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ABSTRACT: Unprecedented improvement in the selectivity (the ratio of proton conductivity to methanol
permeability) of DMFC (direct methanol fuel cell) membranes has been demonstrated with a value roughly
16 times higher than that ofNafion117 having been achieved. The novelmorphology of semi-interpenetrating
polymer network (semi-IPN) membranes characterized by nanometer-sized domains as well as well-
developed phase cocontinuity is a key factor in enabling such notable progress, which has not been seen in
conventional microscale phase separation. The semi-IPN membranes (sIPN-100) consisted of a hydrophilic
component acting as a proton conductor, that is, acrylate-terminated fully sulfonated poly(arylene ether
sulfone) oligomers (acSPAES-100, degree of sulfonation=100%), and a hydrophobic component function-
ing as a methanol barrier, that is, poly(ether sulfone) copolymers (RH-2000). We determined the nanoscale
phase separation of sIPN-100 by deliberately controlling the kinetics (the change of solvent-evaporation
conditions) as well as the thermodynamics (shift of the phase separation boundary to the lower concentration
of solvent in the phase diagram, mostly driven by the low molecular weight and the low hydrophilicity of
acSPAES-100). Finally, the influence of this unique morphology on the membrane transport properties
including the proton conductivity, the methanol permeability, and, more notably, the selectivity, was
systematically investigated.

Introduction

Owing to their high thermal stability, excellent mechanical
strength, and strong resistance tomembrane decomposition in an
acidic water medium, polyarylene-based ionomers with sulfonic
acids have been investigated as a promising alternative to
Nafion.1-6 However, most of these ionomers exhibit higher
methanol permeability and water uptake than Nafion, leading
to low selectivity. The methanol crossover through polyelectro-
lyte membranes has caused severe problems that bring about loss
of fuel, poor fuel efficiency, voltage drop, and excess thermal load
in the cells.7-9 To overcome these drawbacks, a variety of
approaches have been attempted, including organic-inorganic
hybridmembranes,10-12 cross-linking-network membranes,13-15

and polymer-polymer blend membranes.16-19 Among them,
notably, blend membranes with a cocontinuous morphology
have drawn strong attention because of their unique phase
structure. In the blendmembranes, themorphology is considered
to be a crucial factor to control the methanol crossover as well as
the proton conductivity.17-19

The aim of this study is to develop cocontinuous morphology
with nanoscale phase-separated structures. This has never been
achieved in blend membranes and is expected to provide break-
throughs in DMFC membrane performance. Although previous
studies on blendmembranes reported cocontinuousmorphology,
the average domain size has been limited to a range of submic-
rometers and has not yet been achieved on the nanoscale.16-19 It
is known that the membrane transport properties including
methanol crossover and proton conductivity strongly depend
on the fraction and the state of water, indicating that they can be
improved by controlling the hydrophilic domain size in the blend

membranes.17-19 This underlines the fact that nanoscale control
of phase separation could be a novel approach to overcome the
technical limitations of conventional approaches.

Nanoscale phase separation can be realized by controlling the
kinetics as well as the thermodynamics. First, to allow the phase
separation to be frozen in the early stage of spinodal decomposi-
tion, the boundary of phase separation shifts to the lower
concentration of solvent in the phase diagram. This is driven by
control of the molecular weight and the polarity of the blend
components. It is known that low molecular weight and a
reduction in the polarity difference between blend components
can contribute to enhanced miscibility in blend systems.21,22

On the basis of this background, as a blend membrane, a semi-
IPN consisting of cross-linkable sufonated oligomers with bulky
pendant ions and nonsulfonated polymers was prepared. As a
hydrophilic component acting as a proton conductor, acrylate-
terminated and fully sulfonated poly(arylene ether sulfone) oli-
gomers (acSPAES-100, degree of sulfonation = 100%) with
tetrabutylammonium ionswere synthesized, where bulky pendant
ions as well as low molecular weight are introduced to deliver
improved miscibility with the nonsulfonated polymers. To pro-
vide acSPAES-100 with proton-conducting activity, after com-
pleting the phase separation of semi-IPN membranes, the
tetrabutylammonium ions in acSPAES-100 were substituted with
protons fromsulfuric acid (H2SO4).Asa hydrophobic component
functioning as amethanol barrier, poly(ether sulfone) copolymers
(RH-2000) were employed. Meanwhile, for the purpose of con-
trolling the phase separation kinetics, the solvent-evaporation
conditions during the membrane preparation were varied before
UV-cross-linking is applied to freeze the blend morphology.

