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Abstract: The relation between the phase separated morphologies and their transport properties in the polymer
blend membrane for direct methanol fuel cell application was studied. In order to enhance the proton conductivity
and reduce the methanol crossover, sulfonated poly{arylene ether sulfone) copolymer, with a sulfonation of 60 mol%
(sPAES-60), was blended with nonsulfonated poly(ether sulfone} copolymer (RH-2000, Solvay). Various morphol-
ogies were obtained by varying the drying condition and the concentration of the casting solution (10, 15, 20 wt%).
The transport properties of proton and methanol molecule through the polymer blend membranes were studied
according to the absorbed water. AC impedance spectroscopy was used to measure the proton conductivity and a
liquid permeability measuring instrument was designed to measure the methanol permeability. The state of water in
the blend membranes was confirmed by differential scanning calorimetry and was used to correlate the morphology
of the membrane with the membrane transport properties.

Keywords: direct methanol fuel cell (DMFC), blend membrane, phase separation, proton conductivity, methanol

crossover, selectivity.

Introduction

Stimulated by legislative pollution control and with most
industrialized nations facing a rapid depletion of traditional
energy sources, fuel cells have been targeted as next-gener-
ation alternative power sources. A fuel cell is an energy
conversion system that converts chemical energy directly
into electrical energy with higher efficiency and lower emis-
sion of pollutants than commercial internal combustion
engines.’ The Direct Methanol Fuel Cell (DMFC) is consid-
ered to hold the strongest potential for application in small
sized devices such as portable electric appliances. The
DMFC system is easily initiated because of its low operat-
ing temperature. Furthermore, its simple structure facilitates
easy fabrication: a fuel vaporizer, complex humidification,
and thermal management systems are not required. Fuel
storage and supply are also safe, because methanol is chem-
ically stable and is used in a liquid state in the operating
condition.” The high energy density of methanol also facili-
tates application to portable devices, because the integration
of various functions into one unit requires concentrated
power density.

Despite offering many strengths, the DMFC also has
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some notable limitations, including poor adhesion between
the membrane and electrodes, low activity of the electrodes,
and crossover of unreacted fuel through the membrane.’
Methanol crossover induces an unexpected drop in the open
circuit voltage and therefore the overall efficiency of the
system decreases.” Various solutions to these problems have
been proposed, such as synthesis of cost-effective alterna-
tive polymers ™' and blending of organic-inorganic com-
pounds or acid-doped polymers.'""* However, they fail to
adequately mitigate loss in the proton conductivity when the
methanol permeability is reduced.

In the present study, a polymer-polymer blend membrane
composed of a proton conductive component and a metha-
nol barrier component was prepared. In order to obtain
excellent proton conductivity of the blend membrane highly
sulfonated poly(arylene ether sulfone)copolymer with 60
mole percent of disulfonated comonomer (sSPAES-60) was
synthesized via a poly-condensation reaction. A poly(ether)
sulfone copolymer (RH-2000), obtained from Solvay, may
contribute to an enhancement of the chemical and mechani-
cal stability and a reduction of methanol crossover. Various
morphologies were induced by controlling the drying condi-
tion and the concentration of the casting solution without
changing blend ratio. On the basis of the morphological fea-
tures, phase separated blend membranes were categorized
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mto four groups: layered structure {Group I), large isolated
domains (Group ), nodular structure (Group III), and fully
co-continuous morphology (Group IV).!

In this paper, the proton and methanol transport phenom-
ena through the membrane were investigated. The proton
transport mechanism in the polymer electrolyte is very com-
plex and has been widely studied. Although there is strong
consensus on the feasibility of both vehicle and hopping
mechanisms, distinguishing between these two mechanisms
is difficult as the two models are thought to be in operation
simultaneously in most cases.'*"” The proton conductivity is
dependent on the hydrated state of the membrane, because
the protons are solvated and can thus be transported through
the membrane in a water swollen membrane. Ultimately, the
correlation between the morphology of the membrane and
membrane transport properties was verified on the basis of
the state of water.

