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Abstract

Owing to the recent push toward efficient energy storage/conversion devices, fuel cells have be-
come a strong candidate for energy conversion equipments. On the other hand, block copolymer
polyelectrolytes are interesting materials for proton exchange membranes in fuel cells. Thus a
considerable attention has been paid to the development of block copolymer polyelectrolyte
membranes. In this study, the microdomains in block copolymer polyelectrolytes were controlled
by external electric fields to develop high performance membranes with improved proton con-
ductivity. The microdomain alignments in sulfonated polystyrene-b-hydrogenated poly buta-
diene-b-polystyrene block copolymer electrolyte were monitored by cross-sectional transmission
electron microscopy analysis. The proton conductivities of the block copolymer electrolyte mem-
branes were measured before and after exposure to electric field. In addition, the morphological
features of the block copolymer electrolyte were observed with small angle x-ray scattering and
atomic force microscopy.
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1. Introduction

Recently, energy storage/conversion devices are attracting a considerable amount of interest from all fields of
science and technology. These equipments include batteries, capacitors, fuel cells, and solar cells. Among these
novel devices, fuel cells are the most strong candidate for the energy conversion systems, which can convert
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chemical energy directly into electric energy [1].

In order to improve the overall performances and efficiencies of fuel cells, it is critical to incorporate high
performance proton conducting membranes (PCMs), especially in two kinds of popular fuel cells such as proton
exchange membrane fuel cell (PEMFC) and direct methanol fuel cell (DMFC) [2] [3]. To date, the PCM based
on sulfonated fluorocarbon polymer, for example, Nafion®is the most widely used one [4]. Even if Nafion has
high proton conductivity and good thermal stability, its methanol permeability is too high to use in practical ap-
plications [4]. Therefore, several attempts have been made in order to develop Nafion® membranes exhibiting
reduced methanol permeability while maintaining proton conductivity [4]-[8].

On the other side, numerous studies have been conducted on developing new PCMs using block copolymers
(BCPs) over the past decades [9]-[19]. Attention to the block copolymer polyelectrolytes (BCPES) as a candi-
date for PCMs has been paid, because they exhibit unique morphologies such as sphere, cylinder, lamellar, and
gyroid due to the self assembled-nanostructures. It has been found that the microdomain structure in BCPES is
strongly dependent on the solvent [20], annealing condition [21], shear force [22], and film thickness [23]. Also,
it is very important to understand transport properties such as proton conductivity and methanol permeability
through BCPE membranes when the size, shape, and ordering directions of microdomains in the membranes are
different [19] [24].

Among various BCPEs, the most extensively studied material for PCMs is BCPEs based on the thermoplastic
elastomers such as styrene-b-ethylene/butylene-b-styrene (SEBS), which is derived from the hydrogenation
reaction of triblock copolymer, styrene-b-butadiene-b-styrene [25]-[39]. The synthesis [25], properties [27] [28]
[31] [32], and morphologies [37]-[39] of the SEBS BCPEsare well documented. Kim’s group has reported the
transport properties and morphological characteristics of sulfonated SEBS extensively [10] [38] [39].

Even if the chemical and physical properties of sulfonated SEBS BCPEs have been extensively investigated,
however, the effect of microdomain alignments in SEBS BCPEs on the proton conductivity of PCMs has been
scarcely investigated yet [40]. In this study, the microdomain orientations in sulfonated SEBS BCPEs were con-
trolled by external electric fields. The dependence of proton conductivity on microdomain alignments was ex-
amined by transmission electron microscopy (TEM) and conductivity measurements. It is certain that this work
provides fundamental information for understanding the structure-property relation in BCPE PCMs.

