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In this report, we demonstrate a simple preparation of the partially sulfonated poly(styrene-b-

butadiene-b-styrene) (sSBS), casting and photocrosslinking of tough films which can be used as a

proton exchange membrane (PEM) for direct methanol fuel cell (DMFC). Upon reaction with

acetylsulfate in a homogeneous solution phase, SBS was converted to sSBS with a degree of sulfonation

(DS) in a controlled manner. Subsequent washing and redissolution of the product in the mixed solvent

enabled the solution casting of the mechanically stable membranes, which could be further toughened

by crosslinking the butadiene groups with the premixed divinylbenzene (DVB) upon exposure to UV

light. The sSBS membranes showed excellent proton conductivity as well as low methanol permeability

presumably due to the efficient formation of hydrophilic channels aided by microphase separation. The

nanostructures of the sSBS PEMs were rigorously characterized by the small angle X-ray scattering

(SAXS) and electron microscopic analyses. Finally the membrane electrode assembly (MEA) was

fabricated using the sSBS as PEM, and an active mode DMFC test was performed to show a power

density of a single cell containing noncrosslinked sSBS to be �80 mW/cm2 at 60 1C which is 15% higher

than that of Nafion115-containing single cell under the same test conditions.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

Due to multiple advantages such as small device volume,
simple fuel storage and supply, and low operation temperature,
extensive work has been devoted to the development of direct
methanol fuel cell (DMFC) as an electrical energy source for small
mobile devices [1]. Membrane electrode assembly (MEA) is a core
part of DMFC, in which a proton exchange membrane (PEM)
selectively conducts protons from anode to cathode. Protons are
usually moving through the hydrophilic channels within the PEM
in the form of hydronium (H3Oþ) ions, while methanol, the liquid
fuel of the DMFC, can also be permeating together with water
molecules and hydronium ions which will inevitably lower the
theoretical electromotive force. Hence, high proton conductivity
and low methanol crossover are the most important membrane
properties for a PEM of DMFC to determine overall energy
conversion efficiency of the fuel cell [2]. In addition to proton
conductivity and resistivity to fuel crossover, durability and
ll rights reserved.
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processing cost are also prerequisite characteristics for PEM.
NafionTM, a perfluorinated membrane manufactured by Dupont,
has been the most frequently used PEM for both PEMFC and
DMFC due to its superior chemical/mechanical stability and high
proton conductivity [3,4]. However, its high methanol perme-
ability is the biggest hurdle for practical application in DMFC.
There have been efforts to solve the fuel crossover problem of
Nafion by incorporating inorganic nanocomposite materials as a
methanol barrier, [5,6] but development of hydrocarbon
membrane is generally accepted to be the fundamental solution.
One approach is to utilize the sulfonated form of the non-
perfluorinated, but chemically stable polymers such as polystyr-
ene (PS), [7] poly(ether ether ketone) (PEEK), [8,9] polyimide, [10]
poly(phenyleneoxide), [11] poly(ether sulfone) (PES) [12–15].
Another fascinating idea to reduce methanol crossover through
PEM is to utilize the nanostructured morphology of the block
copolymer (BCP) generated by thermodynamically induced
microphase separation [2,16–20]. By cautiously controlling BCP
microphase separation, Park et al. achieved the different ion
conductivities along different direction (through-plane vs. in-
plane) of BCP orientation [21,22]. Well-controlled formation of
proton conducting channels in BCP have shown promising PEM
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properties for DMFC. In BCP PEM, sulfonated PS serves as hydrophilic
domains and hydrophobic rubbery blocks such as polyisobutylene
(PI) [2,16], poly(ethylene-ran-butylene) [17], polybutadiene (PB)
[23], or poly(dimethylsiloxane) (PDMS) [18,19] provide processibil-
ity for the membrane casting as well as efficient formation of proton
channels. From the manufacturing standpoint, SBS is a good candi-
date for BCP PEM due to a relatively low price (�$1.50/lb) and a
large production (410Mtons/year) worldwide [24]. Until now,
sulfonated SBS (sSBS) has been rarely utilized as PEM materials for
fuel cell owing to undesirable gelation during sulfonation process or
because of membrane degradation caused by photolysis or chemo-
lysis of unreacted double bonds. Nevertheless, there are some
successful reports such as that of the sulfonated membrane of
hydrogenated SBS which was applied to PEM for PEMFC [25,26].
Won and coworkers reported the post-sulfonation of the crosslinked
SBS membrane for DMFC application [23].