Experimental

As reported in previously published paper.' sPAES-60
was synthesized from disulfonated 4,4-dichlorodiphenyi-
sulfone (SDCDPS, 3.3 mmol), 4.4-dichlorodiphenylsulfone
(DCDPS, 2.2 mmol), and 44 -biphenol (BP, 5.5 mmol)

(9)

(h)

based on anhydrous NMP medium. After dehydrating the
reaction mixture under reflux at 160 °C for 4 h, the reaction
compound was gradually heated to 190 °C for 18 h to com-
plete dehydration of the reacting compound. RH-2000 syn-
thesized from 4.4-dihydroxydiphenyl-sulfone (bisphenol S)
and 4,4"-dichlorodiphenylsulfone was obtained from Solvay.
Two component polymers were dissolved in dimethylaceta-
mide (DMAc) with 10, 15, and 20 wt% and blended with 1
to 1 weight based blend ratio. In order to vary the rate of
phase separation the blend membranes were prepared via
different procedures: HT (drying at 80°C under ambient
atmosphere for 12 h followed by further drying at 120 °C
under vacuum for 24 h), FD1 (freeze drying at -20 °C under
vacuum for 80 h followed by drying at 100 °C for 24 h), and
FD2 (freeze drying at -75 °C under vacuum for 140 h fol-
lowed by drying at 100°C for 24 h). More detailed membrane
fabrication process is described in another paper.”" Figure 1
shows the result of the phase separation in the blend mem-
branes observed by scanning electron microscopy. All the
prepared membranes were acidified by immersion in a
0.5 M sulfuric acid aqueous solution at 25 °C for 24 h and
then rinsed while being immersed in deionized water for
24 h. The deionized water was replaced by fresh deionized
water every 4 h during the immersion.

Figure 1. SEM micrographs: freeze fractured cross-section, sSPAES-60: RH-2000=1:1 (a) sample 1 (HT 10 wt%), (b) sample 2 (HT 15 wt%),
(c) sample 3 (HT 20 wt%), (d) sample 4 (FD1 10 wt%), (e) sample 5 (FD1 15 wt%), (f) sample 6 (FD1 20 wt%), (g) sample 7 (FD2
10 wt%%), (h) sample 8 (FD2 15 wt%), (i) sample 9 (FD2 20 wt%%). Images were reprinted from reference [11].
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Characterization

Water Uptake. Acidified membranes were equilibrated
in deionized water at room temperature for 24 h to remove
extra sulfuric acid and then vacuum-dried at 100°C for 24 h,
weighed, and immersed in deionized water at 25 °C for 24 h.
Surface water was wiped away and the membranes were
quickly weighed again to obtain the exact water absorption.
Weight based water uptake (WUy) was calculated by the
ratio of weight gain to the original membrane according to
eq. (1). To estimate the dimensional stability, volume based
water uptake was also considered. In this measurement, the
volume of the wet membrane was very difficult to measure
because the shape of the water absorbed membrane was not
constant. Hence, the volume based water uptake was derived
from the weight based water gain using the densities of the
dry membrane and deionized water according to eq. (2)

WU‘LV(%)ZMMOO M
Wdr}'

WUW%) = %&M x 100 2)
W P |

where w,,,, and w,, are the weights of wet and dried mem-
branes, and g, and p,, are the densities of water (1 g/em®)
and the dry membrane (1.41 g/em’).

States of Water. The state of water in the membrane was
analyzed using DSC (TA instrument Q100). To ensure the
effective sealing, the aluminum sample pan was replaced
with a high pressure capsule. After the surface water was
removed, the fully hydrated membrane specinien was rap-
idly placed in the capsule to eliminate water loss during
sample preparation. The sample and sealed capsule assem-
bly were cooled and held at -50 °C for 60 min to bring the
capsule kit to equilibrium and then heated to 50 °C at a heat-
ing rate of 1 °C/min. The amount of free water was guanti-
fied from the ratio of the integrated area of the melt
endothermic peak at 0 °C to the heat of fusion (334 J/g) of
pure water. The integration of the melting endothermic peak
was performed by a Universal analysis 2000. Bound water
was estimated by subtracting the free water content from the
total water uptake in the blend membranes.