Experimental Section

Semi-Interpenetrating Polymer Network Membrane Prepara-

tion. The semi-IPN membranes (sIPN-100) were prepared by
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following two steps: (1) synthesis of cross-linkable sulfonated
oligomers with bulky pendent ions and (2) preparation of sIPN-
100. Figure 1a shows the synthetic scheme of hydroxyl-termi-
nated fully sulfonated poly(arylene ether sulfone) oligomers
(hSPAES-100, degree of sulfonation=100%) as an intermediate
product and acrylate-terminated fully sulfonated poly(arylene
ether sulfone) oligomers (acSPAES-100, degree of sulfonation=
100%) as a final product. The hSPAES-100 was synthesized by
an aromatic nucleophilic substitution step growth polymeriza-
tion, where the molecular weight was controlled at 3000 g/mol.
It was synthesized by reacting 3,30-disulfonated 4,40-dichloro-
diphenylsulfone (SCDPS, 12.36 mmol) and 4,40-biphenol (BP,
15.00 mmol) and potassium carbonate (18.00 mmol). After the
addition of anhydrousDMAc and toluene, the temperature was
gradually increased to 175 �C, and then the reactionwas allowed
to proceed for 24 h, where reaction compounds became viscous
and brownish. After the resulting solution was cooled to room
temperature, this solution was diluted with DMAc and then
filtrated by glass filter to remove salts. The sulfonated oligomers
were precipitated via coagulation in IPA, and the precipitated
oligomers were washed several times with IPA-water mixture
(8/1 v/v) to remove remaining salts completely. Finally, the
oligomers were dried in a vacuum oven at 120 �C for 24 h. As a
next step, we prepared the acSPAES-100 by substituting the
hydroxyl end groups of oligomers with the acrylate end groups.
The hSPAES-100 (3.33 mmol) was dissolved in anhydrous
DMAc (100mL) at 80 �C. Potassium carbonate, 2.2 equiv based
on the sulfonic groups of hSPAES-100, was also dissolved in the
solution. After cooling to room temperature, acryloyl chloride
(3.33 mmol), 5 equiv based on hydroxyl end groups of hSPAES-
100, was added to the solution. The solution was stirred over-
night at room temperature under an atmosphere of nitrogen.
The reaction compounds were filtrated by glass filter to remove
remaining salts and precipitated via coagulation in IPA. Then,
to substitute sodium ions of the acrylate-terminated oligomers
with tetrabutylammonium ions, tetrabutylammonium hydro-
gensulfate (TBAH), 2 equiv based on sulfonic groups of
hSPAES-100, was also slowly added to the solution. After the
substitution was completed, the oligomers were washed and
vacuum dried at 60 �C for at least 72 h.

For the preparation of the semi-IPN membranes, acSPAES-
100 was mixed with RH-2000 (Radel H2000, Solvay) in a
common solvent of DMF, where the blend ratio of acSPAES-
100 and RH-2000 was determined to be 1/1 by weight. The solid
content in the solution was fixed at 20 wt %. For UV-cross-
linking, based on the acSPAES-100 content, 3wt%of benzoin as
a UV initiator and 50mol% of ethylene glycol dimethacrylate as
a cross-linking agent were added to the blend solution. The
prepared solution was then cast onto a glass substrate and dried
under fourdifferent conditions, that is,HT1 (60 �C),HT2 (80 �C),
HT3 (120 �C), and HT4 (140 �C), for the purpose of varying the
solvent-evaporation temperature, which is expected to affect the
phase separation kinetics. After the solvent evaporation, to form
cross-linked networks, the membranes were subjected to UV
irradiation at 110 �C for 1 h. The UV irradiation was performed
using a 160 W medium pressure Hg lamp (352 nm, Sankyo
Denki), and the UV intensity at the surface of the membranes
wasmeasured tobe 4.96mW/cm2.All semi-IPNmembraneswere
immersed in a 1 N boiling H2SO4 solution for 4 h and subse-
quently rinsedwithdeionizedwater at roomtemperature for 24 h,
where the tetrabutylammonium ions in acSPAES-100 were sub-
stitutedwith protons fromH2SO4. The thickness of the semi-IPN
membranes was measured to be in a range of 100 to 120 μm. The
final semi-IPN membranes were noted as sIPN-100.

