, it should be noted that the order of the rate of the loss did
not agree with the order of the CO, production rate shown in
Fig. 2(a). This suggested that the rate of the methanol crossover
did not coincide with the rate of the water permeation.

Figs. 3 and 4 show the CO; production rate and the weight
loss at 4 and 8 M, respectively. At4 M, as shown in Fig. 3(a) and
(b), nearly the same trend as that shown in Fig. 2 was obtained,
but both the CO; production rate and the loss of the methanol
solution increased with the increase the methanol concentra-
tion from 2 to 4 and 8 M. With the increasing concentration of
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Fig. 3. Variations in (a) CO; production rate and (b) methanol solution loss with
different porous materials at 4 M.
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methanol in the reservoir, the methanol flux increased accord-
ing to Eq. (6). The difference in the methanol concentration of
the solution between both surfaces of the porous plate increased
with the increasing concentration in the reservoir.

When the methanol concentration was as high as 8 M, the
methanol crossover for the conventional MEA, MEA(, was sig-
nificantly increased from that at 4 and 2 M. The production rate
of CO, for the MEA ¢ was 30—60 times higher compared to that
of the MEA with the porous plates as shown in Fig. 4(a). This
was caused by an increase in the temperature of the MEA as
shown in the next section. On the other hand, in the case of the
MEAs with the porous pate, the rate of the methanol crossover
remained low and constant with time.

4.2. Effect of using the porous plate on cell temperature

Fig. 5(a)—(c) shows the temperature of the cell in the mea-
surement of the CO, production rate for each MEA, i.e., MEAC,
MEA/CS2 and MEA/CER, at 2, 4 and 8 M, respectively. In case
of the MEA(, the temperature increased from 297 to 306, 317
and 383 K, during 5-15 min at 2, 4 and 8 M, respectively, then
decreased with time. Whereas, in the case of MEA/CS2 and
MEA/CER, the temperatures slightly increased and the change
at the end of the measurement was 2 and 6K, respectively,
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Fig. 5. Effect of using different porous plates on cathode temperature at different
methanol concentrations of (a) 2 M, (b) 4 M, and (c) 8 M.

regardless of the methanol concentration. These temperature
profiles were consistent with the variations in the production
rate of CO; shown in Figs. 2—4. The consistency between them
was reasonable, because the increase in temperature was caused
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Fig. 6. Effect of using porous plate on methanol consumption at different
methanol concentrations of 2 and 4 M.

by the oxidation of the methanol that permeated to the cathode.
It should be noted that the temperature at 8 M for the conven-
tional MEA reached 383 K that is close to the glass transition
temperature of Nafion. Such a high temperature resulted from
the methanol crossover being out of control by acceleration by
the increase in temperature, and it may cause significant dam-
age to the microstructure of the MEA. This pointed out that such
a high methanol concentration cannot be used during practical
operation of DMFC with the conventional MEA. As a result of
the uncontrollable methanol crossover, the loss of methanol fed
to the reservoir significantly increased.

Fig. 6 shows the fraction of the methanol consumed in the
reservoir for every 1h interval for the MEAc and MEA/CS2
at 2 and 4 M. It was clearly shown that the consumption of
methanol for the MEA¢ was several times higher than that for
MEA/CS2 in the first 1h where the uncontrollable methanol
crossover occurred as shown in Figs. 2, 3 and 5. In case of the
MEAC(, a large fraction of methanol was lost during the initial
time due to the initial high methanol concentration and decreased
with increasing time because of a decrease in the methanol con-
centration during the time. However, in the case of using the
porous plate, the methanol crossover was controlled by the resis-
tance for mass transfer by the porous plate, and it resulted in a
small and linear increase in the consumed fraction with increas-
ing time. As shown above, it was clear that the MEA with the
porous plate provided an important function of controlling the
methanol crossover rate.

4.3. Effect of different properties of porous plate on
methanol crossover

Fig. 7 shows the effect of the membrane thickness on the
methanol flux and the water flux measured for the MEA with
(b) and without (a) a porous plate. When a porous plate was
not used as the support, Fig. 7(a), the methanol flux decreased
in the order of Nafion 112, 115 and 117, i.e., in the order with
the increasing thickness of the membrane, suggesting that the
mass transport through the membrane controlled the methanol
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flux. On the other hand, the methanol flux and also the water
flux for the MEA with the porous plate were not affected by the
membrane, suggesting that these fluxes were not controlled by
the membrane, but by the porous plate when the porous plate
was used.

Fig. 8 shows the methanol flux and water flux measured for
the different MEAs with and without a porous plate at 2, 4 and
8 M. It was clearly shown that the methanol flux was reduced at
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the MEAs with a porous plate compared to that at the MEAc.
It was also found that the methanol flux almost proportion-
ally increased with the increasing methanol concentration as
suggested by Eq. (6), except for the MEAc case at 8 M. The
exceptional case, MEAc at 8 M, must be affected by the sig-
nificant increase in temperature at the initial time as described
above. Not only the methanol flux, but also the water flux was
dependent on the properties of the porous plate. Therefore, we

02 . ’
297 K W Water
MEA/CS2 MeOH
0.15 —
@ 04 i
E p
2
5
T 0.05 —

(c)

Fig. 8. Methanol and water fluxes for MEAs with and without porous materials: (a) MEAc, (b) MEA/CSI1, (c) MEA/CS2, and (d) MEA/CER.
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Fig. 9. Effect of ey, on the methanol flux.

investigated the property that affected the methanol flux for the
porous plates used.