2. Experimental
2.1. Materials

A block copolymer, styrene-b-ethylene/butylene-b-styrene (SEBS, 80 Kg/mol, 28 wt.% polystyrene) was sup-
plied by Kuraray (SEPTON). The block copolymer was sulfonated to prepare sulfonated SEBS (SSEBS) ac-
cording to the well-established procedure in the previous literature [25]. The sulfonating reagent was acetyl sul-
fate. The degree of sulfonation was found 22 mol%/hard segment by elemental analysis. Figure 1 exhibits the
chemical structure of SSEBS BCPE. A solvent, tetrahydrofuran (THF) was dried by a common method.

2.2. Preparation of Thin sSEBS Films

A solution of sSSEBS in THF was prepared and filtered. Concentration of the solution was 3 wt.%. A sSEBS film
was spin-coated onto silicon wafer at 2000 rpm for 60 s from the solution. Then the films were dried under am-
bient conditions until complete evaporation of solvent.

2.3. Preparation of Thick sSEBS Films for SAXS
A 10 wt.% solution of sSEBS in THF was prepared and poured into a glass dish. Then the film was placed at
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Figure 1. Chemical structure of the sulfonated SEBS electrolyte.
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room temperature until complete evaporation of solvent. The membrane was recovered as a flat-sheet type and
the thickness was measured at dry state using a digital micrometer.

2.4. Application of Electric Field

Figure 2 shows the diagram of experimental apparatus for application of electric field to the prepared sSEBS
film. An aluminized Kapton film served as the top electrode and asilicon wafer covered with Al foil as the other.
A thin layer (20 - 25 um) of cross-linked PDMS (Sylgard) was used as a buffer layer between the Kapton elec-
trode and the copolymer thin film. The PDMS layer conforms to the electrode surface, eliminates air gaps be-
tween the top electrode and the copolymer film, and maintains asmooth surface of the copolymer film. The co-
polymer films were heated to 130°C under N, with an applied electric fieldof 20 VV/um for 6 ~ 12 h and then
quenched to room temperature before removing the electric field.

2.5. Proton Conductivity and Water Uptake Measurement

The membranes were immersed in deionized water at least 6 h before measurements.Proton conductivity was
measured using a complex impedance analyzer (ZAH-NER IM-6). ASSEBS membrane was sandwiched be-
tween two stainless electrodes and an ac perturbation of 1 V was applied to the cell.

The membranes were soaked for at least 3 days in deionized water and weighed to determine the uptake con-
tents. Weight of a dried membrane was measured after drying the sample at 60°C under vacuum overnight. The
uptake content was calculated by

W, —W,
Uptake content (%) = ————" 100 (1)
Wdry

where wyr, and wy,; are the mass of dried and wet samples, respectively.

2.6. Instrumentations

Small angle x-ray scattering (SAXS) patterns were obtained with a Bruker AXS Nanostar small angle X-ray
scattering spectrometer with a generator voltage of 40 KV and a current of 35 mA. Scanning force microscopy
(SFM) images were obtained in both the height and phase-contrast mode using a Digital Instruments Dimension
3100 scanning force microscope in a tapping mode. Transmission electron microscopy (TEM) experiments were
performed with a JEOL 200CX TEM operated at an accelerating voltage of 200 kV. To prepare cross-sectional
TEM specimens, a thin layer of carbon was evaporated onto the film surface before embedding in epoxy resin to
prevent the diffusion of the epoxy resin into hybrid thin film. The thin film was then embedded in an epoxy resin
and cured at 60°C for 12 h. The films were removed from the substrate by dipping into liquid N,. Ultrathin sec-
tions (60 nm) were collected at room temperature using a Leica Ultracut Microtome, equipped with a diamond
knife. The thin sections were exposed to RuO, for 10 min to enhance the contrast.

3. Results & Discussion

In determining sulfonation degree from the elemental analysis result, it must be assumed that the sulfonation
takes place exclusively on the polystyrene end blocks. It should be mentioned that the sulfonation degree ac-
tually obtained is significantly lower than the expected value [25]. The efficiency of sulfonation employed in
this study is approximately 22%.

