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bstract

The effect of porous support properties such as porosity ε and water absorptivity αw on the methanol crossover (MCO) and transport phenomena
hrough the membrane electrode assembly (MEA) of a direct methanol fuel cell (DMFC) under open circuit conditions was theoretically and
xperimentally investigated. Porous plates, made of different materials, with different properties, were used as the support of the DMFC, and the
erformance of the crossover, i.e., CO2 production rate at the cathode, cell temperature, fluxes of water and methanol, through the MEA with or
ithout the porous plate were measured and compared to each other. The methanol flux increased with the increasing product of ε and α , εα ,
w w

nd the water flux slightly decreased with its increase, in the range where εαw was over a certain value, suggesting that the methanol flux was
ontrolled by the diffusion resistance through the porous plate, whereas the total flux was not affected by it. It was clearly shown that these porous
lates 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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. Introduction

There has been a increasing demand for the development of
irect methanol fuel cells (DMFCs) [1–3] because of their high
nergy densities which are suitable for mobile electric devices
nd automobiles. However, the energy density of the DMFCs
urrently under development is still far from that expected due to
he methanol crossover and the high overvoltage at the electrodes
4,5]. Due to the methanol crossover, the DMFC usually shows
he highest performance at low concentrations of methanol from

to 3 M [6,7] under the active conditions. To overcome the
ethanol crossover, a large number of studies [8–12] were car-

ied out for developing a new proton-conducting membrane with
low methanol permeability and high proton conductivity. Mod-

fication of the existing membranes like Nafion has also been
onducted by making it a composite membrane [13–15] with

norganic or organic materials, surface modification by physical
reatment [16] or by coating the surface with a thin film [17–19].
nly a few papers considered the reducing ability in methanol
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rossover by mass transport control in the backing layer
20,21].

Recently, passive DMFCs, that suck methanol from a reser-
oir by an osmotic action and breath air from its surrounding by
atural convection and diffusion, have been demonstrated, and
he performance was investigated by some researchers under dif-
erent conditions [20,22–32]. The reports on the passive DMFCs
evealed some different performance behaviors compared to that
f active DMFCs. For example, a methanol concentration like
M, which is higher than that for an active DMFC, was some-

imes assigned as the optimum condition for the i–V performance
18,27,33]. An air-breathing DMFC with a thinner membrane
xhibited a better i–V performance at low current density [34].
he power density calculated on the basis of the unit area of

he electrode for a stack was much better than that of the single
ell [23]. A passive vertically oriented DMFC always produced
better performance than that horizontally oriented [35]. These
ehaviors were attributed to the methanol crossover that induced
n increase in the cell temperature due to the exothermic reaction

etween the permeated methanol and the oxygen at the cathode,
o that the polarization was reduced, and hence, a high perfor-
ance was achieved [23,34,35]. These do not suggest that the
ethanol crossover played a desirable role in the passive DMFC.
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t should be noted that the methanol crossover causes a loss of
he methanol and significantly reduced the energy density and
he efficiency of the DMFC. In the passive DMFCs, the methanol
rossover and the temperature of the cell were not controlled,
hich sometimes leads to fatal damage to the cell.
The authors demonstrated, in a recent report [20], that a pas-

ive DMFC with a porous carbon plate as a support reduced
he methanol crossover and constantly controlled the cell tem-
erature. In the experiment, two different types of porous car-
on plates were used, and their methanol crossover reductions
ere different suggesting that the properties of the porous plate

ffected the methanol crossover. The mechanism of reducing the
CO was explained by the diffusion control of the methanol

hrough the porous plate. This study is primarily focused on
theoretical consideration for the reduction of the methanol

rossover through the MEA with a porous plate. The behavior of
he transport and separation of methanol through this type of pas-
ive DMFC under open circuit conditions was then investigated.
xperiments were conducted to show the unique properties of

his cell by measurement of the MCO using different porous
aterials, i.e., porous carbon and porous alumina, with different

roperties, e.g., pore structures, water absorptivity, at different
ethanol concentrations and different temperatures.

