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Composite membranes were fabricated consisting of aligned domains of Nafion® 1100 surrounded by
a supporting matrix of polystyrene-b-poly(ethylene-ran-butylene)-b-polystyrene (SEBS). The structure
of the composite was controlled via the application of an electric field during solvent casting. Nafion®

domains were aligned across the membrane thickness to provide paths for proton conduction. The sur-
rounding SEBS domain limits methanol permeability. Compared to randomly structured Nafion®/SEBS
composites, the membranes with field-aligned domains display significantly enhanced performance in
direct methanol fuel cells (DMFCs). The membranes with field-aligned domains display DMFC perfor-
Electric field
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mance better than commercial Nafion® 117 membranes under high methanol fuel concentration.
© 2009 Elsevier B.V. All rights reserved.
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. Introduction

Methanol is attractive as a high energy density liquid fuel that
an be used directly in fuel cells without reforming [1,2]. One
f the main challenges currently limiting performance of direct
ethanol fuel cells (DMFCs) is the high permeability of most com-
on polymeric fuel cell membranes to methanol. Perfluorinated

ulfonated polymers such as Nafion® are commonly used as fuel
ell membrane materials because they have high proton conduc-
ivity, mechanical strength, and chemical stability under typical
uel cell operating conditions. Protons are transported through sul-
onated polymer membranes such as Nafion® primarily in the form
f H3O+ ions [3]. As a result, the membranes must be swollen
ith water in order to function effectively in fuel cells. While
ater sorption enhances proton conductivity in sulfonated poly-
ers, it also increases methanol fuel crossover since water and
ethanol are transported through the membranes together [4,5].
hen methanol passes through the membrane from the anode to

he cathode, the loss of fuel lowers fuel cell voltage and efficiency.
tudies of DMFCs operating with Nafion® 117 membranes reported

hat more than 35% of the methanol was lost by crossover through
he membrane [6–8].

Several different approaches have been taken to improve DMFC
embrane performance, including the development of new poly-
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mers, chemical modification of conventional polymers, and the
preparation of composite membranes [4,9–11]. In composite DMFC
membranes, functional particles can be added to a polymer to
improve fuel cell performance. For example, particles that act
as methanol barriers can lower methanol permeability and limit
swelling of proton conducting polymers [12,13]. Alternatively,
proton conducting particles can be added to a polymer having
good methanol barrier properties in order to enhance conductivity
[10,14,15]. The transport properties of composite membranes are
highly dependent on the spatial arrangement of the functional par-
ticles, including particle volume fraction, size, shape, orientation,
and connectivity between particles.

In the present study, we investigate the DMFC performance of
composite membranes in which composite structure is controlled
through the application of an electric field during membrane for-
mation. Under appropriate conditions, an electric field applied to a
suspension of particles in a liquid will induce particles to align into
connected chains in the direction of the field lines [16–19]. The par-
ticle chaining phenomenon occurs when the particles have a higher
dielectric constant than the surrounding liquid, i.e. positive dielec-
trophoresis is required [18,19]. Particle chaining can be exploited
to create polymer/particle composites with anisotropic properties
by chaining particles suspended in a liquid and solidifying the com-

posite to fix the field-induced structure through chemical reaction
or a change in temperature [20–25]. We recently demonstrated the
creation of proton conducting membranes with enhanced trans-
port properties by electric field induced chaining of sulfonated
poly(ether ether ketone) particles in a thermally curable silicone

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:myates@che.rochester.edu
dx.doi.org/10.1016/j.jpowsour.2009.08.027
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Fig. 1. SEM image of Nafion® particles.

leaving ∼5 mm air gap between the upper (ground) electrode and
the surface of the liquid film.
X. Wei, M.Z. Yates / Journal of

esin [24]. We also recently demonstrated the enhancement of pro-
on conductivity in Nafion®/poly(vinylidene fluoride) composites
hrough applying an electric field during a novel polymer melt pro-
ess [25]. Neither of these proton conducting membranes were
irectly usable in fuel cells, however. The silicone-based mem-
ranes have high oxygen permeability and the poly(vinylidene
uoride)-based membranes are too thick, increasing resistance to
roton transport.