In this report, we investigate direct sulfonation of prestine SBS
and membrane casting to test a feasibility of BCP PEM manufac-
turing process for DMFC. We also study photo-crosslinking of the
double bonds in PB block in order to improve mechanical
property of the cast membrane.
2. Experimental

2.1. Materials

SBS (Mw�140,000 g/mol; 29 wt% styrene; Aldrich) was purified
by reprecipitation to remove unwanted additives. Supporting data
Fig. S1-1 shows the 1H-NMR spectrum in CDCl3 of a purified SBS,
and S1-2 shows a phase image of SBS film cast from toluene solution
using tapping mode atomic force microscopy (Digital instruments)
from which cylindrical BCP morphology is evident. NafionTM dis-
persion (10 di%, E.W. 1100) was purchased from Dupont. Irgacure-
651 (Ciba Specialty Chemicals), as a photoinitiator, divinylbenzene
(DVB, Aldrich) as a crosslinker, tetrahydrofuran (THF, Samchun,
99.0%), methanol (Duksan, 99.8%), dichloroethane (DCE, Dae jung,
99%), sulfuric acid (Aldrich, 95–98%), acetic anhydride (Samchun,
99.0%), 2-propanol (IPA, Duksan, 99.5%), toluene (Aldrich, 99.5%), n-
butyl alcohol (Duksan, 99%) were purchased and used without
further purification.

2.2. Sulfonation of SBS

Five grams of SBS powder and 120 mL of DCE were added in a
3-neck round-bottomed flask at 40 1C which had been purged
with nitrogen gas for 1 h. The polymer solution was stirred for
another hour. Meanwhile, 3.6 g of acetic anhydride was slowly
added in the mixture of 1.7 g sulfuric acid and 18 g of DCE in an
ice bath to form acetyl sulfate. A measured amount of acetyl
sulfate was added to the polymer solution at 0 1C, and the mixture
was vigorously stirred using mechanical stirrer for 3 h. Upon
completion of the sulfonation reaction, 10 mL IPA was added, and
most of the liquid was removed by rotary evaporation. Crude
product was washed with water and methanol repeatedly for
several days until the pH became no less than 4. The purified sSBS
was dried in a vacuum oven at room temperature [27]. Five
samples with different degree of sulfonation (DS) were obtained.

2.3. Membrane preparation

The weighed sSBS was added in a mixed solvent of toluene/
2-butanol (7/3) at 2.5 wt%, and the polymer was thoroughly
dissolved by stirring for 1 week. The remaining non-dissolved
product was filtered out by using a 200 mesh, and the filtrate was
poured to a glass petri dish and slowly dried at 40 1C in a casting
chamber. A sSBS solution and a cast membrane are shown in Fig.
S2. Upon solution casting, a tough membrane was obtained
without pin-holes as shown in Fig. S3 where the scanning
electron micrographs of both pristine SBS and sSBS membranes
are shown. For fabrication of a crosslinked membrane, the
measured amounts of Irgacure-651 and DVB were premixed with
polymer solution, and the dried membrane was placed under a
UV-lamp (SB-100P/F, Spectronics Corp.) operating at 365 nm
wavelength for 2 h. The cast membrane was soaked in deionized
(DI) water until it was delaminated from the dish.
2.4. Characterizations of sSBS PEM