. Theoretical consideration of the mass transfer
hrough MEA

.1. Mass flow rate of the solution

When an MEA with a polymer electrolyte membrane like
afion is in contact with a methanol solution and air at both sur-

aces, the crossover of methanol and also water occurs. The mass
ow rate of the solution MT, a mixture of methanol and water,

hrough the MEA would be controlled by the rate of removal of
he solution from the cathode surface into the cathode gas due to
aporization under open circuit conditions, in some cases. The
riving force of the vaporization is the difference in vapor pres-
ure of the solution between the cathode surface and the flowing
as and the rate of vaporization, v1, can be expressed as follows:

1 = k(pv − pa) (1)

k (p0 exp(−La/(RT )) − pa) (2)

here k is a constant, pv the vapor pressure of the solution at
he meniscus of the porous cathode, pa the vapor pressure of
he cathode gas, p0 the vapor pressure of the bulk solution, and
a is the latent heat of vaporization of the solution. Eq. (2) was
erived from the Clausuis–Clapeyron relation.

The solution that exists at the cathode was a mixture of
ethanol and water, and the total flux across the membrane JT

onsists of a methanol flux JM and a water flux JW:

T = JM + JW (3)
nd also, as the total flux is controlled by the rate of vaporization,
nd hence:

T = MT/A = v1/A (4)

t
t

D
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here A is the area of the membrane. The methanol flux can
e related to the water flux based on the general relationship
n flux between a solute and a solvent that permeate through a

embrane as follows:

M = (1 − σ)C∗
mJW − DmM(dCm/dx) = JCM + JDM (5)

The first term of Eq. (5) is the convection flux of methanol
CM with the water flux and the second term shows the diffusion
ux of methanol JDM, where σ is the reflection coefficient, and
∗
m is the average concentration of methanol in the membrane
nd DmM is the diffusion coefficient of methanol in the mem-
rane, and Cm is the methanol concentration at position x in the
embrane from the surface.
Methanol that usually permeated to the cathode is oxidized by

xygen into water with the help of a catalyst, and the methanol
oncentration at the cathode surface remained low. Under this
ituation, the diffusion flux, JDM is increased by the increase of
ifference in the methanol concentration between both surfaces
f the membrane. This raised the methanol flux JM, while the
otal flux was constant, i.e., reducing the flux of water, because
he total flux was controlled by the rate of water vaporization
s shown by Eqs. (3) and (4). As a result, methanol prefer-
ntially permeated through the membrane, and this caused a
ignificant loss in energy density and energy efficiency of the
MFC.

.2. Methanol diffusion through a porous plate

Let us now consider a case where a porous plate, which
bsorbs water into the body by osmotic action, is used as a sup-
ort of the MEA on the anode side. When the flow rate of the
olution through the MEA driven by the evaporation of water at
he cathode is not very high, the porous plate is not a resistance
or the transport of the total solution through the porous plate and

EA, if the porous plate absorbs sufficient water. In addition,
he flux of methanol through the membrane can be controlled
y the diffusion resistance of the porous plate. This mechanism
an reduce the diffusion flux of methanol through the membrane
DM by reducing the methanol concentration at the anode surface
esulting in reducing the difference in the methanol concentra-
ion between the surfaces of the membrane. The diffusion flux of

ethanol controlled by the porous plate can be given by Fick’s
aw as follows:

DM = −Deff,M(�CM/�X) (6)

here Deff,M is the effective diffusion coefficient of methanol
hrough the porous plate, and �CM is the difference in the con-
entrations of methanol between both sides of the porous plate
ith thickness �X.
The effective diffusion coefficient Deff,M depends on the

roperties of the porous plate where the coefficient is propor-

ional to the porosity of cross-section εs and inversely propor-
ional to the tortosity τ of the porous plate as follows:

eff,M = kDMεs/τ (7)
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here DM is the diffusion coefficient of methanol in water and
is a constant related to the affinity between methanol and the

urface of the porous material.
When some pores are filled with the methanol–water solution

ue to the hydrophilic properties of the porous plate and the
iffusion through the flooded pore dominates the mass transport,
q. (7) can be modified as follows:

eff,M = k′DM(αsε)2/3/τ (8)

here αs is the absorptivity of the solution to the porous plate
efined by the volume fraction of flooded pore to that of the
otal pore, and ε is the porosity in volume. The power 2/3 in
he equation expresses the transfer in the cross-sectional value
nstead of the volumetric value.

For a methanol–water solution, the absorptivity of solution αs
an be empirically related to that of water αw due to the change
n the surface tension:

s = k1 + k2αw (9)

here k1 and k2 are the constants depending on the methanol
oncentration and type of porous material.