Proton Cenduectivity. The proton conductivity in the
through-plane direction of the membranes was measured
by the AC impedance spectroscopy technique over a fre-
quency range 0.1-10 MHz with AC perturbation of 10 mV,
using a Solatron 1255 impedance/gain-phase analyzer. The
conductivity cell was immersed in a thermostat to main-
tain constant temperature. When the proton conductivity
was measured at a different temperature, the cell including
the membrane was equilibrated in the thermostat for 5 h so
as to be adapted to the adjusted temperature. The proton
conductivity was calculated from the following correlation

(eq. (3)).
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where ois the proton conductivity (S/cm), membrane thick-
ness d is the same as distance between the electrodes used to
measure the potential, surface area S (5=1.03 em?) is the
sames as the surface area of the electrodes, and R is the
impedance, which is determined from a linear regression to
x-intercept over a high frequency ranges when the imagi-
nary impedance is equal to zero. The measurement was
performed 10 times for each sample and in every case
impedance was collected after the Nyquist diagram was sta-
ble at a constant value.

Methanel Permeability. The methanol permeability was
obtained by calculating the methanol flux through the mem-
brane. The membrane was placed into a glass cell com-
prised of double baths. They were then immersed in the
thermostat to maintain constant temperature. One bath was
filled with methanol solution (5 wt% in deionized water),
and the other with pure deionized water to reproduce a phe-
nomenon of methano! crossover in DMFC system. The
solution in each bath was stirred with a magnetic stirrer dur-
ing measurement. Initially, the correlation between metha-
nol concentration and refractive index was assessed using
an Abbe refractometer (ATAGO 3T). The sample was
removed from the bath using a microsyringe to measure the
refractive index, which in turn informed the methanol con-
centration. Sampling was performed every 10 min for a
total duration of 300 min for each sample. Because of the
difference in methanol concentration between neighboring
baths, a concentration gradient was formed through the
membrane. The methanol concentration can be expressed as
eq. (4) as a function of time

Cot) =S D K- C% 4)
where C, is the initial concentration of methanol, L mem-
brane thickness, S surface area, and ¥, the volume of deion-
ized water bath. Methanol diffusivity and sorption coefficient
of the membrane are denoted as D and K, respectively. The
methanol permeability can be obtained from the product of
D and K, which is estimated from the regressed slope of
Cy(fy vs. time.

Results and Discussion

Morphology and Water Absorption. The morphologies
of the blend membranes observed by SEM were classified
into four groups: two-layer structure (Group 1), isolated
domains (Group II), nodular structure (Group III), and co-
continuous morphology (Group 1V) (Figure 1). They showed
different amount of water absorption in spite of the same
composition between component polymers (Table D).
Although three kinds of Groups (1, 111, and IV) showed sim-
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Table L. Summary of Morphology, Water Uptake, and States of Water for Hydrated Membranes

A Water Uptake (%)

Samples Condition Morphology -

Total Bound Free Weight Volume
Sample 1 10 wt% HT Layered structure 18.2 15.1 31 68.3 96.4
Sample 2 15 wt% HT Layered structure 18.0 14.6 34 67.7 935.5
Sample 3 20 wt% HT Isolated big domains 15.1 10.9 4.2 56.9 80.2
Sample 4 10 wt% FD1 Isolated big domains 152 10.3 4.9 57.3 80.8
Sample 5 15 wit% FD1 Nodular structure 19.0 12.9 6.1 71.8 101.3
Sample 6 20 wt% FDI Nodular structure 18.7 12.5 6.2 70.7 99.7
Sample 7 10 wt% FD2 Nodular structure 18.4 12.0 64 70.1 98.9
Sample 8 15 wt% FD2 Co-continuous 19.5 12.3 7.2 753 106.2
Sample 9 20 wit% FD2 Co-continuous 20.0 12.3 7.7 75.8 106.9
Nafionl17 - - 19.5 10.5 9.0 20.1 408.0
SPAES-60 - - 48.0 354 12,6 152.5 231.8
RH-2000 - - 0 0 0 1.1 1.4