In order to make thin composite membranes suitable for DMFC
pplication, the goal of the present study is to control composite
tructure through the application of electric fields during solvent
asting. The solvent casting process involves evaporating solvent
rom a polymer solution and is commonly employed to create thin
olymeric and polymer composite fuel cell membranes [9,13]. To
ate, there has been no report of using electric fields to control
he structure of composite membranes made by solvent casting.
onvective currents and film thinning from solvent evaporation can
otentially disrupt the electric field induced structure. In addition,
olvent evaporation requires processing conditions with an open
ir gap between one of the electrodes and the particle suspension
o allow solvent vapor to escape. Since proton conducting polymers
re typically only soluble in high dielectric constant solvents, the
ajority of the electric field potential will be lost across the air gap

nd particles will not respond to the applied field.
In the present study we chose polystyrene-b-poly(ethylene-ran-

utylene)-b-polystyrene (SEBS) as the membrane forming polymer.
EBS is an inexpensive thermoplastic elastomer with excellent
echanical flexibility and chemical stability. There are several lit-

rature reports demonstrating the application of sulfonated SEBS
n fuel cells [26–28]. SEBS was chosen because it is soluble in low
ielectric constant solvents such as toluene and xylene. Here we
how that proton conducting particles suspended in SEBS/p-xylene
olutions easily form chains under an applied field even when an
ir gap is between one of the electrodes and the particle suspen-
ion. By solvent casting under an applied electric field, the structure
f the composite membranes can be altered by particle chaining
nd membrane thickness can easily be adjusted. The field-induced
tructure results in Nafion®/SEBS composites with significantly
nhanced transport properties and improved DMFC performance.

. Experimental

.1. Materials

SEBS powder (Mw ∼ 118,000 g mol−1) and p-xylene (99%,
eagentPlus) were purchased from Sigma–Aldrich. Nafion® 117
embranes and Nafion® 1100 dispersions (15 wt.% and 20 wt.% in

n isopropanol/water mixture) were purchased from Ion Power.
afion® particles were obtained by drying a 15 wt.% Nafion® dis-
ersion in a vacuum oven at 80 ◦C for 1 day, then grinding into a fine
owder with a mortar and pestle. The powder was sieved to obtain
articles less than 45 �m in size. The morphology of the particles
as observed by scanning electron microscopy (SEM), as shown in

ig. 1.

.2. Observation of particle response to the applied electric field

Two custom cells were designed to observe the Nafion® particle
esponse to the applied electric fields using optical microscopy. The
rst cell consists of two parallel aluminum electrodes attached to

glass microscopy slide, as shown in Fig. 2. The particle suspen-

ion was transferred via pipette to the surface of the non-ground
lectrode leaving a space between the suspension and the ground
lectrode. An air gap of ∼4–5 mm separated the ground electrode
rom the edge of the liquid suspension. This cell allowed side-view
Fig. 2. Experimental setup for side-view observation of particle response to an
applied electric field.

imaging of particle chaining induced by the electric field. A sec-
ond cell was constructed for top-view imaging of chaining. Fig. 3
shows the cell, consisting of two parallel transparent indium-tin-
oxide (ITO) coated electrodes held 6 mm apart using Teflon spacers.
The particle suspension ∼1 mm thick was held in a Teflon frame,
Fig. 3. Experimental setup for top-view observation of particle response to an
applied electric field.
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.3. Membrane preparation