Al <
Kapton
PDMS
Thin Film
Si Wafer l J
Al Foil +—
Slide Glass

Figure 2. Schematic diagram of the experimental ap-
paratus for application of electric field.
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In addition, it is well known that proton conducts through the ionic channels or the water clusters where water
or methanol molecules are likely to swell a polymer matrix. The membranes prepared in this study have hydro-
philic sulfonic acid groups enough to show the high proton conductivity because of their morphologies with
percolated ionic channels [10]. In general, the proton conductivity is primarily dependent on the concentration of
sulfonic acid groups. More specifically, the proton conductivity is closely related to the average number of water
molecules per fixed sulfonic acid group [39]. Therefore, the water uptake content was measured for sSSEBS
membranes using Equation (1). The obtained water uptake for pristine sSSEBS film was approximately 20 wt.%
regardless of film thickness. It was also revealed that the exposure to electric field did not significantly change
the water uptake amount.

Figure 3 illustrates SAXS profiles of sSEBS film cast from THF before (solid line) and after (dotted line)
thermal annealing at 130°C under N, for 48 h. THF was selected as solvent in this experiment because it is a
good solvent for both constituent blocks. In addition, the molecular architecture of sSSEBS in THF was clearly
examined [28]. The thermal annealing has been performed well above the glass transition temperature (Tg) of
both blocks, 100 and —40°C for PS and PEB, respectively. It is shown that the SSEBS membrane have lamellar
microdomain morphology as indicated by the presence of maxima at positions with ratios of 1:1.95. The peak
positions up to the second correlation peak are well resolved for the curve. It is known that the microscopically
arranged lamellae of block copolymers exhibit the position of maximum intensity at g values 0 1, 2, 3, 4, etc. It
was also found that the apparent spacing (D) by using Bragg’s equation, D = 21t/Qmax, Was estimated to be 35.1
nm from the position of first-order peak. It is accepted that the d-spacing is remarkably influenced by the solvent,
water uptake, and sulfonation degree [38] [39].

Figure 4 displays the tapping mode phase image of the SSEBS sample. The unique morphology consisting of
bright and dark microdomain is observed remarkably. For sSEBS (14/72/14), an intermediate between the cy-
linder and lamellar structure is formed. It has been reported that a further slight increase in PS weight ratio
changed the microstructure to a well-ordered lamellar [37]. The obtained morphology appears worm-like with
lamellar regions dispersed throughout, and might be termed “frustrated” due to the relative disorder [41].

Figure 5 exhibits the cross-sectional TEM images of SSEBS membrane obtained before and after exposure to
electric field (20 V/um). Figure 5(a) shows the equilibrium microstructure of SSEBS after thermal annealing at
130°C under N, for 48 h. The microdomain morphology is apparently lamellar throughout the entire film, where
the bright and dark regions correspond to elastomer and polystyrene, respectively. This phenomenon can be ex-
plained by the following reasoning.

As for block copolymer thin film, the mean field theory (including Flory-Huggins) offers a fundamental con-
cept of phase separation. In particular, the lamellar phases of triblock copolymer are well-described by strong
segregation theory [42]. It has been shown that the domain spacing (D) for the lamellar structures of block co-
polymer is dependent on three physical parameters such as volume fraction of chain (¢), molecular weight (N),
and interaction parameters () between blocks when the morphology shows lamellar phases. However, it is often
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Figure 3. Small angle x-ray scattering patterns of the sul-
fonated SEBS membrane having an equilibrium micro-
structure obtained before (solid) and after (dotted) thermal
annealing at 130°C under N, for 48 h.
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Figure 4. Scanning force microscopy phase
image of the as-spun sulfonated SEBS mem-
brane obtained at tapping mode.