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

. Experimental

.1. Measurements of the pore structure and the water
bsorptivity of the porous plates

The porous plates used as the MEA support in this study
ncluded seven different types of porous carbon plates supplied
rom Mitsubishi Pencil Co., Ltd., and one Al2O3 porous plate
rom Nikkato Co., Ltd., used as a membrane in the electrolysis.

he properties and pore structure of this porous plate are listed

n Table 1. The porous carbon plates were categorized into two
ypes, the CS type that was made of graphitic carbon and amor-
hous carbon and the CY type that was made of amorphous

able 1
roperties of the carbon paper and the porous carbon plates used

node
acking

δ (mm) αw Pore structure measured by
the mercury porosimeter

Vp (cm3 g−1) dp,ave (�m) ε

-paper 0.17 0.82 1.51 50.6 0.81
S1 2.0 0.0 0.137 2.0 0.244
S2 2.0 0.15 0.521 2.0 0.487
S3 2.0 0.55 0.248 2.0 0.33
S4 2.0 0.9 – 2.0 0.49
S5 2.0 0.83 0.265 7.8 0.43
Y1 2.0 0.5 – 20 0.59
Y2 2.0 0.7 0.775 43.8 0.588
ER 2.0 0.87 0.129 0.4 0.322

: thickness; αw: water absorptivity defined by Eq. (7); Vp: total cumulative
olume; dp: pore diameter; ε: total porosity.
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arbon. The Al2O3 porous plate, denoted as CER, was prepared
s a reference to check if the carbon material is significantly
mportant for controlling the MCO.

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

The water absorptivity αw of the porous plates combined
ith the porous plate cut into a 10 mm wide, 50 mm long and
mm thick strip by fully immersing the stick in water until its
eight became constant. From the volume of the initial pore,
0, and the volume of the absorbed water, Vw, the absorptivity
as calculated as follows:

w = Vw/V0 (10)

.2. MEA preparation

.2.1. Conventional MEA
The conventional MEA, which uses carbon paper as the

node-backing layer, was prepared in the following man-
er. Catalyst ink containing Pt–Ru (54 wt.%, Pt/Ru = 1.5)/C
atalyst, a 5 wt.% Nafion solution (Wako, Inc.) and glyc-
rol in the weight ratio of 1:3:3 was applied on the carbon
aper (TGP-H-060, Toray, Inc.) to give a catalyst loading of
–4 mg cm−2 and then used as the anode after being dried
n a vacuum oven for 3 h. A ready-made electrode, EC-20-10
ElectroChem, Inc.) with Pt (1.0 mg cm−2)/C was used as the
athode. Nafion 112 was used as the electrolyte membrane. It
as pretreated to activate the proton conduction as follows:
ipping it into 3 vol.% H2O2, de-ionized water, 2.5 mol dm−3

2SO4 and de-ionized water in that order and boiling each
olution for 1 h during each step. Finally, the MEA was fab-
icated by sandwiching the membrane between the anode and
he cathode and hot pressing them at 403 K and 9 MPa for
min. The conventional MEA was labeled as MEAC in this
aper.

.2.2. MEA with the porous plate
The porous plate was cut into a 10 mm wide, 50 mm long

nd 2 mm thick strip and was used as the support of the cell,
.e., used as an anode backing instead of the carbon paper for
he conventional MEA. In a preliminary experiment, we con-
rmed that the mass transport through the MEA with a porous
late was unrelated between the case where the porous plate
as mated with the membrane by hot pressing and the case
here the porous plate was just placed on the conventional
EA. Hence, we put the porous plate on the anode surface
f the conventional MEA and fixed them by pressing them
n the cell holder. Therefore, the porous plate acted as a bar-
ier to mass transport between the methanol reservoir and the
node surface. These MEAs with the porous plate was denoted
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ig. 1. Experimental apparatus used for measuring the methanol crossover under
pen circuit conditions.

s MEA/CSi or MEA/CYi depending on the type of porous
late.