Composite membranes were formed from dispersions of
afion® particles in 15 wt.% SEBS solution in p-xylene. Ultrasonic
nergy (VWR Aquasonic Cleaner 75T) and mechanical stirring were
pplied for 2 h to disperse Nafion® particles as a homogeneous sus-
ension in SEBS solution. The amount of Nafion® suspended in the
EBS solution was varied from 10 wt.% to 70 wt.%. Solvent casting
f membranes from the suspension under applied electric field was
arried out in the custom cell shown in Fig. 3. The Teflon frame was
lled with the Nafion®/SEBS suspension and left in a fume hood
t room temperature for 3 h to remove the solvent with or with-
ut an applied alternating current electric field of 6 kV at 1 kHz.
he membranes were dried in a vacuum oven overnight at 80 ◦C
o remove any residual solvent. The membranes were treated at
0 ◦C with 3 wt.% H2O2, deionized water, 5 wt.% H2SO4, and then
eionized water again successively for 1 h each. For comparison,
afion® 117 membranes were pre-treated using the same method.
ll membranes were kept in deionized water before other testing.

.4. Membrane characterization

Membranes were dried at 80 ◦C under vacuum and water uptake
as measured from the percentage increase in weight after soaking

n deionized water to the fully hydrated state at room tempera-
ure. Dimensional change was measured using a micrometer from
he percentage increase in the through-plane and in-plane direc-
ions of the membrane after soaking it in 2 M and 8 M CH3OH for
days. Methanol permeability of water-saturated membranes was
easured by gas chromatography (Hewlett Packard model 5890A).

he membrane was clamped between two 30 ml reservoirs using a
ustom made glass permeability cell. One reservoir was filled with
M methanol and the other with deionized water. The permeabil-

ty was determined from measured methanol concentration versus
ime at room temperature from samples taken from the reservoir
nitially filled with deionized water. An approximate solution of the
ontinuity equation for diffusion in plane sheet geometry at early
imes was used to estimate permeability [7,8,10]. Through-plane
roton conductivity of water-saturated membranes was measured
t room temperature by the two-point probe method using a
amry PCI4/750 potentiostat over the frequency region from 1 Hz

o 300 kHz. The conductivity was calculated from the bulk resis-
ance of the membrane, which was determined from real values in
yquist plot by extrapolating of impedance arcs [29,30].

.5. Fuel cell performance test

Catalyst inks were prepared by mixing 60% Pt/C (E-Tek, for cath-
de) or 60% PtRu/C (E-Tek, developmental catalyst, atomic ratio
:1, for anode) with Nafion® dispersion. For both anode and cath-
de, the weight ratio of catalyst to Nafion® was 3:1. To fabricate
he membrane electrode assembly (MEA), the catalyst inks were
rushed onto a carbon cloth (E-Tek) as the electrode substrate.
umerous thin layers of the catalyst ink were successively applied
nto the substrate at 60 ◦C and each layer was dried for 3 min
efore another one was brushed on [31]. The catalyst loading was
mg cm−2 and 3 mg cm−2 for the cathode and anode, respectively.
o improve catalyst utilization, a thin layer of Nafion® (∼10 �m)
as applied to the surface to the composite membranes by dip

oating in a 1 wt.% Nafion® dispersion [15,32]. The MEAs were fab-
icated by hot pressing at 130 ◦C and ∼900 psig. Polarization curves

ere collected using a single-cell test station (Scribner Series 850C)
ith a working area of 5 cm2. Aqueous methanol solution at the

node was supplied by a peristaltic pump (Gilson Minipulse 3) at a
ow rate of 1 ml min−1 while the cathode was fed with humidified
ir at 500 ml min−1. Prior to performance testing, the cell was con-
Sources 195 (2010) 736–743

ditioned at constant current density operation (20–80 mA cm−2)
until polarization curves collected at time intervals of 1 h showed
no change.