Characterization. The chemical structure and the number-
average molecular weight (Mn) of hSPAES-100 and acSPAES-
100were obtained by 1HNMR(BrukerAMX500) analysis. The
glass-transition temperature (Tg) was measured by a differential
scanning calorimeter (TA Instruments Q100) at a heating rate of
10 �C/min. The cross-sectional morphology of semi-IPN mem-
branes was examined by a field emission scanning electron
microscope (FE-SEM, Sirion). We prepared the specimens by
freezing the membranes and subsequently breaking them in
liquid nitrogen. In addition to field emission scanning electron
microscopy (FE-SEM, Sirion)measurement, the cross-sectional
morphology of membranes with fully hydrated and acid form
was examined by a tappingmode atomic forcemicroscope (TM-
AFM, Digital Instrument Dimension 3000). The domain size in
the membranes was analyzed by an image analyzer (LEICA
Qwin Standard). We obtained the surface hydrophilicity of

Figure 1. Synthesis and characterization of fully sulfonated poly(arylene ether sulfone) oligomers. (a) Synthetic scheme of hSPAES-100 (sodium
form) and acSPAES-100 (ammonium form). 1H NMR spectra (DMSO-d6 as a solvent) of (b) hSPAES-100 (sodium form) and (c) acSPAES-100
(ammonium form).
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membranes by measuring contact angle toward water (contact
angle goniometer, Erma model G-I type). The in-plane proton
conductivity was measured by AC impedance spectroscopy
technique over a frequency range of 0.1-10 MHz with AC
perturbation of 10 mV using a Solatron 1260 impedance/gain-
phase analyzer.17-19 The methanol permeability was measured
in an isothermal bath at 25 �Cusing a two-chamber diffusion cell
method with a 2 M methanol solution.11,17-19

Results and Discussion

In the 1H NMR spectra (Figure 1), characteristic peaks corre-
sponding to the aromatic protons and the hydroxyl protons of
hSPAES-100 (sodium form) as well as acSPAES-100 (ammonium
form) were observed. The number-averagemolecular weight of the
oligomers was determined by a 1HNMR end group analysis.23 By
comparing the integration area for protons of the end group BP
with that of the main chain BP, the number-average molecular
weight of hSPAES-100was calculated to be 2960 g/mol, which is in
close agreement with the initial molecular-design values. Figure 1c
shows the successful substitution of the tetrabutylammonium ions
as well as the acrylate groups. From the relative integrals of the
acrylate end groups and the aromatic resonances, the molecular
weight of acSPAES-100was calculated tobe 5870g/mol.This value
is much higher than that of hSPAES-100 because of the bulkier
tetrabutylammonium ions as well as the acrylate end groups.

Meanwhile, to determine the optimum conditions for the
phase separation kinetics and the UV-cross-linking, a supple-
mentary experiment for the solvent evaporation (Figure 2a) and
the Tg measurement (Figure 2b) of the solution was carried out.
The morphology of the semi-IPN membranes was developed by
two consecutive procedures. The first step is the morphology
evolution driven by solvent evaporation, and the second step is
the fixation of the preformed morphology by UV-irradiation to
create cross-linked networks in the membranes (Figure 2c).
Figure 2b shows the upper limit of drying temperatures, which
is below theTg ofRH-2000, that is, 150 �C, at a solid content of 85
wt%.Under this drying condition, the RH-2000 phase is a glassy
state and immobilizes the acSPAES-100, resulting in the cessation

of phase separation. On the basis of these results, the solvent-
evaporation conditions were determined to be 60 �C for 6 h
(HT1), 80 �C for 75 min (HT2), 120 �C for 20 min (HT3), and
140 �C for 10 min (HT4), where solvent evaporation proceeded
until reaching a solid content of 85 wt %.