.3. Methanol and water flux measurements

Fig. 1 shows the experimental setup used to measure the mass
ransport through the MEA with or without the porous plate. The

EA with or without the porous plate was placed on a holder
s shown in the figure. The cell chamber was separated by the
EA into the methanol reservoir and the oxygen flow cham-

er, and it arranged such that the reservoir top and the oxygen
hamber bottom remained in constant contact between the solu-
ion and MEA. Into the oxygen chamber, the oxygen gas flowed
t 500 ml min−1 from a cylinder. On the other hand, the CO2
roduced in the oxygen chamber by the oxidation of methanol
ermeated from the reservoir with the help of the Pt catalyst in
he gas exhaust was measured using the IR CO2 meter. In a pre-
iminary experiment, we found, under certain conditions of this
tudy, that 85–90% of the permeated methanol was converted
o CO2 and 10–15% of the permeated methanol was not com-
letely oxidized. Hence, the CO2 production rate was used to
etermine a trend in the time profile of the methanol crossover
ate. We also measured the weight loss of the entire cell holder
t a certain time interval and the methanol concentration of the
iquid that remained in the reservoir after the experiment. The
otal flux was calculated from the weight loss, and the methanol
ux was calculated from the amount of the methanol consumed
rom the reservoir during the experiment. The water flux was
lso calculated by subtracting the methanol flux from the total
ux. These fluxes were the time average value in the 4 h exper-

ment.

.4. Controlling and measuring the temperature of the cell

The entire cell holder was placed it in a furnace and the sur-
ounding temperature was adjusted at the desired temperature
y the furnace. The holder was kept for sufficient time until the
ntire holder reached to the desired temperature before the mea-

urement. The surrounding temperatures employed in this study
ere 297, 310 and 323 K.
In some experiments, the temperature of the cell was directly

easured using a thermocouple placed on the cathode surface.

A
t
e
M

ig. 2. Variations in (a) CO2 production rate and (b) methanol solution loss with
ifferent porous materials at 2 M.

. Results and discussion

.1. CO2 production rate and loss of the total solution

Fig. 2(a) shows the CO2 production rate measured for MEAC,
EA/CS2, MEA/CY2 and MEA/CER at the methanol con-

entration of 2 M, at 297 K. The CO2 production rate for the
onventional MEA, MEAC, was greater than that for the MEAs
ith the porous plate, especially at the initial time. At 25 min,

he CO2 production rate for the MEAC was three to five times
reater than that for the MEAs with the porous plate. The produc-
ion rate for the MEAs with the porous plate was different from
ach other according to the type of porous plate. It should be
oted that CO2 production rate when using the porous plate was
early constant during the measurement, whereas the rate for the
onventional MEA was initially high and decreased with time.
lthough the CO2 production rate did not accurately agree with
he rate of the methanol crossover due to the −10% to −15%
rror in the mass balance, it roughly indicated that the rate of
CO for each MEA. Hence, it was clear that the porous plate
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ignificantly reduced the methanol crossover and constantly sta-
ilized the crossover rate for a long time, and also, the degree of
eduction in the methanol crossover depended on the properties
f the porous plate.

Fig. 2(b) shows the weight loss of the cell holder with time
or the cases shown in Fig. 2(a). The weight loss was due to the
rossover of methanol and water from the reservoir to the oxy-
en chamber followed by the vaporization that transferred the
olution out of the chamber with the oxygen flow. The methanol
olution loss increased with the increasing time in all cases.
ere, it should be noted that the order of the rate of the loss did
ot agree with the order of the CO2 production rate shown in
ig. 2(a). This suggested that the rate of the methanol crossover
id not coincide with the rate of the water permeation.

Figs. 3 and 4 show the CO2 production rate and the weight
oss at 4 and 8 M, respectively. At 4 M, as shown in Fig. 3(a) and
b), nearly the same trend as that shown in Fig. 2 was obtained,

ut both the CO2 production rate and the loss of the methanol
olution increased with the increase the methanol concentra-
ion from 2 to 4 and 8 M. With the increasing concentration of

ig. 3. Variations in (a) CO2 production rate and (b) methanol solution loss with
ifferent porous materials at 4 M.
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ig. 4. Variations in (a) CO2 production rate and (b) methanol solution loss with
ifferent porous materials at 8 M.

ethanol in the reservoir, the methanol flux increased accord-
ng to Eq. (6). The difference in the methanol concentration of
he solution between both surfaces of the porous plate increased
ith the increasing concentration in the reservoir.
When the methanol concentration was as high as 8 M, the

ethanol crossover for the conventional MEA, MEAC, was sig-
ificantly increased from that at 4 and 2 M. The production rate
f CO2 for the MEAC was 30–60 times higher compared to that
f the MEA with the porous plates as shown in Fig. 4(a). This
as caused by an increase in the temperature of the MEA as

hown in the next section. On the other hand, in the case of the
EAs with the porous pate, the rate of the methanol crossover

emained low and constant with time.