A% The number of water molecules per sulfonic acid group.

ilar values in water uptake, Group II absorbed the smallest
amount of water among the blend membranes, and thus
showed the lowest values in weight and volume based water
uptakes and total number of water molecules per sulfonic
acid group. As confirmed in a previous article,'" this is
attributed to the isolated domains of sPAES-60 which
played significant role in the water absorption. SPAES-60 is
a very hydrophilic polymer and its water uptake is 152.5%
in weight but these are encapsulated by hydrophobic RH-
2000 domains and thus hydrophilic domains are partially
un-accessible in Group IL

On the basis of a comparison of Group I and Group I1, it
was assumed that the continuity of hydrophilic domains is
more important to increase water uptake of membranes than
the sizes of the hydrophilic domains. Group I had a higher
value of average domain size (7.9 zm for HT 20 wt%, 8.2 zam
for FD1 10 wt%) than Group HI (2.2 gm for FD1 15 wt%,
2.0 zm for FD1 20 wt%, and 1.5 gm for FD2 10 wt%).
Although the relatively large sSPAES-60 domains in Group 11
could contribute to greater water uptake than other smaller
domains, AFM analysis indicated that the hydrophilic region
of Group Il was captured in the hydrophobic matrix.” As a
result, Group 111, with partially linked nodule-like sPAES-
60 domains, showed higher water uptake.

In the case of Group 1V, although SEM and EDAX results
already informed the co-continuity of sample 8 (FD2 15 wt%)
and sample 9 (FD2 20 wi%),"" water uptake also could be
an evidence of this morphology. Total water absorption of
sPAES-60 and RH-2000 was 152.5 wt% and 1.1 wt%,
respectively. In addition, two samples in Group IV showed
75.3 wt% and 75.8 wt% water uptake. Because these values
were approximately the average of the total water absorp-
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tion of the two components which were blended with 1 to 1
weight based blend ratio, the existence of a co-continuous
structure in Group IV could be confirmed.

Volume based water uptake can be a tool to estimate the
dimensional stability of a fuel cell during actual operation.
sPAES-60 with extremely high volume expansion ratio
(above 230 vol%) is not suitable for the preparation of the
membrane electrode assembly (MEA) or stacking of unit
cells. All the blend membranes used in this study enhanced
dimensional stability, as volume based water uptake was
reduced approximately to half that of SPAES-60.

State of Water. The examination of water states is a criti-
cal factor to elucidate the transport properties of DMFC
membranes, as this is a more useful tool to correlate the
rend of proton conductivity and methanol permeability
with the distribution of water molecules than other vari-
ables. State of water in the sulfonated membranes is usually
determined from the specific interaction between water and
sulfonic acid group in the ionic domains. As reported in a
current study,” the states of water within a polymer mem-
brane can be distinguished as free water, weakly bound
water, and strongly bound water. Free water is defined as
water that is not closely associated with the polymer matrix
and has the same phase-transition behavior as bulk water,
i.e., a characteristic meting peak at 0°C. Weakly bound
water or ‘freezable loosely bound water’ is defined as water
that is weakly connected to the polymer matrix or that inter-
acts weakly with strongly bound water and displays a
relatively broad melting endothermic peak at sub-zero tem-
perature. Because this kind of water molecule is susceptible
to the thermal experimental conditions, exact extraction is
difficult. The last type is strongly bound water, sometimes

Macromol. Res., Vol. 16, No. 5, 2008
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referred to as ‘nonfreezing bound water’, and is defined as
water that is firmly bound to the polymer matrix. Because
this type of water is enclosed in the polymer chains, it does
not show a detectable thermal transition at sub-zero temper-
ature but acts as a plasticizer by reducing the glass transition
temperature of the polymer:

It is difficult to carry out the precise quantification of
three states of water in the sulfonated polymer electrolyte
membrane by DSC measurement alone because all the
water molecules exist in an interchangeable continuous
state and thus overlapping endothermic peaks are easily
detected. However DSC technique proved a powerful means
of determining the amount of free water by considering
freezable water as free water and non-freezable water as
bound water. Moreover, in this experiment, the characteris-
tic melting peak at 0 °C was observed and no peaks were
detected except around 0 °C in the samples (Figure 2) and
therefore free water and bound water could be classified.
After the amount of free water and bound water was calcu-
lated from a comparison with the heat of fusion of pure
water (334 J/g), each content of water molecules was con-
verted to the number of water molecules per sulfonic acid
group (Am,oypso.4y). The amount of each state of water is
summarized in Table I. Contrary to the amount of total
water uptake and the number of total water molecules based
on the number of sulfonic acid groups, the number of free
water molecules increased monotonously from sample 1 to
sample 9 as the degree of continuity of the hydrophilic
phase was increased. Thus, it was also determined that the
number of free water molecules cannot be predicted pre-
cisely from only the total water uptake and number of total
water molecules.

Proton Conductivity. The proton conductivity of the
membrane in a proton exchange membrane fuel cell is a
critical parameter with respect to the evaluation of a fuel
cell system. Specifically, a higher value of proton conduc-
tivity allows higher power densities to be achieved. Proton
conduction through the membrane is known to occur via
two routes.”! One is the Grotthus mechanism, sometimes
called a hopping or jumping mechanism, in which a proton
passes through pores or along a chain of water molecules.

I I S ——
- | U —————— HT towt%
= g — —— - HT 15wt%
3 NS ————  HT 20wt%
< L T Kttt £D1 10wi% |
€ e S I FDA 15wt%
§ N D ———— FD120wt%
e A S T el
g \ FD2 15wt%
& ,j_‘\/ _________ | FD220wt
.
~ / -
AN
</

Temperature (°C)

Figure 2. DSC heating thermograms.
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These act as stationary vehicles, having only local motion.
Hydrogen bonds are required to fulfill this type of conduc-
tion, and continuous motion is possible due to rapid reorien-
tation of the solvent, thus providing a proton pathway. The
other is the vehicle mechanism, in which a proton combines
with a protonated vehicle (ex. H;O", CH;OH,") or unproto-
nated vehicle (ex. H,0), thereby allowing the net transport
of protons. In this case, the proton moves at the rate of
vehicular diffusion and the net proton transport is governed
by vehicle diffusion rates due to the vehicle’s counter diffu-
sion. Proton conduction in blend membranes may occur by
a mixed mechanism.

As noted above, nine samples were classified into four
groups according to their morphological similarity. Figure 3
shows the proton conductivity of each group compared with
that of Nafion117. In all cases, regardless of the drying con-
dition and casting solution concentration, as temperature
increased the proton conductivity also increased in the fol-
lowing order: Group | < Group II <Group III < Group IV.
The proton conductivity of the membranes is closely related
to the mobility of the water molecules in the membranes,
which is influenced by electrostatic interaction with ionic
species. If the interaction is stronger, the mobility of the
water molecules in the membranes will be reduced and dif-
fusion of the water molecules becomes difficult.>*