Sulfonation of an sSBS PEM was characterized using Fourier
Transform Infra-red (FTIR) spectrometer (spectrum100, Perkin
Elmer) by taking transmission spectrum of a membrane. The DS
of each sSBS product was determined using elemental analysis
and glass transition temperature (Tg) of the product was
measured by differential scanning calorimetry (DSC, N-650,
Scinco) after completely drying in a vacuum oven at 60 1C.
Thermal degradation of sSBS was measured using Thermogravi-
metric analysis (TGA) apparatus (1100SF, Mettler-Toledo). In
order to investigate the microstructure of the membrane, small
angle X-ray scattering (SAXS) measurement was performed on
wet or dried membrane using 4C1 SAXS beam-line at Pohang
synchrotron light source. A wet PEM sample was prepared by
soaking it in DI water at room temperature overnight. For a SAXS
measurement, the membrane sample was cut and stacked to
0.2 mm thickness, and wrapped with KaptonTM tape leaving a
small hole at the center for X-ray beam to pass through. The
wavelength of the X-ray beam was 1.21 Å with an average energy
of 0.26 keV. Proton conductivity of the PEM was determined by
clipping 1�4 cm2 strip of a PEM to a home-made four-point
prove conductivity cell and biasing AC current from an impedance
analyzer (compactstat, IVIUM) in a temperature-stabilized water
bath with a relative humidity of 100% [28]. The proton conduc-
tivity (s) was calculated using a relationship s¼L/(A�R), where L

and A are the distance between the two inner Pt-probes and the
cross-sectional area of the membrane, respectively. Water uptake
of a PEM was determined by immersing it into D.I. water for 24 h
at room temperature, then rapidly wiping off the water on the
membrane surface and weighing the swollen PEM until the
weight of the PEM did not change. Finally, the wet PEM was
dried in a vacuum oven at 70 oC for 24 h. The final dried weight of
the PEM was measured and water uptake ((Wwet–Wdried)/Wdried)
was calculated. Dimensional changes of PEMs by drying were also
measured, and the resulting water swelling data ((Lwet–Ldried)/
Ldried) are summarized in Table 1. Methanol permeability of a
membrane was measured using a home-made diffusion cell,
[29,30] and calculated according to the following equation.

DK ¼
CA

CB
�

L� VB

A

� �
�

1

t�t0

� �

where CA and CA are the concentration at two compartments, A

and L are an area and a thickness of PEM, D and K are methanol
diffusivity and distribution coefficient, and t is time. The DK value
stands for the liquid’s permeability through the membrane, i.e.,
the methanol crossover [20].

Tensile property of a membrane was measured using a
universal testing machine (UTM, seris5567, Instron) [31].
1�4 cm2 strip of a wet membrane was clipped on UTM and the
strain–stress curve was measured. Oxidative stability was tested
by soaking a small piece of membrane in Fenton’s reagent
(3% H2O2þ2 ppm FeSO4) at room temperature and monitoring
the crack formation.



Table 1
Summary of membrane properties of crosslinked sSBS-58% ionomers used in this study.

Crosslinker content

(%)

Proton conductivity

(10�2 S/cm)

MeOH permeability

(10�7 cm2/s)

Water uptake

(%)

Water swelling

(%)

Tensile stress

(N/mm2)

Oxidative

life-time (h)

Membrane

selectivitya

(Nafion115) 9.0 27.0 26.7 9.5 13.9 N.A. 1

DVB-0% 4.5 8.6 75.1 20.3 4.6 8.5 1.6

DVB-2% 3.1 3.4 35.8 8.0 11.0 10.3 2.7

DVB-5% 3.4 6.6 23.9 7.98 13.9 12.3 1.5

DVB-10% 2.5 4.3 25.2 7.98 17.3 14.3 1.8

*All the measurements were carried out at room temperature except proton conductivity (30 1C).
a Normalized to the value of Nafion 115.

Scheme 1.
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2.5. MEA fabrication and DMFC performance test

MEA was prepared by the following procedures. Catalyst
slurries were prepared using Pt powder (Johnson-Matthy HIGH-
SPEC 4000) for cathode and Pt/Ru powder (Johnson-Matthy
HIGHSPEC 12100) for anode respectively. In preparation of both
slurries, 20 wt% of Nafion ionomer was mixed as a binder. Catalyst
loading for anode was 2 mg/cm2 on Toray 060, and cathode
loading was 2 mg/cm2 on SGL-25BC. An MEA with a wet PEM
with 3�3 cm2 active area was hot-pressed at 80 1C for 1 min
under 5 MPa pressure. For and Active mode DMFC performance
test, 1 M methanol was supplied to anode by 3 mL/min flow rate,
and air was supplied to cathode at the rate of 400 mL/min. After
activation for several hours, the polarization curve was obtained
at the temperature range of 30 1C to 60 1C.
Fig. 1. FT-IR spectra of the membranes cast from SBS, sSBS-56% and a crosslinked