.2. Effect of using the porous plate on cell temperature

Fig. 5(a)–(c) shows the temperature of the cell in the mea-
urement of the CO2 production rate for each MEA, i.e., MEAC,

EA/CS2 and MEA/CER, at 2, 4 and 8 M, respectively. In case
f the MEAC, the temperature increased from 297 to 306, 317

nd 383 K, during 5–15 min at 2, 4 and 8 M, respectively, then
ecreased with time. Whereas, in the case of MEA/CS2 and
EA/CER, the temperatures slightly increased and the change

t the end of the measurement was 2 and 6 K, respectively,
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(
not used as the support, Fig. 7(a), the methanol flux decreased
ig. 5. Effect of using different porous plates on cathode temperature at different
ethanol concentrations of (a) 2 M, (b) 4 M, and (c) 8 M.

egardless of the methanol concentration. These temperature

rofiles were consistent with the variations in the production
ate of CO2 shown in Figs. 2–4. The consistency between them
as reasonable, because the increase in temperature was caused

i
t
m

ig. 6. Effect of using porous plate on methanol consumption at different
ethanol concentrations of 2 and 4 M.

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

Fig. 6 shows the fraction of the methanol consumed in the
eservoir for every 1 h interval for the MEAC and MEA/CS2
t 2 and 4 M. It was clearly shown that the consumption of
ethanol for the MEAC was several times higher than that for
EA/CS2 in the first 1 h where the uncontrollable methanol

rossover occurred as shown in Figs. 2, 3 and 5. In case of the
EAC, a large fraction of methanol was lost during the initial

ime due to the initial high methanol concentration and decreased
ith increasing time because of a decrease in the methanol con-

entration during the time. However, in the case of using the
orous plate, the methanol crossover was controlled by the resis-
ance for mass transfer by the porous plate, and it resulted in a
mall and linear increase in the consumed fraction with increas-
ng time. As shown above, it was clear that the MEA with the
orous plate provided an important function of controlling the
ethanol crossover rate.

.3. Effect of different properties of porous plate on
ethanol crossover

Fig. 7 shows the effect of the membrane thickness on the
ethanol flux and the water flux measured for the MEA with

b) and without (a) a porous plate. When a porous plate was
n the order of Nafion 112, 115 and 117, i.e., in the order with
he increasing thickness of the membrane, suggesting that the

ass transport through the membrane controlled the methanol
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Fig. 7. Effect of membrane thickness on the methanol and wa

ux. On the other hand, the methanol flux and also the water
ux for the MEA with the porous plate were not affected by the
embrane, suggesting that these fluxes were not controlled by

he membrane, but by the porous plate when the porous plate

as used.
Fig. 8 shows the methanol flux and water flux measured for

he different MEAs with and without a porous plate at 2, 4 and
M. It was clearly shown that the methanol flux was reduced at

e
n
a
d

Fig. 8. Methanol and water fluxes for MEAs with and without porous mate
xes for the conventional MEA and MEA with a porous plate.

he MEAs with a porous plate compared to that at the MEAC.
t was also found that the methanol flux almost proportion-
lly increased with the increasing methanol concentration as
uggested by Eq. (6), except for the MEAC case at 8 M. The

xceptional case, MEAC at 8 M, must be affected by the sig-
ificant increase in temperature at the initial time as described
bove. Not only the methanol flux, but also the water flux was
ependent on the properties of the porous plate. Therefore, we

rials: (a) MEAC, (b) MEA/CS1, (c) MEA/CS2, and (d) MEA/CER.
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Fig. 12 shows the relationship between the valuable of εαw
and the degree of methanol separation defined by the methanol
Fig. 9. Effect of εαw on the methanol flux.

nvestigated the property that affected the methanol flux for the
orous plates used.