Figure 5. Cross-sectional TEM images of the sulfonated SEBS membranes (a)
thermally annealed at 130°C under N, for 48 h, exposed to electric field of 20
V/um for (b) 6 h and (c) 12 h at 130°C under N,. The white and yellow arrows in-
dicate the film/substrate and the film/air interfaces, respectively.

difficult to evaluate the exact values of interaction parameters, because the three parameters are strong depen-
dent on temperature and compositions. Instead of interaction parameters, the solubility parameters are of use to
understand the interaction between polymers. In particular, the solubility parameter is a useful measure of inte-
raction between blocks, when polymers are partially functionalized with a group as seen in the BCPE employed
in this study. Alternatively, the interaction parameter is given by

Xsps-EB = (5sps — O )2 /poka

where &; is the solubility parameter of block i, py the number density of the mono-unit, and k, the Boltzmann
constant [43]. The reference values for &ss, dips, and s are 9.1, 16.6, and 7.8 cal*?/cm?®, respectively [44]. It
was calculated that the value of yN for the SSEBS sample is approximately 200 at room temperature. According
to this value, the morphology of sSEBS is likely to form a lamellar structure, as confirmed by Figure 5(a). It is
commonly accepted that the N values were influenced by the intermolecular ionic aggregation within the par-
tially sulfonated polystyrene domains. Furthermore, strong ionic interactions like hydrogen bondings play role
of physical crosslinking, which might induce an effect of increasing molecular weight.

Figure 5(b) and Figure 5(c) present the cross-sectional TEM images of sSEBS films exposed to an electric
field of 20 V/um as a function of exposure time. It is conspicous that the microdomains oriented normal to the
surface, adapted to the direction of applied electric field (yellow arrow). When an applied electric field exceeds
a critical value to overcome interfacial interaction, the surface/interface becomes unstable. The electric field
aligns interfaces separating two dielectric blocks parallel to the electric field vector. This leads to the formation
of arrays of microdomains normal to the surface to minimize the moment of electrostatic forces exerted onto the
interface between two blocks, driven by differences in the dielectric constants of the two bodies at the interface
[45].

It is also discernible that the alignments started locally after 6 h exposure and then extended to the overall
range in the middle of BCP thin film under an electric field. It is notable that the vertical alignment extends
completely to the film/substrate interface (white arrow). This is a strikingly different phenomenon from that
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Table 1. Summary of the proton conductivities of the membranes.

Sample Proton conductivity (S/cm )
As spun (<1 um) 0.018
Thin film (<1 um) exposed to e-field 0.021
Thick film (30 um) exposed to e-field 0.029

seen in most block copolymer thin films. This is because the presence of ionic functional groups in polystyrene
block can promote the response of PS microdomain to the direction of electric field even at the vicinity of
film/substrate interface. In this case, the electrostatic force on sulfonated polystyrene domain exerted by the
electric field might easily surpass the interfacial energy [46].

The proton conductivities of SSEBS samples are summarized in Table 1. The proton conductivity is intimate-
ly dependent on the various parameters such as sulfonation degree, water uptake, and methanol permeability. In
this experiment, the effect of those parameters is excluded, because the other experimental parameters are fixed.
For thin SSEBS membranes (<1 um), the proton conductivity slightly increased after application of electric field.
On the contrary, the conductivity increased significantly by exposure to electric field for thick membrane. This
is attributed to the facilitated formation of percolated conducting channels inside membrane through microdo-
main alignments. Meanwhile, the increased water uptake amount in thicker membrane might be of help to ele-
vate the proton conductivity. However, the mere application of electric field did not elevate the proton conduc-
tivity significantly. This is because conductivity requires connectivity of microdomainsacross macroscopic
length scales and obtaining this in the aligned orientation appears difficult, especially for thin films.

4. Conclusion

The dependence of proton conductivities on microdomain alignments in sulfonated SEBS block copolymer
electrolytes was revealed. It could be concluded that the proton conductivities of sulfonated SEBS membranes
were elevated by the application of electric field to promote microdomain alignments. In addition, a schematic
pathway to microdomain orientation in sulfonated SEBS under electric field was presented. A more detailed
study regarding this topic is underway. This article can provide an interesting outcome for understanding the
structure-property relation in proton exchange membranes.
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