3. Results and discussion

The desired electric field induced chaining of Nafion® particles
requires that the particles be suspended in a liquid medium of lower
polarizability than the particles [18,19]. The dielectric constant of
dry Nafion® is approximately 4 [33]. We chose SEBS as the mem-
brane forming polymer because it can be solvent cast from solutions
of low dielectric constant. Solutions of SEBS dissolved in xylene
have a dielectric constant between 2 and 3 [34,35]. To confirm par-
ticle chaining, Nafion® particles were dispersed in a SEBS/p-xylene
solution, and observations were made through optical microscopy
on particle suspensions as electric fields were applied. Two differ-
ent electrode arrangements were used, as shown in Figs. 2 and 3. For
both types of electrode arrangements, there is an air gap of 4–5 mm
between the ground electrode and the liquid surface of the particle
suspension to allow solvent vapor to escape. Since Nafion® particles
have a net electrostatic charge, they will migrate by electrophoresis
if a direct current field is applied. To avoid electrophoresis, alter-
nating current fields were applied with a fixed frequency of 1 kHz.
This frequency was found to be effective in a similar prior study
[24]. Particle alignment was observed as the field strength was
varied. It was found that as the field strength was increased, an
increasing fraction of the particles was aligned into chains. The time
required to form chains was reduced as field strength is increased,
consistent with our previous study [24]. When the field was below
100 V mm−1, there was no obvious change after applying the field
for 1 min. As field strength was increased above 500 V mm−1, par-
ticles were observed to rapidly migrate into chains within a few
seconds. Fig. 4 shows the particles before and after applying an
electric field of 1 kV mm−1 for 10 s. For the electrode geometry in
Fig. 2, the particle chains form perpendicular to the direction of
observation. The chains form parallel to the direction of observa-
tion for the electrode geometry in Fig. 3. Fig. 4 confirms that the
Nafion® particle chains are aligned in the direction of the applied
electric field lines.

Membrane formation was investigated by solvent casting dis-
persions of Nafion® particles in SEBS solutions in p-xylene. For
membrane formation, the electrode cell shown in Fig. 3 was used
to align Nafion® particles in chains aligned through the membrane
thickness direction for optimizing proton transport. Membranes
were formed by solvent evaporation at room temperature for 3 h
while maintaining an applied field of 1 kV mm−1 at 1 kHz. For com-
parison, parallel experiments were carried out without the applied
field. In order to reduce particle sedimentation while still allow-
ing the particles to move in response to the applied field, viscous
15 wt.% SEBS solutions were chosen to prepare composite mem-
branes when the Nafion® concentration was varied from 0 wt.%
to 50 wt.%. As Nafion® content was increased to 70 wt.%, less vis-
cous 10 wt.% SEBS solution was used to allow Nafion® particles to
move in response to the applied field. The amount used for solvent
casting was adjusted by trial and error to give a membrane thick-
ness of ∼140 �m as measured by digital micrometer. There was no
significant difference in thickness between the field-aligned and
non-aligned membranes. All composite membranes showed excel-
lent mechanical flexibility and appeared to have particles uniformly
distributed over the membrane area.
The chemical stability of the membranes was investigated using
Fenton’s reagent test, a standard method for predicting chemi-
cal stability in an operating fuel cell [36]. Since the stability of
Nafion® in Fenton’s reagent is well investigated, we only tested
the pure SEBS membrane. A pure SEBS membrane ∼140 �m thick-
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ig. 4. Optical microscopy images of composite Nafion®/SEBS/p-xylene suspensio
efore applying field; (d) top-view after applying an electric field.

ess formed by solvent casting at room temperature from a 15 wt.%
olution in p-xylene was suspended in Fenton’s reagent at 68 ◦C.
he membrane had no measurable loss in weight after 2 days of
ontinuous testing, indicating that SEBS is chemically stable against
xidation by Fenton’s reagent. In addition, the SEBS membrane had
o noticeable change in appearance, mechanical strength, or flex-

bility after the Fenton’s test, based on visual observation while
anually bending the membrane. The Fenton’s test suggests that

EBS membranes will show good chemical stability in operating
uel cells.