The prerequisite condition for successful cross-linking of
acSPAES-100 is the preservation of the preformed blend mor-
phology. To fulfill this requirement, the cross-linking tempera-
tures were set between theTg of acSPAES-100 (the rubbery state)
and theTg of RH-2000 (the glassy state) because the cross-linking
sites of oligomers need tobemobile enough to contact each other,
and at the same time, the preformed morphology should be
preserved by the glassy state of RH-2000 phases. As indicated in
Figure 2b, the Tg of the blend solution at a solid content of
85 wt % was measured to be 90 �C for the acSPAES-100 and
150 �C for the RH-2000, respectively. On the basis of these
observations, the UV-cross-linking temperature was determined
to be 110 �C. Prior to the in-depth investigation of the morphol-
ogy of sIPN-100, to first verify that morphological change during
UV-irradiation is not a factor to be considered, the morphology
of sIPN-100 before/after UV-irradiation was analyzed. For this
study, the membrane prepared under the HT2 drying condition
(80 �C, 75 min) and the UV-irradiation condition (110 �C, 1 h)
was chosen to be a representative example. Figure 3 shows that
before UV-irradiation, the solid content of membranes was
85 wt % and the average domain size appeared to be 50.8 nm.
After UV irradiation, the solid content was 90 wt % and the
average domain size was 48.5 nm. This verifies that the morpho-
logical change during UV-irradiation is negligible and validates
the use of UV-irradiation for preparing cross-linking networks in
the semi-IPN membranes.

As a first step to understanding the membrane properties of
sIPN-100, a ternary phase diagram comprising acSPAES-100
(sodium or ammonium form), RH-2000, and DMF was exam-
ined. We determined the cloud point curve by observing the
change of the transmitted light intensity during solvent evapora-
tion at 120 �C, that is, the HT3 drying condition as a representa-
tive example. As shown in Figure 4a, point A in the phase

Figure 2. Prerequisite conditions of sIPN-100 preparation for controlling nanoscale phase separation. (a) Concentration change of blend solutionwith
solvent evaporation (a weight-based blend ratio of acSPAES-100 (ammonium form) and RH-2000 in DMF is 1/1). (b) Dependence of Tg on
concentration of blend solution. (c) Summary of optimum processing conditions for drying and subsequent UV-cross-linking.
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diagram indicates aweight-based blend ratio of 1/1, and the curve
is a bimodal line, separating the miscible and the immiscible
regions. The phase boundary for the ammonium form of
acSPAES-100 was formed at a lower solvent concentration, in
contrast with that of the sodium form of acSPAES-100. In the
sodium form of acSPAES-100, the blend membrane exhibited
coarsely phase-separated morphology with large-sized domains,
which could even be observed by the naked eye (Figure 4b).
In contrast, the membranes with the ammonium form of
acSPAES-100 yield a transparent film, evidencing improved
miscibility (Figure 4c,d). Because the tetrabutylammoium ions
contribute to lowering the hydrophilicity of polar sulfonate

groups, the polarity difference between acSPAES-100 and RH-
2000 became smaller, and consequently, the cloud points shifted
toward the lower solvent concentration. Such a change in the
phase diagram forecasts the fact that during the solvent evapora-
tion, the onset of phase separation will be delayed and the
morphology may be frozen in an early stage of the phase
separation because the viscosity of the blend solution at the low
solvent concentration is too high to allow facile motion of the
blend components. Therefore, from the phase diagram of ac-
SPAES-100 (ammonium form)/RH-2000/DMF, a cocontinuous
morphology with smaller domain size could be expected.