Fig. 9 shows the relationship between the methanol flux and
the product of the porosity, €, and the water absorptivity, oy,
for all of the MEAs with the porous plate shown in Table 1. A
strong correlation could be observed between the methanol flux
and the product, ey, as shown in the figure, but not between
the methanol flux and the porosity, suggesting that the methanol
transport was controlled by the diffusion through the flood pore
with the solution as assumed in Eq. (8). The curves drawn in
the figure were the results of a curve fitting for the data with the
function: a + b (saw)z/ 3, where a and b were constants, based on
Eq. (8). The methanol flux increased with the increasing exy, and
the methanol concentration. On the other hand, the methanol flux
obtained for MEA¢ was 0.0125, 0.0230 and 0.0927 gm~2s~!
at 2,4 and 8 M, respectively. The reduction in the methanol flux
for the MEA with the porous plate having exy, = 0 and 0.2 was
calculated as around 1/10 and 1/5, respectively, to that for the
conventional MEA at the methanol concentrations used in this
study.

Fig. 10 shows the relationship between ea, and the water flux
at different methanol concentrations. The water flux increased
with the increasing eay up to a definite value then it slightly
decreased. It would be controlled by the evaporation rate of the
solution at the cathode as assumed in the theoretical section. For
the conventional MEA without a porous plate, the MEA(c, the
obtained water flux was 0.0303, 0.0278 and 0.0593 gm~2s ™! at
2, 4 and 8 M, respectively. The high water flux at 8 M would be
caused by the high temperature shown in Fig. 4(a). Where as,
similar and relatively low water fluxes for MEAc at 2 and 4 M,
compared to 0.045 g m~2 s~! for the MEA with the porous plate,
would result from the total flux controlled by the evaporation
of the solution transported to the cathode as assumed in the
theoretical section.

The total flux that was the sum of the methanol flux and the
water flux for the different MEAs with the porous plate are plot-
ted in Fig. 11, showing the total fluxes at 2 and 4 M for the MEAc
as the dotted lines. When eay, was over 0.2, the total flux became
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Fig. 10. Effect of ey on the water flux.

constant for the MEAs with the porous plate and it was also sim-
ilar to that for the MEA without the porous plate. This supported
the assumption that the total flux was controlled by the rate of
evaporation of the permeated solution at the cathode as described
in the theoretical section. It is known that the evaporation rate
of water from a surface of a porous material become constant
over a certain water content, because the lateral diffusion within
a boundary layer allows the vapor pressure to equilibrate [36].
Due to this phenomenon, the water flux would be constant at an
gay, over 0.2. During fuel cell operation, the water content in
the membrane is very important, because the ionic conductiv-
ity of the membrane is directly related to the water content and
temperature. On the other hand, excessive water at the cathode
may cause flooding, i.e., liquid water accumulated at the cathode
prevents oxygen access to the reaction sites. The water content
in the membrane should be properly controlled during fuel cell
operation.

Fig. 12 shows the relationship between the valuable of oy,
and the degree of methanol separation defined by the methanol
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Fig. 11. Effect of ey, on the total flux.
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flux divided by the total flux. When the degree of separation
was low, it means that the porous plate strongly controlled the
methanol flux compared to the water flux. This figure showed
that there was an optimum value for eay, at around eoy, = 0.2
where the degree of separation shows a minimum at a high
methanol concentration. The degree of separation calculated for
the conventional MEA was 0.292, 0.453 and 0.670 at 2, 4 and
8 M, respectively. It clearly showed that the degree of separation
for the MEA with the porous plate was much smaller, 1/2—1/6,
than that for the conventional MEA.

Fig. 13 shows the relationship between the change in the
methanol concentration, C/Cy, and the loss of the solution,
WIW,, at different MEAs, where C and W are the methanol con-
centration and the weight of the solution, respectively, remaining
in the reservoir after the 4 h crossover experiment, and Cy and
Wy are the initial values. The plots for MEA( are located at the
lower positions in C/Cy and also W/W, compared to the plots for
the MEAs with the porous plate, whereas, the plots for the MEAs
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Fig. 13. Relationship between the decrease in the weight and that in the methanol
concentration for the solution remaining in the reservoir during the 4 h crossover
experiment.

with the porous plate, including that at 2, 4 and 8 M, located in
the domain with C/Cy > 0.9 and W/W; >0.85 in the figure. This
means that the methanol is preferentially transported through the
conventional MEA, and it was controlled by the porous plate. As
shown in Eq. (5), the methanol flux Jy; was accelerated by the
increase of the diffusion flux through the membrane Jpy due
to the large difference in the methanol concentration between
the anode and cathode for the conventional MEA. The value of
Jpm was reduced for the MEA with the porous plate by reduc-
ing methanol concentration at the anode surface resulting in a
reduced driving force for Jyp by the diffusion resistance of the
porous plate. Hence, C/Cy was never greater than 1 in all cases.