The thermal stability of the Nafion®/SEBS composite mem-
ranes was investigated by thermogravimetric analysis (TGA). Fig. 5
hows the TGA curves for the Nafion® particles, SEBS and 50/50
afion®/SEBS composite membranes formed with or without the
pplied field (Nafion®/SEBS-EF and Nafion®/SEBS-No EF, respec-
ively). The TGA curves were obtained by heating in nitrogen from
oom temperature at a rate of 10 ◦C min−1 using TA instruments
SC/TGA model Q600. The results show that SEBS has an approx-

◦ ®
mate degradation temperature of 430 C. The Nafion particles
how a gradual weight loss about 6.3% from room temperature
o 290 ◦C, which is attributed to dehydration. Between 290 ◦C
nd 560 ◦C, Nafion® has a three-stage degradation pattern: desul-
onation (290–400 ◦C), side-chain decomposition (400–470 ◦C) and

Fig. 5. TGA curves of Nafion® , SEBS and 50/50 composite membranes.
) side-view before applying field; (b) side-view after applying field; (c) top-view

PTFE backbone decomposition (470–560 ◦C) [37]. For the compos-
ite membranes, the degradation process starts from 290 ◦C similar
to that of Nafion®. The field applied membrane shows early dehy-
dration with the weight loss of water of 2.7% compared to 2.4%
for non-aligned membrane. The TGA curves for the 50/50 compos-
ite membranes lie between the two pure components, but close to
that of SEBS. It is possible that SEBS acts as a barrier to retard the
dehydration of Nafion® particles, especially when the particles are
randomly dispersed into the SEBS matrix.

The proton conductivity and methanol permeability of fuel cell
membranes are closely related to water uptake capacity. Swelling
of the membranes with water is a requirement for proton con-
ductivity, but also enhances methanol permeability. Swelling can
also impart mechanical stress on the membranes that can lead to
fuel cell device failure [38]. Membrane swelling was determined
by measuring the increase in weight of dry membranes after sub-
mersion in deionized water until reaching constant weight. Pure
Nafion® 117 membranes were measured to take up 26.4 wt.% water

at room temperature, which is in agreement with literature report
[39]. Pure SEBS has no water uptake. Fig. 6 shows the swelling
behavior of a series of composite SEBS membranes of varying
Nafion® content. As Nafion® is added to the SEBS, the water uptake

Fig. 6. Water uptake plots for membranes with and without the applied electric
field.
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cles, particularly at low particle concentration. As Nafion content
is increased even the randomly dispersed particles begin to form
a connected network to provide proton transport paths through
the membrane. When the Nafion® content is 70 wt.%, membranes
formed with and without the applied field show similar conductiv-
ig. 7. Cross-sectional morphology of 40 wt.% Nafion®/SEBS membrane formed
ithout the applied field.

ncreases as expected. All membranes with electric field-aligned
afion® particles displayed higher water uptake than the randomly

tructured membranes having the same Nafion® content. By align-
ng Nafion® particles into chains, more of the Nafion® is accessible
o water. The randomly structured composites likely have some
raction of the Nafion® particles completely surrounded by SEBS,
locking access to water. If all Nafion® particles were accessible to
ater, it is expected that the water swelling as a function of Nafion®

ontent would be linear. However, Fig. 6 shows water swelling as
function of Nafion® content appears sigmoidal. At low Nafion®

oading, the SEBS can block access of some particles to water and
otentially constrain swelling. As a result, the swelling is lower
han it would be if all Nafion® particles were accessible to water and
well the same as bulk Nafion®. At higher Nafion® content, the com-
osite membranes uptake more water than is expected based on
he Nafion® loading. The excess water uptake measured at higher
afion® loading is likely due to capillary filling of void spaces at

he Nafion®/SEBS interface. A cross-sectional side-view image of a
embrane is shown in Fig. 7. There appears to be some void spaces

etween the Nafion® and SEBS phases that could account for the
xcess swelling measured in Fig. 6. Composites made from immis-
ible materials often have such voids at the interfaces between the
wo domains. However, this discrete interface maybe leads to poor

echanical properties in comparison with the two dense compo-
ents. Our future studies are focused on the composite systems that
ave miscible materials.