sSBS-56%.
3. Results and discussion

Acetyl sulfate is a well-known mild sulfonation agent for
PS-containing BCPs. As for SBS, PB block is usually hydrogenated
prior to sulfonation in order to prevent gelation of the sulfonated
products [25,26]. In this study, however, the prestine SBS was
directly sulfonated without hydrogenation which requires a
catalytic reaction with pressurized hydrogen gas supply. Although
the gel-like product was obtained upon sulfonation, subsequent
evaporation of the volatile solvent and washing with water
resulted in brown latex-like precipitates. The sulfonation reaction
of SBS with acetyl sulfate may proceed in two different ways
(Scheme 1). As shown in Fig. 1, FT-IR spectra of the reacted SBS
showed symmetric and unsymmetric stretching peaks of sulfonic
acid groups at 1150 cm�1 and 1040 cm�1, respectively, which
demonstrate a successful sulfonation of the polymer chain
[26,32]. However, as shown in Scheme 1, acetyl sulfate can either
sulfonate the phenyl group of PS or react with double bonds in the
PB unit. As shown in Fig. 1, the characteristic absorption peaks of
carbon–carbon double bonds from the PB unit were observed at
1600 cm�1 and 3000 cm�1 after sulfonation reaction reflecting
that the majority of PB double bonds are still alive [33]. Once the



Fig. 2. Actual DS (mol%) of PS block vs. acetyl sulfate mol % in the reaction

mixture. Actual DS was measured by elemental analysis.

Fig. 3. Thermal properties of SBS, sSBS-35%, and sSBS-56% membranes.

(a) Differential scanning calorimetry (DSC) thermogram, (b) Thermal gravimetric

analysis (TGA) data. The arrows in DSC thermograms indicate Tg
0s of PB and PS

blocks in each sample.

Fig. 4. Ion conductivity and water uptake as a function of DS of sSBS PEMs. Every

measurement was carried out at room temperature.
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sSBS was crosslinked by premixed DVB, the peak intensities of the
unsaturated PB unit were significantly diminished as indicated by
arrows in Fig. 1.

By varying acetyl sulfate content in the reaction mixture, DS of
the PS blocks could be controlled. Elemental analyses on five
different products apparently exhibited increases in actual DS as
shown in Fig. 2. For instance, acetyl sulfate of 50 mol% with
respect to PS content of SBS in the reaction mixture resulted in
18 mol% of the sulfonated PS block. By mixing 120 mol% of acetyl
sulfate, �52 mol% of DS was obtained. For convenience, sSBS-52%
denotes the sSBS ionomer with actual DS of 52%. As shown in
Fig. 2, the relationship of actual DS vs. target DS appeared to be
quite linear. However, the use of a mechanical stirrer instead of a
magnetic stirrer resulted in a slightly higher DS. For instance,
reaction with 120 mol% of acetyl sulfate resulted in 52% and 58%
by using magnetic and mechanical stirring respectively. However,
the differences were not significantly large considering experi-
mental uncertainty.

Upon sulfonation, thermal properties of BCP membranes were
changed. As shown in Fig. 3(a), DSC analyses of prestine SBS, sSBS-
35% and sSBS-56% evidently showed that Tg of PS block increased
from 78 1C to 99 1C and 108 1C with increased DSs while that of PB
block did not changed much The observation implies that sulfo-
nation occurred preferentially on PS block. It is reported that a
significantly low Tg (�78 1C) of PS block in prestine SBS than that
of homo-PS is due to a kinetic entrapment effect of minor PS block
by rubbery center block [34,35]. As shown in Fig. 3(b), TGA
measurements on the same samples revealed that both sSBS-
35% and sSBS-56% exhibit low initial degradation temperature
(�150 1C) while sharp weight loss occur at �450 1C for both
sSBS’s which is significantly higher than that of prestine SBS.
It was previously reported that unlike sulfonated PS, sSBS exhibits
higher degradation temperature with increased DS due to an
alternative degradation pathway of the BCP [35].