It has known that the vehicle mechanism was predomi-
nant where PEMs have high water content while Grotthus
mechanism was predominant where PEMs have low water
content.’” PEMs that have high water content have much
higher conductivity because the vehicle mechasim is more
effective. Proton conduction in the blend membrane may
oceur by a mixed mechanism: a partial vehicle type mecha-
nism and a partial Grotthus type mechanism in the domain
of sulfonic acid group and water complex. According to
Table I, the trend of the number of free water molecules per
sulfonic acid group (4s,.) showed a similar pattern to the
proton conductivity. This serves as a clue to determining the
proton transport mechanism. As reported in a previously
published paper,”” free water acts as a proton-carrying medium
according to the vehicle mechanism, as it is not bound to the
polymer matrix. Abundant of bound water is considered to
help the Grotthus mechanism by using the hydrogen bonds
between captured water molecules. As temperature increases
the number of bound water molecules would decrease
because of a breakdown of hydrogen bonds, and conse-
quently the proton conduction occurring through the Grot-
thus mechanism would decrease at high temperature.
However, as plotted in Figure 3, proton conductivity of the
blend membrane was maintained even at higher tempera-
ture. This is because the decrease in proton conduction via
the Grotthus mechanism was compensated by an increase in
proton conduction via the vehicle mechanism by elevated
proton mobility at high temperature. Group IV showed the
highest proton conductivity. This is attributed to Group IV
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Figure 3. Proton conductivity of blend membranes.

having the largest number of free water molecules per unit
sulfonic group (Figure 5), as well developed hydrophilic
channels are ascribed to a fully hydrated percolated network
of ions and free water.

Methanol Permeability. Methanol permeability is also
one of the most important membrane properties in DMFC
applications since methanol crossover from the anode to the
cathode leads to lower cell voltage and fuel efficiency due
to the loss of the unreacted fuel. Generally, transport proper-
ties are affected by the fraction of free water.” For example,
as summarized in Table I, Nafion117 has the largest number
of free water molecules in spite of having the lowest water
uptake, and thus it could transport both protons and fuel
simultaneously. Transport of water and methanol in the
membrane depends on complex interactions between per-
meates and the polymeric membrane matrix.”* In sSPAES
membranes, it can be assumed that certain distinct environ-
ments for mass transport of water and methanol exist such
as a hydrophilic environment formed by highly polar sul-
fonic acid groups (=SO;H), a hydrophobic environment of
the polymeric matrix, which is the less polar part of the
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polymer, and the water and methanol bulk environment in
the channels. Water preferentially interacts with the sul-
fonate groups of the polymer and methanol rather than with
the polymer matrix, due to the chemical affinity. Methanol
permeability of these groups is plotted in Figure 4. The
trend of each group is similar to the proton conductivity
trend. Overall values increase in the order of Group I <
Group II <Group III < Group IV, but in all cases the amount
of methanol permeability was less than the half of
Nafion117 in the DMFC operating temperature. The rate of
increase of methanol permeability is also different for each
group. Group I showed a rapid increase above 50 °C, a sim-
ilar tendency to that observed for the Nafion117. Generally,
as temperature increases, the molecular diffusion is acceler-
ated and the hydrophilic channels tend to be enlarged.
Because layered structured samples maintained the property
of the component polymer, the influence of SPAES-60 was
revealed at high temperature. Methanol permeability increased
monotonously in Group II but it was retarded above 50 °C
in Group III and Group IV. The degree of retardation of
Group IV was larger than that of Group III. This phenome-
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Figure 4. Methanol permeability of blend membranes.
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Figure 5. Plots of number of free water molecules and transport properties.

non is ascribed to the well-grown and co-continuous hydro-
phobic region in Group 1V. Continuous hydrophobic channels
would block methanol passage through the membrane and
also restrict the enlargement of the hydrophilic channels as
the temperature is increased. As shown in Figure 5, when

Macromol. Res., Vol. 16, No. 5, 2008

proton conductivity and methanol permeability are plotied
with the number of free water molecules, each group can be
clearly delineated. Therefore, estimation of the number of free
water molecules is very useful to predict the transport proper-
ties of a membrane without performing complex calculations.
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Figure 6. Membrane selectivity.

Selectivity. In order to apply the blend membrane to the
DMEFC system not only individual properties such as proton
conductivity and methanol permeability but also membrane
selectivity between the proton and methanol should be con-
sidered because membranes with high selectivity have the
potential to show improved performance in DMFCs. Gener-
ally, selectivity of a DMFC membrane can be defined as
given by eq. (5).