The dimensional changes of membranes due to swelling leads
o mechanical stress that can cause interfacial delamination of the
lectrodes from the membrane surface in an operating fuel cell,
esulting in dramatic degradation of the cell performance [40]. Fig. 8
hows the dimensional change of the composite membranes and
afion® 117 after swelling in 2 M and 8 M methanol solutions at

oom temperature. The expansion of the composite membranes
ncreases with increasing Nafion® content and methanol concen-
ration for both aligned and non-aligned membranes. The swelling
f pure Nafion® results in about 17% and 23% increases in length
f a Nafion® 117 membranes using 2 M and 8 M methanol solu-
ions respectively. The composite membranes display significantly
maller dimensional changes than pure Nafion®. When Nafion®
ontent is 50 wt.%, the change in length due to swelling is less
han half of that of pure Nafion® for the membrane formed under
he applied electric field. Moreover, the membranes formed under
he applied electric field have smaller changes in length compared
o membranes with the same Nafion® content formed without
Fig. 8. Dimensional change of Nafion®/SEBS due to swelling by 2 M and 8 M
methanol at room temperature as function of Nafion® content.

the applied field, particularly at high methanol concentration. The
50/50 aligned membrane shows only around 10% increase in length
compared to 15% for the non-aligned membrane when soaking in
8 M methanol solutions. The swelling results show that the elec-
tric field-induced structure results in anisotropic swelling behavior,
with the electric field processed membranes having enhanced
thickness expansion and reduced area expansion. Minimizing the
membrane area expansion is critical to reducing the forces that
lead to electrode delamination in fuel cells undergoing cycling in
relative humidity.

The proton conductivity of a series of membranes made with
varying Nafion® content is shown in Fig. 9. The two-point probe
method was used to measure through plane conductivity of fully
water-saturated membranes. The results show that proton conduc-
tivity increases with increasing Nafion® content in the composites.
The electric field-aligned membranes display higher conductivity
than membranes with randomly dispersed particles at the same
Nafion® content. The proton conductivity results are consistent
with the measured higher water uptake for the electric field-
aligned membranes compared to randomly structured membranes
at the same Nafion® content. The electric field induced chaining
creates paths for proton transport through the membrane. Isolated
Nafion® domains that are completely surrounded by SEBS can-
not effectively participate in proton conduction. Therefore, proton
conductivity is much lower for randomly dispersed Nafion® parti-

®

Fig. 9. Through-plane proton conductivity of Nafion®/SEBS composite membranes
as a function of Nafion® content.
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centrations of 2 M and 8 M. The composite membranes have a
higher open circuit voltage than Nafion® 117 due to the lower
methanol permeation. The performance is determined by the com-
bined effects of proton conduction and fuel crossover. For the 2 M
ig. 10. Methanol permeability of Nafion®/SEBS composite membranes as a func-
ion of Nafion® content.

ty because Nafion® content is well above the percolation threshold
or conductivity.

The methanol permeability of the Nafion®/SEBS composite
embranes is shown in Fig. 10. All of the composite membranes

ave lower methanol permeability than the pure Nafion® mem-
rane. The hydrophobic SEBS is an effective barrier to methanol,
nd methanol permeability decreases as the fraction of SEBS is
ncreased. There are distinct differences in the methanol perme-
bility versus Nafion® content for membranes prepared under
he electric field compared to those without the applied field.
or membranes prepared without the applied field, the methanol
ermeability is very low below 40 wt.% Nafion®. Above 40 wt.%
afion®, there is a significant increase in permeability since the
ercolation threshold is surpassed. The theoretical threshold vol-
me fraction was found to be 25% using a continuum percolation
odel [41]. This value corresponds to about 42 wt.% Nafion® in

EBS matrix. Above the percolation threshold, the Nafion® parti-
les form an interconnected network through which methanol can
iffuse. The membranes formed under the applied electric field all
isplay higher methanol permeability than those formed without
he electric field at the same Nafion® content. The particle chaining
nduced by the electric field provides diffusion paths for methanol
o pass through the membrane, effectively lowering the threshold
or percolation.