Fig. 9 shows the relationship between the methanol flux and
he product of the porosity, ε, and the water absorptivity, αw,
or all of the MEAs with the porous plate shown in Table 1. A
trong correlation could be observed between the methanol flux
nd the product, εαw, as shown in the figure, but not between
he methanol flux and the porosity, suggesting that the methanol
ransport was controlled by the diffusion through the flood pore
ith the solution as assumed in Eq. (8). The curves drawn in

he figure were the results of a curve fitting for the data with the
unction: a + b (εαw)2/3, where a and b were constants, based on
q. (8). The methanol flux increased with the increasing εαw and

he methanol concentration. On the other hand, the methanol flux
btained for MEAC was 0.0125, 0.0230 and 0.0927 g m−2 s−1

t 2, 4 and 8 M, respectively. The reduction in the methanol flux
or the MEA with the porous plate having εαw = 0 and 0.2 was
alculated as around 1/10 and 1/5, respectively, to that for the
onventional MEA at the methanol concentrations used in this
tudy.

Fig. 10 shows the relationship between εαw and the water flux
t different methanol concentrations. The water flux increased
ith the increasing εαw up to a definite value then it slightly
ecreased. It would be controlled by the evaporation rate of the
olution at the cathode as assumed in the theoretical section. For
he conventional MEA without a porous plate, the MEAC, the
btained water flux was 0.0303, 0.0278 and 0.0593 g m−2 s−1 at
, 4 and 8 M, respectively. The high water flux at 8 M would be
aused by the high temperature shown in Fig. 4(a). Where as,
imilar and relatively low water fluxes for MEAC at 2 and 4 M,
ompared to 0.045 g m−2 s−1 for the MEA with the porous plate,
ould result from the total flux controlled by the evaporation
f the solution transported to the cathode as assumed in the
heoretical section.
The total flux that was the sum of the methanol flux and the
ater flux for the different MEAs with the porous plate are plot-

ed in Fig. 11, showing the total fluxes at 2 and 4 M for the MEAC
s the dotted lines. When εαw was over 0.2, the total flux became
Fig. 10. Effect of εαw on the water flux.

onstant for the MEAs with the porous plate and it was also sim-
lar to that for the MEA without the porous plate. This supported
he assumption that the total flux was controlled by the rate of
vaporation of the permeated solution at the cathode as described
n the theoretical section. It is known that the evaporation rate
f water from a surface of a porous material become constant
ver a certain water content, because the lateral diffusion within
boundary layer allows the vapor pressure to equilibrate [36].
ue to this phenomenon, the water flux would be constant at an
αw over 0.2. During fuel cell operation, the water content in
he membrane is very important, because the ionic conductiv-
ty of the membrane is directly related to the water content and
emperature. On the other hand, excessive water at the cathode

ay cause flooding, i.e., liquid water accumulated at the cathode
revents oxygen access to the reaction sites. The water content
n the membrane should be properly controlled during fuel cell
Fig. 11. Effect of εαw on the total flux.
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MEA/CS2. 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
Fig. 12. Effect of εαw on the separation.

ux divided by the total flux. When the degree of separation
as low, it means that the porous plate strongly controlled the
ethanol flux compared to the water flux. This figure showed

hat there was an optimum value for εαw at around εαw = 0.2
here the degree of separation shows a minimum at a high
ethanol concentration. The degree of separation calculated for

he conventional MEA was 0.292, 0.453 and 0.670 at 2, 4 and
M, respectively. It clearly showed that the degree of separation

or the MEA with the porous plate was much smaller, 1/2–1/6,
han that for the conventional MEA.

Fig. 13 shows the relationship between the change in the
ethanol concentration, C/C0, and the loss of the solution,
/W0, at different MEAs, where C and W are the methanol con-

entration and the weight of the solution, respectively, remaining

n the reservoir after the 4 h crossover experiment, and C0 and

0 are the initial values. The plots for MEAC are located at the
ower positions in C/C0 and also W/W0 compared to the plots for
he MEAs with the porous plate, whereas, the plots for the MEAs

ig. 13. Relationship between the decrease in the weight and that in the methanol
oncentration for the solution remaining in the reservoir during the 4 h crossover
xperiment. F
r Sources 160 (2006) 105–115 113

ith the porous plate, including that at 2, 4 and 8 M, located in
he domain with C/C0 > 0.9 and W/W0 > 0.85 in the figure. This

eans that the methanol is preferentially transported through the
onventional MEA, and it was controlled by the porous plate. As
hown in Eq. (5), the methanol flux JM was accelerated by the
ncrease of the diffusion flux through the membrane JDM due
o the large difference in the methanol concentration between
he anode and cathode for the conventional MEA. The value of
DM was reduced for the MEA with the porous plate by reduc-
ng methanol concentration at the anode surface resulting in a
educed driving force for JMD by the diffusion resistance of the
orous plate. Hence, C/C0 was never greater than 1 in all cases.