Figure 5 exhibits the cross-sectional morphology of sIPN-100.
It can be reasonably expected that as the solvent evaporates, the
liquid-liquid phase separation between the acSPAES-100 (am-
monium form)-rich phase and the RH-2000-rich phase begins to
evolve. As shown in Figure 5a, all of the sIPN-100 showed a
cocontinuous morphology, where the domains correspond to the
acSPAES-100-rich phases and their sizes vary from 37 to 72 nm,
depending on the drying conditions (HT1, HT2, HT3, HT4).
In addition, the acSPAES-100-rich domains appeared to be well-
connected in a 3D space, which could reflect the fact that the
phase separation occurred via spinodal decomposition. To the
best of our knowledge, this unique blend morphology character-
ized by nanoscale domains with well-developed phase coconti-
nuity has never been explored in conventional blendmembranes.
It can be reasonably speculated that the delayed onset of phase
separation and the freezing of the morphology in the early stage
of phase separation in sIPN-100 allowed the formation of this
novel morphology.

Meanwhile, it is also of note that as the drying temperature
decreased from HT4 to HT1, the phase separation became more
delayed, leading to a further decrease in the domain size. In terms
of phase separation kinetics, a critical factor for governing the
morphology of sIPN-100 is the solvent-evaporation rate, deter-
mined by the drying temperature. Lower drying temperature is
expected to hinder the chain mobility of the blend components,
causing suppression of phase separation. Consequently, a
decrease in the drying temperature allowed the cessation of
morphological evolution in the earlier stage of phase separation,
leading to a further decrease in the domain size.

The morphology of sIPN-100 for the fully hydrated states
was investigated using a tapping mode atomic force micro-
scope (TM-AFM), where the scan sizes are 1000� 1000 and

Figure 3. Influence of UV-cross-linking on morphological change of
sIPN-100. FE-SEM cross-sectional images of (a) before UV-cross-
linking (average domain size is 50.8 nm) and (b) after UV-cross-linking
(average domain size is 48.5 nm).

Figure 4. (a) Ternary phase diagram of acSPAES-100 (sodium or ammonium form)/RH-2000/DMF, point A, indicates a weight-based blend ratio
of 1/1. Optical images of blends prepared from (b) sodium and (c) ammonium form acSPAES-100, respectively, after drying at 120 �C for 20 min.
(d) Optical image of sIPN-100 prepared from ammonium form acSPAES-100 after drying at 120 �C for 20 min and subsequent UV-cross-linking at
110 �C for 1 h.
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Figure 5. Cross-sectional morphologies of sIPN-100 observed by FE-SEM (dried state) and TM-AFM (fully hydrated state). (a) FE-SEM images
(drying condition; average domain size): (a1)HT1, 37 nm; (a2)HT2, 48 nm; (a3) HT3, 63 nm; (a4) HT4, 72 nm. (b) TM-AFM images on 1000 nm scale
(drying condition; average hydrophilic domain size): (b1) HT1, 15 nm; (b2) HT2, 26 nm; (b3) HT3, 34 nm; (b4) HT4, 39 nm. (c) TM-AFM images on
100 nm scale (drying condition; average water-channel size): (c1) HT1, 1.2 nm; (c2) HT2, 1.5 nm; (c3) HT3, 2.3 nm; (c4) HT4, 3.0 nm.
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100 � 100 nm2. It is meaningful to examine the fully hydrated
cross sections because this could reflect the actual operation
behaviors of DMFC membranes.17 Figure 5b,c clearly demon-
strates that the cocontinuousmorphologywith an interconnected
acSPAES-100-rich phase was developed, which is consistent
with previous FE-SEM results and also reflects the fact that the
phase separation proceeded through spinodal decomposition.
Another interesting observation is that in the 100 nm scan
size images, secondary phase separation occurred for both the
hydrophilic phase (acSPAES-100-rich phase) and the hydropho-
bic phase (RH-2000-rich phase). This complex morphology
can be explained by considering the fact that even after the
primary phase separation, further solvent evaporation may take
place, inducing secondary phase separation. Considering
previous reports that the water channels of polyelectrolyte
membranes are less than 10 nm in size,24 it can be reasonably
concluded that the dark parts in the phase images of 100 nm scan
size correspond to the water channels, whereas the dark parts in
the phase images of 1000 nm scan size represent the acSPAES-
100-rich phases.