In the previous studies the BCP ionomers usually showed a
percolation behavior in the plot of proton conductivity vs. DS due
to the formation of proton conducting channels by fusion of ion
clusters [18,19]. Fig. 4 is the overlaid plot of proton conductivities
and water uptakes of sSBS membranes with varying DS. Proton
conductivity of sSBS showed a dramatic increase at 40–50% of DS,
and the maximum proton conductivity of 0.045 S/cm was
obtained from sSBS-58% PEM. The water uptake data from four
selected membranes were plotted together, which showed similar
behavior of proton conductivity with DSs. In Fig. 4, a percolation
threshold of sSBS ionomer system was determined to be around
35% of DS.

To elucidate structural information of sSBS block copolymer
ionomers, SAXS study was carried out on the selected samples.
The 10 mm-thick membranes were prepared by slow drying of the



Fig. 5. Small-angle X-ray scattering data of the PEMs with various DS used

in this study.

Fig. 6. Proton conductivities of sSBS-58% PEMs with various crosslinker content.

Fig. 7. Proton conductivities of the crosslinked sSBS-58% PEM at different

temperatures.
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mixed solvent of toluene/1-butanol. SAXS intensities vs. scatter-
ing vector (q) measured from three ionomer membranes with
different DSs were plotted in Fig. 5, in which sSBS-56% and sSBS-
58% showed strong scattering peaks at the q ranges of 0.24 nm�1

and 0.23 nm�1 while sSBS-35% exhibited no significant peak
within the scanned q ranges. Development of SAXS peaks with
increased DS can be explained by effective formation of ion
channels beyond the percolation threshold. Presumably, sSBS-
35% is still low in DS, and there are not enough ion clusters or
channels to be recognized in a SAXS plot. It is noteworthy that the
scattering peaks of sSBS-56% and 58% were found at lower angles
than that of Nafion 117 membrane. The pristine SBS used in this
study contains 29% of PS block, and the microphase separation of
the BCP sample should exhibit cylindrical morphology [20]. By
assuming that the developed ion channels maintain cylindrical
microstructures, one can apply d¼(2p/q) � (4/3)1/2 to the calcula-
tion of the intercylinder spacing [23]. The calculation reveals that
q values of 0.23 nm�1 and 0.24 nm�1, respectively correspond to
31.5 nm and 30.2 nm in intercylinder spacings.

In SAXS measurements, we also observed the decrease in q

with hydration of an sSBS PEM (see Fig. S4), which can be
attributed to an increased intercylinder spacing by swelling of
the hydrophilic domains. The crosslinking of sSBS also resulted in
the increased intercylinder spacing possibly due to the sequestra-
tion of DVB within PS domains. (Supporting data S3, 4) It is well
known that the blending of low molecular weight species
which is miscible with one or both blocks in a block copolymer
results in the increase in inter-domain spacings [36]. The
increased domain spacing by crosslinker was observed in both
dry and wet membranes.

Fig. 6 shows that the proton conductivity of sSBS-58%
decreases as the crosslinker content increases. Two main reasons
can be addressed for such behaviors. First, a nonconducting DVB
should behave as an impurity in a conducting medium. Second,
the crosslinking keeps the PEMs from effective hydration and
subsequent swelling, which actually helps the formation of
proton conducting channels. In developing crosslinked PEM, one
should consider trade-off characteristics between proton conduc-
tivity and chemical stability [18]. Crosslinking usually improves
the chemical and mechanical stability (and fuel crossover) of the
membrane, while sacrificing the proton conductivity.

As shown in Fig. 7, temperature-dependent proton conductiv-
ities of the crosslinked sSBS-58% membarnes were investigated.
The non-crosslinked membrane showed higher conductivities
over entire temperature range (30–60 1C), showing maximum
proton conductivity of �0.09 S/cm at 60 1C. The crosslinked PEM
showed lower conductivity at 30 1C, but that of the PEM with 5%
crosslinker remarkably increased and showed almost the same
conductivity with the non-crosslinked membrane at 60 1C. van’t
Hoff analysis on these data revealed that the activation energy for
proton conduction is slightly higher in the crosslinked membrane.