.4. Effect of surrounding temperature on MCO

Fig. 14 shows the effect of the surrounding temperature rang-
ng between 297 and 323 K on the total flux for the MEAC and
ig. 14. Arrehenuis plot for total flux in case of (a) MEAC and (b) MEA/CS2.
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EA/CS2, as shown in Fig. 14(b). The activation energy calcu-
ated for both cases was 39 kJ mol−1 which almost agreed with
he latent heat of vaporization of water, 44 kJ mol−1. This sug-
ested that the total flux was controlled by the evaporation rate
f water at the cathode as mentioned in the theoretical consid-
ration with Eqs. (2) and (4), noting that the vapor pressure of
he cathode gas, pa, in the equation was negligibly small in this

easurement. At 323 K and 8 M for MEA/CS2, the total flux
as plotted above the straight line that was for the plots at low

emperatures. This would be because the actual temperature of
he cell was higher than that of the surrounding one due to the
ffect of the high methanol crossover at this condition. A similar
endency was observed for the conventional MEA, MEAC, at 2
nd 4 M as shown in Fig. 14(a). In the case of MEAC, the effect
f the methanol crossover on the actual temperature of the cell
as significant even at the low concentration of 2 M. Hence, the

elationship between the total flux and the surrounding temper-

ture did not reflect the actual relationship between the flux and
he cell temperature. The experiments for the higher tempera-
ures, 310 and 323 K, at 8 M were not conducted because it was
ncontrollable.

ig. 15. Arrehenuis plot for methanol flux in case of (a) MEAC and (b)
EA/CS2.
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oncentration for the solution remaining in the reservoir during the 4 h crossover
xperiment. Comparison between MEAC and MEA/CS2 at different tempera-
ures and methanol concentrations.

Fig. 15 shows the effect of temperature on the methanol flux
or both the MEAC and MEA/CS2. The activation energies at
ifferent methanol concentrations for MEA/CS2 were 42.7, 44.7
nd 38.2 kJ mol−1 at 2, 4 and 8 M, respectively. These values
ere much higher than that calculated for the diffusion. This

onfirmed that the methanol transport through the MEA was
y diffusion and convection flow from the anode to the cath-
de as given in Eq. (5), and the convective flow was accelerated
y the increase in the surrounding temperature as mentioned
bove. Based on this consideration, the blocking of the methanol
ransport by the porous plate based on the diffusion resistance

echanism would be reduced under the condition of high tem-
erature and high methanol concentration, because the methanol
ux by the diffusion would be relatively low to that due to the
onvective flow driven by the evaporation of water at the cath-
de.

Fig. 16 shows the relationship between the separation and the
oss for the cases measured at different surrounding temperatures
or the MEAC and MEA/CS2. The separation of methanol by the
orous plate was still effective at these temperatures, although
he loss of the total solution relatively increased as the temper-
ture increased for the cases with MEA/CS2.

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

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

The porous plates controlled and reduced the methanol
rossover. As the material of the porous plate, both the porous
arbon plate and the porous Al2O3 plate were useful. The mech-
nism of reducing the methanol crossover could be explained
y the controlling the diffusion of methanol through the porous
late which reduced the methanol flux. As the properties of the
orous plate that affect the methanol flux, the porosity, water
bsorptivity and others involved in Eq. (8), were predicted,
hich were confirmed by experiment. The methanol flux and
ater flux could be expressed as a function of the products of

he porosity and the water absorptivity, εαw. The methanol flux
ncreased with the increasing εαw and the methanol concentra-
ion. The water flux increased with the increasing εαw to a certain
alue of εαw and then slightly decreased, and was not affected by
he methanol concentration. As a result of reducing the methanol
rossover, the temperature of the cell was constantly controlled
ithout causing an uncontrollable temperature increase that
as observed for the conventional MEA. Also, a considerable

mount of methanol loss due to the uncontrollable temperature
ncrease was neglected for the MEAs with the porous plate. The
otal flux for the MEAs with the porous plate measured at dif-
erent surrounding temperatures showed an activation energy
imilar to that of the latent heat of vaporization of water, sug-
esting that the evaporation rate controlled the total flux.
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