Proton conductivity 5
Methanol permeability )

Membrane selectivity =

Selectivity change of blend membranes according to the
temperature can also be classified into four groups based on
distinctive morphological characteristics of the membrane,
as summarized in Figure 6. All nine samples showed higher
selectivity than Nafionil7 above 50°C but each group
showed a characteristic selectivity pattern. Selectivity of
Nafion117 decreased as the temperature was increased,
because methanol flooded through the membrane at high
temperature whereas the blend system maintained high

464

26 Group il
—e— HT 20wt%
—Oo— FD1 10wt%
—&— Nafion117
1.8
&
£
L
b
2 164
<
=
X
o
2
3 e
=
I3
2
3
@
124
1.0 . T : — —
20 30 40 50 60 70
Temperature (°C)
. Group IV
—e— FD2 15wi%
—o— FD2 20wt%
—h— Hafion117
18
o
£
2
&
2 16
=3
=
X
)
=
2 14
=
%]
@
O
"1
12 4
1.0 r r T . .
20 30 40 50 60 70

Temperature (°C)

selectivity at this temperature. In spite of the lowest metha-
nol permeability of Group I below 50 °C, the selectivity of
Group I and Group Il was lower than Nafionll7 because
hydrophobic layer also repressed proton conduction. In the
case of Group I1, selectivity increased monotonously with
temperature, and above 40°C it was higher than that of
Nafion117. Group II and Group 1V showed a similar pat-
tern to Group II but selectivity at low temperature was bet-
ter than that of Group II. The highest selectivity in high
temperature was observed in Group V. The most signifi-
cant difference in selectivity between Nafionll7 and the
blend membranes was observed above 40 °C. As discussed
in the previous section, at this temperature the methanol
permeability of Nafionl17 rapidly increased whereas the
blend system effectively inhibited fuel crossover.

As summarized in Figure 7, relative transport properties
could serve as reliable evidence to explain the membrane
selectivity. In all samples the proton conductivity was less
than that of Nafion117 and approached the latier linearly.
However, relative methanol permeability showed drastic
decreases above 50 °C. As the morphology approached a
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Figure 7. Relative transport properties.

co-continuous state the relative methanol permeability was
further reduced.

Conclusions

Transport properties of blend membranes with various
morphologies induced by different drying conditions were
measured and analyzed on the basis of the absorbed water
molecules. It was elucidated that both proton conductivity
and methanol permeability could be correlated with the
number of free water molecules. Group I, with a two lay-
ered structure, in spite of the SPAES-60 dominant bottom
layer its RH-2000 rich upper layer blocked proton transport
and methanol movement through the membrane. Because
large hydrophilic domains in Group II were isolated from
each other, the Group II membranes showed the lowest
water uptake but their transport properties were higher than
those of Group I because of higher free water concentration.
Group I, with a nodular structure, formed better hydro-
philic channels in the hydrated state, and thus higher proton
conductivity and methanol permeability were measured due
to the possibility of water passage through neighboring
hydrophilic domains. Finally, well developed, co-continu-
ous morphology in Group IV could be obtained. sSPAES-60
and RH-2000 were three-dimensionally connected and
hydrophilic and hydrophobic channels were also connected.
Although the methanol permeability increased, hydrophilic
channels facilitated proton movement and a hydrophobic
network also restricted the free flow of large sized methanol
molecules through the membrane. Consequently, fuel leak-
age was effectively limited. When the highly sulfonated
copolymer (SPAES-60), which displays the highest proton
conductivity but the highest methanol permeability, formed
a co-continuous morphology with the non-sulfonated hydro-
phobic polymer (RH-2000), selectivity was maximized, and
even at high temperature excellent selectivity was main-
tained due to the restriction of the enlargement of the hydro-
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philic channels by the neighboring continuous hydrophobic
phase. Thus, layered morphology is not desirable in this
regard, because it blocks proton transport as well as metha-
nol leakage. In order to enhance the blend effect, co-contin-
uous morphology is deemed the best choice and considered
to be a good alternative to the perfluorinated ionomer mem-
brane, which is expensive and vulnerable to the fuel leakage
in DMFC applications.
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