Mechanical strengths of the membranes were tested by plotting
the tensile stress as a function of strain in uniaxial elongation
measurement of sSBS-58%. As shown in Fig. 8, non-crosslinked
sSBS-58% exhibited the lowest tensile stress, which gradually
increased with crosslinker content. Nafion115 showed a lower
tensile stress than that of sSBS-58% with 10% DVB, though a higher
elongation. The results confirm that the inclusion of crosslinker
improves the physical strength of the sSBS PEM. In Table 1, various
properties of the crosslinked sSBS-58% membranes as well as tensile
stresses at the break point are summarized. Among the listed
properties in Table 1, membrane selectivity, the ratio of proton
conductivity and methanol permeability of each PEM normalized to
that of a Nafion membrane (Nafion 115 in this study) is very
important as a PEM for DMFC. In Table 1, sSBS-58% PEMs apparently
showed the membrane selectivity larger than unity regardless of



Fig. 8. Strain–stress curves of the crosslinked sSBS-58% PEM and Nafion-115.

All the membranes were fully hydrated at room temperature before measurements.
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crosslinking. As mentioned earlier, proton conductivity and metha-
nol permeability have a trade-off relationship each other, and that is
why we could not find a meaningful tendency in the membrane
selectivity of sSBS PEMs with crosslinker content. Upon crosslinking,
however, the mechanical properties were evidently improved.
Table 1 shows that both water uptake and water swelling were
diminished with respect to the crosslinker content, and contrarily,
oxidative life-time of the PEMs in Fenton’s reagent was obviously
increased with crosslinker amounts showing an improvement of
chemical resistance.

In order to test the sSBS PEMs developed in this study in an
actual DMFC, MEAs were fabricated using crosslinked and non-
crosslinked sSBS-58% [37]. For comparison, an MEA with Nafion
115 was also fabricated. After activating each single cell with 1 M
methanol for 4 h, active mode DMFC performance curves were
obtained in the temperature range between 30 and 60 1C.
As shown in Fig. 9, non-crosslinked sSBS-58% PEM resulted in
the maximum power density of 80 mW/cm2 at 60 1C which is 15%
higher than that of Nafion115. However, the power density of a
single cell using a crosslinked sSBS-58% PEM appeared to be only
24 mW/cm2 probably due to a lowered proton conductivity by
addition of crosslinker. Considering that the fabrication procedure
of the sSBS-containing MEA is actually the optimized one for
Nafion-based MEA, the observed power performance of a
non-crosslinked sSBS-58% ought to be noteworthy.
Fig. 9. Active mode DMFC performance curves of the MEAs using different PEMs.

4. Conclusions

Direct sulfonation of a commercial SBS block copolymer was
investigated using acetyl sulfate for the preparation of an actual PEM
for DMFC, and photo-crosslinking of the sSBS PEM with DVB was
also carried out in order to improve mechanical stability of the block
copolymer PEMs. The use of a mixed solvent of toluene/butanol
resulted in a uniform solution of sSBS without significant gelation,
and tough membranes were obtained by slow evaporation of the
solvents. SAXS measurements revealed a successful formation of
ionic channels of a highly sulfonated sSBS membrane, and an
increased inter-domain spacing by mixing DVB crosslinker.
By increasing the concentration of acetyl sulfate, sSBS with 58% DS
was synthesized exhibiting a reasonably high proton conductivity
(50% of Nafion 115) and a substantially improved methanol perme-
ability. The crosslinking of sSBS PEMs showed improved chemical/
mechanical stabilities of the cast membranes as confirmed by
various tests, although the proton conductivity was a bit deterio-
rated due to an existence of non-ionic crosslinker within the
membrane. MEA fabrication and active mode DMFC performance
tests were carried out using crosslinked and non-crosslinked sSBS-
58% PEMs, and the maximum power density of �80 mW/cm2 was
obtained with an MEA containing non-crosslinked sSBS-58% which
was a 15% better performance than Nafion 115 containing MEA.
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