The optimal polymer electrolyte membrane for a direct
ethanol fuel cell application should have the lowest possible
ethanol permeability (P) while maintaining the highest possi-

le proton conductivity (�) [10]. The ratio of �/P is defined as the
embrane selectivity, and is often used as a measure of the poten-

ial effectiveness of a membrane in a DMFC. From the conductivity
nd permeability data shown in Figs. 9 and 10, the selectivity of
he composite membranes and the Nafion® membrane was calcu-
ated and the results are plotted in Fig. 11. The particle chaining
nduced by the applied field causes both the proton conductivity
nd methanol permeability to increase compared to membranes
repared without the applied field at the same Nafion® content.
owever, Fig. 11 shows that the applied field causes the selectiv-

ty to be enhanced compared to membranes formed without an
pplied field at the same Nafion® content. Although there is some
catter in the data, several of the membranes formed under the
pplied field have higher selectivity than pure Nafion®. The high-
st measured selectivity was for 50/50 Nafion®/SEBS membrane
ormed under the applied field, that had a selectivity about twice
s high as that of the Nafion® 117 membrane. Based on the selec-

ivity results, the 50/50 Nafion®/SEBS membrane was chosen for
esting of DMFC performance in comparison to Nafion® 117.

Three types of fuel cell membranes were investigated for DMFC
erformance; 50/50 Nafion®/SEBS formed under the applied elec-
Fig. 11. Selectivity (defined as proton conductivity divided by methanol permeabil-
ity) of Nafion®/SEBS composite membranes as a function of Nafion® content.

tric field, 50/50 Nafion®/SEBS formed without the applied field and
Nafion® 117. To create a membrane electrode assembly (MEA), cat-
alysts and electrodes were attached to the membranes via hot press.
Since the hot pressing process may destroy the ordered structure of
field-aligned membranes, the time for hot pressing was kept short,
only 1 min, for the Nafion®/SEBS membranes. It was determined
that the relatively mild hot pressing conditions were sufficient to
create strongly adherent MEA layers on SEBS-containing mem-
branes. However, for the Nafion® 117 MEAs prepared under the
same conditions, the electrodes partially detached from the mem-
brane at higher methanol concentration due to the swelling of
Nafion®. Therefore, the Nafion® MEAs were formed by hot press-
ing for 3 min, which was found to be long enough to create stable
MEAs.

DMFCs are expected to compete with lithium-ion batteries in
portable devices due to the easy liquid fuel handing and no need
for recharging, but the energy density of DMFCs is not comparable
to that of lithium-ion batteries unless methanol fuel concentra-
tion is above 10 M [42]. However, low methanol concentrations are
usually used in DMFCs to limit performance degradation due to
fuel crossover. For the practical applications of DMFCs in portable
devices, membranes are desired to enable use of high methanol
concentration to reduce fuel volume as well as obtain sufficient
energy density. Fig. 12 shows the cell potential versus current
density at 40 ◦C for the DMFCs operating with methanol fuel con-
Fig. 12. Performance at 40 ◦C for the DMFCs made with Nafion® 117 mem-
brane, 50/50 Nafion®/SEBS composite membrane formed under an applied field
(Nafion®/SEBS-EF), and 50/50 Nafion®/SEBS composite membrane formed without
an applied field (Nafion®/SEBS-No EF).
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ig. 13. Performance at 80 ◦C for the DMFCs made with Nafion® 117 mem-
rane, 50/50 Nafion®/SEBS composite membrane formed under an applied field
Nafion®/SEBS-EF), and 50/50 Nafion®/SEBS composite membrane formed without
n applied field (Nafion®/SEBS-No EF).

ethanol feed solution, Nafion® 117 is the best performing mem-
rane, outperforming the field-aligned Nafion®/SEBS composite,
specially in the high current density range. This is likely due to
he higher resistance of the MEA made with the electric field-
ligned membrane, which originates from both the membrane
nd heterogeneous interface between the hydrocarbon membrane
nd the fluorocarbon Nafion® coating [43,44]. The performance
f the Nafion®/SEBS-EF is far superior to that of Nafion®/SEBS-
o EF. The open circuit voltage of the fuel cell is highest using

he Nafion®/SEBS-No EF. However, the low proton conductivity of
he membrane formed without the applied field results in a steep
hmic loss as shown in the middle part of the voltage–current
urves.