4.4. Effect of surrounding temperature on MCO

Fig. 14 shows the effect of the surrounding temperature rang-
ing between 297 and 323 K on the total flux for the MEAc and
MEA/CS?2. The total flux increased with the increasing temper-
ature showing the minus slope on the Arrhenius plot for both
cases of the MEAc and MEA/CS2. The plots showed a straight
line within the temperature range measured at 2 and 4 M for
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Fig. 14. Arrehenuis plot for total flux in case of (a) MEAc and (b) MEA/CS2.
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MEA/CS2, as shown in Fig. 14(b). The activation energy calcu-
lated for both cases was 39 kJ mol~! which almost agreed with
the latent heat of vaporization of water, 44 kJ mol~!. This sug-
gested that the total flux was controlled by the evaporation rate
of water at the cathode as mentioned in the theoretical consid-
eration with Eqgs. (2) and (4), noting that the vapor pressure of
the cathode gas, p,, in the equation was negligibly small in this
measurement. At 323 K and 8 M for MEA/CS2, the total flux
was plotted above the straight line that was for the plots at low
temperatures. This would be because the actual temperature of
the cell was higher than that of the surrounding one due to the
effect of the high methanol crossover at this condition. A similar
tendency was observed for the conventional MEA, MEA(, at 2
and 4 M as shown in Fig. 14(a). In the case of MEA(, the effect
of the methanol crossover on the actual temperature of the cell
was significant even at the low concentration of 2 M. Hence, the
relationship between the total flux and the surrounding temper-
ature did not reflect the actual relationship between the flux and
the cell temperature. The experiments for the higher tempera-
tures, 310 and 323 K, at 8 M were not conducted because it was
uncontrollable.
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MEA/CS2.
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Fig. 16. Relationship between the decrease in the weight and that in the methanol
concentration for the solution remaining in the reservoir during the 4 h crossover
experiment. Comparison between MEAc and MEA/CS?2 at different tempera-
tures and methanol concentrations.

Fig. 15 shows the effect of temperature on the methanol flux
for both the MEAc and MEA/CS2. The activation energies at
different methanol concentrations for MEA/CS2 were 42.7,44.7
and 38.2kImol~! at 2, 4 and 8 M, respectively. These values
were much higher than that calculated for the diffusion. This
confirmed that the methanol transport through the MEA was
by diffusion and convection flow from the anode to the cath-
ode as given in Eq. (5), and the convective flow was accelerated
by the increase in the surrounding temperature as mentioned
above. Based on this consideration, the blocking of the methanol
transport by the porous plate based on the diffusion resistance
mechanism would be reduced under the condition of high tem-
perature and high methanol concentration, because the methanol
flux by the diffusion would be relatively low to that due to the
convective flow driven by the evaporation of water at the cath-
ode.

Fig. 16 shows the relationship between the separation and the
loss for the cases measured at different surrounding temperatures
for the MEA ¢ and MEA/CS?2. The separation of methanol by the
porous plate was still effective at these temperatures, although
the loss of the total solution relatively increased as the temper-
ature increased for the cases with MEA/CS2.

All the above experiments were conducted under open circuit
conditions. However, the methanol crossover under closed cir-
cuit conditions is also important. When the circuit is closed and
current flowed, carbon dioxide is produced at the anode. The car-
bon dioxide must be transported to the outside mainly through
the porous plate when the porous plate is used. The authors are
currently investigating the methanol crossover at MEAs with
the porous plate under closed circuit conditions which will be
reported elsewhere in the future.

5. Conclusions

Methanol crossover in a passive DMFC using a porous plate
as a support had been studied under open circuit conditions using
different porous plates with different structures and different
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water absorptivities at different methanol concentrations and
temperatures. The following conclusions were drawn.

The porous plates controlled and reduced the methanol
crossover. As the material of the porous plate, both the porous
carbon plate and the porous Al,Os3 plate were useful. The mech-
anism of reducing the methanol crossover could be explained
by the controlling the diffusion of methanol through the porous
plate which reduced the methanol flux. As the properties of the
porous plate that affect the methanol flux, the porosity, water
absorptivity and others involved in Eq. (8), were predicted,
which were confirmed by experiment. The methanol flux and
water flux could be expressed as a function of the products of
the porosity and the water absorptivity, eay. The methanol flux
increased with the increasing eay, and the methanol concentra-
tion. The water flux increased with the increasing say, to a certain
value of exy, and then slightly decreased, and was not affected by
the methanol concentration. As aresult of reducing the methanol
crossover, the temperature of the cell was constantly controlled
without causing an uncontrollable temperature increase that
was observed for the conventional MEA. Also, a considerable
amount of methanol loss due to the uncontrollable temperature
increase was neglected for the MEAs with the porous plate. The
total flux for the MEAs with the porous plate measured at dif-
ferent surrounding temperatures showed an activation energy
similar to that of the latent heat of vaporization of water, sug-
gesting that the evaporation rate controlled the total flux.
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