Meanwhile, in the phase image of 1000 nm scan size, as the
drying temperature was decreased, the acSPAES-100-rich do-
main size also decreased and the domains became more inter-
connected as well as less captured inside the RH-2000-rich
phases. In general, with spinodal decomposition, the primary
morphological features that developed during the earlier stage
tend to persist through the whole spinodal decomposition.
However, when rapid growth of sinusoidal compositionmodula-
tion continues to proceed, a morphology with isolated domains
could develop through the coalescence of new phases generated
by nucleation and growth.17 Therefore, at high drying tempera-
tures that allow a decrease in the medium viscosity and thus
facilitate phase separation, the acSPAES-100-rich domains be-
come larger andmore isolated. Furthermore, in the phase images
of 100 nm scan size (Figure 5c), it was also observed that as the
drying temperature decreased, the average size of the water
channels in the acSPAES-100-rich domains decreased, reducing
to 1.2 to 3.0 nm, and the phase cocontinuity wasmore developed.

Table 1 shows the effect of drying temperature (i.e., the effect
of morphological change) of sIPN-100 on the DMFCmembrane
properties at 25 �C.As the drying temperature was decreased, the
water uptake and the methanol uptake of sIPN-100 become
lowered. In addition, the contact angle, which reflects the surface
hydrophilicity, was also increased. These interesting observations
indicate that cocontinuous morphology with nanoscale domains
could effectively prevent the membranes from absorbing water,
rendering them more hydrophobic. As a supplementary experi-
ment, the water uptake and themethanol uptake of a cross-linked
polymer (x-acSPAES-100), which is synthesized from pristine
acSPAES-100 alone without being blended with RH-2000, were
examined and observed to be 492 and 527%, respectively. From a
comparison between pristine x-acSPAES-100 and sIPN-100, it is
apparent that the introduction of a semi-IPN structure has a
remarkable effect in terms of reducing the water uptake (492 f
15.1%) and the methanol uptake (527 f 21.5%).

The proton conductivity of sIPN-100 was measured in a
temperature range from 25 to 70 �C (Figure 6a). Consistent with
previous reports,10-20 the proton conductivity of sIPN-100

increased in proportion to the increase in the measuring tem-
perature.An interesting observation is that at the samemeasuring
temperature, as the drying temperature decreases, that is, the size
of acSPAES-100-rich domains decreases, the proton conductivity
tends to increase. This seems to be contrary to the expectation

Figure 6. Effect of drying conditions on membrane transport proper-
ties of sIPN-100. (a) Proton conductivity. (b) Methanol permeability.
(c) Selectivity. The membrane prepared at the HT1 drying condition
demonstrates the highest selectivity, which is approximately 16 times
higher than that of Nafion117.

Table 1. Summary of Effect of Drying Conditions on Membrane Properties for sIPN-100 (Acid Form) at 25 �C

nafion HT1 HT2 HT3 HT4

contact angle (deg) 79.0 66.0 64.0 60.0 55.0
water uptake (wt %) 33.9 15.1 16.4 17.3 18.7
methanol uptake (wt %) 67.3 21.5 22.5 24.1 27.7
proton conductivity (S/cm) (relative value vs nafion) 0.0903 (1.000) 0.0187 (0.207) 0.0170 (0.188) 0.0163 (0.181) 0.0156 (0.173)
methanol permeability (� 10-8 cm2/s) (relative value, vs nafion) 172.6 (1.000) 2.2 (0.013) 3.3 (0.019) 5.1 (0.030) 7.4 (0.043)
selectivity (� 104 S s/cm3) (relative value vs nafion) 5.2 (1.000) 85.0 (16.346) 51.5 (9.904) 32.0 (6.154) 21.1 (4.058)
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based on the results of water uptake because proton conductivity
generally tends to increasewith an increase inwater uptake.15,25,26