With increasing methanol concentration, methanol crossover
s increased while proton conduction is almost constant. As a
esult, the effect of methanol crossover becomes more impor-
ant as methanol concentration is increased. Methanol crossover
ccurs due to both concentration gradient and electro-osmotic
rag. The concentration diffusion dominates methanol crossover
hen the cell is idle, whereas electro-osmotic term is very impor-

ant when the cell is operating [45]. The electro-osmotic transport
epends on the methanol sorption in the membrane, especially
t high methanol concentrations [46]. Nafion® 117 membranes
ere measured to take up ∼87 wt.% methanol at room temperature
hen soaking them in pure methanol for 3 days, which is con-

istent with literature reports [28,46]. The composite membranes
how significantly lower methanol sorption than pure Nafion®.
he methanol uptakes of 50/50 aligned and non-aligned mem-
ranes are only about 15 wt.% and 12 wt.% respectively. Considering
he previous permeability results, we can infer that the methanol
rossover of composite membranes should be much less than that
f Nafion® 117 in operating DMFCs. For all membranes, an increase
f the methanol feed concentration lowers the open circuit volt-
ge. As for Nafion® 117, increasing methanol concentration causes
dramatic decrease in the open circuit voltage and performance

ecause of Nafion®’s high methanol crossover. Also, methanol per-
eability and electro-osmotic drag coefficient in Nafion® has been

eported to increase with increasing methanol concentration and
emperature [15,47,48]. As a result, the composite membranes
ith lower crossover have a relative improvement in performance

ver pure Nafion® at high methanol concentration. When the
ethanol feed concentration is increased to 8 M, the fuel cell with

®
he Nafion /SEBS-EF displays comparable performance to the fuel
ell with the Nafion® 117 membrane.

When temperature is increased to 80 ◦C, as shown in Fig. 13,
he relative performance of the different types of membranes is
imilar to that at 40 ◦C. The fuel cell with the Nafion® 117 mem-

[

[

[
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brane is the best performing with 2 M methanol feed, while the
fuel cell with the Nafion®/SEBS-EF is the best performing with
8 M methanol feed. When both temperature and methanol con-
centration are increased, the proton conductivity increases with
temperature and methanol crossover increases with both tem-
perature and concentration. However, the increase in methanol
crossover is larger relative to the decrease in membrane resistance.
The performance therefore mainly depends on the effect of fuel
crossover rather than proton conduction. The electric field pro-
cessed membrane shows the best performance at 8 M methanol as
a result of its low methanol crossover relative to moderate proton
conductivity. The membrane prepared without electric field shows
poor performance because of its quite low proton conductivity.

4. Conclusions

The structure of Nafion®/SEBS membranes was successfully
altered by solvent casting under an applied electric field to enhance
performance in direct methanol fuel cells. It was found that
field induced structure provided enhanced proton conductivity at
the expense of increased methanol permeability. However, the
selectivity (defined as proton conductivity divided by methanol
permeability) was increased by the electric field-induced structure.
Composite membranes consisting of 50% Nafion® by weight pre-
pared without the applied electric field displayed poor performance
in DMFCs. The structure induced by the applied electric field caused
a significant enhancement in fuel cell performance. The 50 wt.%
Nafion®/SEBS-EF exhibited better performance than the commer-
cial Nafion® 117 when using high methanol feed concentration
at high temperature. The structure induced by the electric field
also resulted in anisotropic swelling of the membrane. Reduced
area expansion of the membrane could potentially reduced stress
that leads to electrode delamination from membranes in fuel cells
undergoing humidity cycling. Moreover, these anisotropic mem-
branes are easy to prepare and less expensive than the pure Nafion®

membrane.
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