Previous publications on the blend membranes reported that a
decrease in the domain size lowered thewater uptake, leading to a
decrease in the proton conductivity.16-19 The unique behavior of
proton conductivity in sIPN-100 can be explained by considering
the domain size and the phase cocontinuity rather than the water
uptake alone. Previous observations of sIPN-100 confirmed that
as the drying temperature is decreased, the domain size decreased
and better phase cocontinuity was developed. This morphologi-
cal changemay contribute to providing a shorter tortuous path of
proton transport, which is expected to have a positive effect on
the proton conductivity. At the same time, the water uptake was
lowered because of a decrease in the hydrophilicity. These results
suggest that the proton conductivity of sIPN-100 could be
determined by two competing factors, that is, the morphology
and the water uptake. Figure 6a verifies the fact that the well-
developed phase cocontinuity with nanometer-sized hydrophilic
domains played a more dominant role in determining the proton
conductivity than the water uptake.

Figure 6b demonstrates that as the drying temperature is
decreased, that is, the hydrophilic domain size decreased, the
methanol crossover becomes suppressed, which is consistent with
the decrease of water uptake and methanol uptake shown in
Table 1. In general, the methanol transport properties of fuel cell
membranes greatly depend on the fraction of free water.19,20 It
was previously observed that lower drying temperature caused a
decrease in the domain size, which contributed to increasing
hydrophobicity. Consequently, a decrease in the drying tempera-
ture is expected to lower the fraction of free water within the
membranes. In addition, the well-connected, hydrophobic RH-
2000-rich phases could hinder the methanol from passing
through the membranes and also suppress the expansion of
hydrophilic phases. Therefore, it is suggested that both the
decreased domain size and thewell-developed phase cocontinuity
make it possible to suppress methanol crossover of sIPN-100.

The selectivity, that is, the ratio of proton conductivity to
methanol permeability, is a crucial factor for governing DMFC
membrane performance. Accordingly, higher selectivity could
allow superior DMFCmembrane performance. From Figure 6c,
it is seen that relative toNafion117, sIPN-100 showed a dramatic
improvement in selectivity. Amore detailed comparison of sIPN-
100 with Nafion117 in terms of transport properties was sum-
marized in Table 1. As a representative example, the sIPN-100
prepared under the HT1 drying condition was compared with
Nafion117. The proton conductivity at 25 �Cwasmeasured to be
0.0187 S/cm for sIPN-100 at the HT1 and 0.0903 S/cm for
Nafion117, respectively. In contrast, the methanol permeability
of sIPN-100 at the HT1 was much lower than that of Nafion117,
that is, 2.2 � 10-8 for sIPN-100 and 172.6 � 10-8 cm2/s for
Nafion117. This comparison reveals that for sIPN-100, the
reduction of methanol permeability is much greater than that
of proton conductivity, contributing to higher selectivity. Mean-
while, among the sIPN-100 samples, the membrane prepared
under the HT1 drying condition showed the highest selectivity,
being approximately 16 times higher than that of Nafion117. It
was already observed that as the drying temperature was
decreased, sIPN-100 presented smaller hydrophilic domain size
and better phase cocontinuity. The enhancement in the selectivity
is thought to be attributable to this morphological change.

Conclusions

In summary, we developed nanometer-sized domains and
well-established phase cocontinuity of sIPN-100 by controlling
the kinetics as well as the thermodynamics of nanoscale phase

separation. The introduction of acSPAES-100 oligomers with low
molecular weight and low hydrophilicity made it possible to shift
the boundary of phase separation to a low concentration of solvent
in the phase diagram and to restrict the phase separation of sIPN-
100. The solvent-evaporation temperatures also played an impor-
tant role in governing the phase separation kinetics. The lower
solvent-evaporation temperature contributed to a further decrease
in the hydrophilic domain size and the better phase cocontinuity.
This morphological change rendered sIPN-100more hydrophobic
and effectively lowered thewater uptake, themethanol uptake, and
the surface hydrophilicity. It is worthwhile to note that the novel
morphology of sIPN-100 allowed unique behaviors of proton
conductivity and methanol permeability, which have previously
not been seen inmicroscale phase separation.More notably, sIPN-
100 demonstrated significant improvement in selectivity that is not
likely to be attained via conventional approaches.
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