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1. Introduction

The drive to commercialize fuel cells for portable power, auto-
motive applications, and stationary power sources has led to an
increased interest in finding new types of proton-conducting mem-
branes that can improve fuel cell performance and lower cost
[1,2]. The principle of proton exchange membrane (PEM) fuel cell
technology is the production of electricity by an electrochemical
reaction, which involves the oxidation of the fuel at the anode, pro-
ducing protons that are transported through a membrane to the
cathode to react with oxygen forming water [2]. The membrane
material must allow proton transport while acting as a barrier to
avoid direct contact between fuel and oxygen. Proton-conducting
polymeric membranes are attractive for use in fuel cells for portable
power and automotive applications because they allow operation
at low temperature and allow for lightweight fuel cell design [3,4].
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rmed composed of proton conductive sulfonated poly(ether ether ketone)
a non-proton conductive polymeric matrix, a cross-linked poly(dimethyl
of the composites was controlled by applying electric fields to suspensions
PDMS precursor, followed by thermally initiated cross-linking polymer-

structure. The effects of the electric field on membrane structure, proton
bility, and water swelling were examined. Under certain conditions, the
e S-PEEK particles to form long chains across the liquid PDMS prepolymers.
was a function of the electric field frequency, magnitude, and application
ning resulted in an improvement of the membrane conductivity, water
l stability in comparison to membranes containing randomly distributed
also increased the methanol permeation across the composite membranes,

ranes for protons over methanol increased sharply because the increase
ch larger relative to the methanol permeability increase. The membranes
g behavior in water that may prove advantageous for enhancing mechani-
oing humidity cycling. The present study demonstrates a novel fabrication
trol the structure of a variety of types of composite membranes to enhance
ations.

© 2008 Elsevier B.V. All rights reserved.
The state of the art polymeric membranes are based on sul-
fonated perfluoropolymers such as Nafion® ionomers and related
materials. Sulfonated perfluoropolymers are chosen because they
provide good gas barrier properties, high proton conductivity, and
are chemically stable [5,6]. However, some commercial applica-
tions of existing polymeric membranes are hampered by low proton
conductivity at low relative humidity, high methanol permeability,
and poor mechanical properties above 130 ◦C [7,8]. One route to
possibly overcome some of these limitations is to develop compos-
ite membranes, where functional particles are added to improve
membrane properties. Hygroscopic silica [9,10], proton-conducting
metal phosphate [11], and methanol permeation barrier zeolite [12]
have been dispersed in the ionomer matrix in an effort to improve
the water content, proton-conductance, and resistance to methanol
permeation in the membranes. The properties of these membranes
greatly depend on the composite structure, which is influenced
by the size, shape, concentration, orientation, and arrangement
of the dispersed particles [9]. A high loading of particles is often
required to improve the proton conductivity or to lower methanol
permeability, but high particle loading can result in a loss of the
mechanical stability of the composite membranes [13–15]. Control
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of the distribution of proton-conducting particles inside composite
membranes would offer a route to enhance membrane conductivity
using much lower particle concentrations than would be required
for randomly distributed particles.

One possible method to control the distribution of particles
in composite membranes is by exploiting the response of parti-
cles suspended in a liquid to an applied electric field. When an
electric field is applied to a suspension of particles, the particles
may rotate, translate, or aggregate into chains because of torques
and forces induced by the applied field. The magnitude of the
forces acting of the particles depends on the conductive and dielec-
tric properties of the particles and surrounding medium. Electric
fields have been used to control the structure of particle suspen-
sions for a number of different applications. For example, applied
alternating current (AC) fields have been used to rotate and align
polymer cholesteric liquid-crystal flakes dispersed in propylene
carbonate [16]. The cholesteric liquid-crystal flakes have reflec-
tive coloration that depends upon the viewing angle. The control
of flake orientation by the applied electric field is used to control
the color of the suspension and has potential application in imag-
ing. Another example is the rotation and alignment of rod-shaped
molecular-sieve crystals suspended in fluorocarbon oil under direct
current (DC) field [17]. The rod-shaped molecular sieve crystals
were aligned in the direction of the applied field and deposited
onto a surface to yield a nanoporous thin film with long-range
alignment of the pore direction. Biological cells can be induced
to aggregate and fuse when a suspension of cells is subjected to
an appropriate electric field [18,19]. Spherical or irregular shaped
dielectric particles can be induced to aggregate into chains that dra-
matically increase the apparent viscosity of the particle suspension.
These types of suspensions are known as electrorheological flu-
ids and have application in a number of devices [20,21]. Particle
chaining phenomena have also been used to control the struc-
ture of composite ion-exchange membranes for electro-dialysis
[22].

In the present study, we employed proton conductive sulfonated
poly(ether ether ketone) (S-PEEK) particles and non-conductive
cross-linked poly(dimethyl siloxane) (PDMS) polymer matrix to
fabricate composite membranes under an electric field. The S-PEEK
was chosen on the basis of easy processing from poly(ether ether
ketone) (PEEK) [23] and because S-PEEK is promising as an alterna-
tive to Nafion® in PEM fuel cells [24]. PDMS was chosen as a model
non-conducting matrix because liquid PDMS prepolymers can eas-
ily be converted to a cross-linked solid without the need to remove

solvent. The structure of composite membranes was controlled by
applying an electric field to a suspension of S-PEEK particles dis-
persed in a liquid PDMS prepolymer. The resulting structure was
fixed by heating the prepolymer to form a solid cross-linked com-
posite membrane.

2. Theoretical background: effects of electric fields on
particles

The electric field voltage, application time, and frequency were
varied to examine the effect on the structure, proton conductivity,
methanol permeability, and dimensional stability of the composite
membranes. When particles are suspended in dielectric solvents
and exposed to an electric field, the applied field polarizes the
particles along the field direction. Interactions between the field-
induced dipole moment and external field cause particle migration
to stronger or weaker field regions, which is known as dielec-
trophoresis (DEP) [25,26]. Mutual interactions of the induced dipole
moments direct particles into assemblies such as “string of pearl”
particle chains extending in the direction of the applied field. It is
e Science 322 (2008) 256–264 257

the objective of the present study to assemble proton-conducting
particles into chains that can act as transport paths.

Assuming particles are spheres with diameter d, dispersed in a
dielectric fluid and exposed to an AC field Erms, the time-average
DEP force is given by Eq. (1):

〈
F̄DEP

〉
= 2�ε0ε1 Re[K- (ω)]∇E2

rms

(
d

2

)3

(1)

where ε0, ε1, and ω are the permittivity of free space, relative per-
mittivity of the solvent and angle frequency. Re[K- (ω)] is the real
part of the complex Clausius–Mossotti function defined in Eq. (2):

Re[K- (ω)] = ε2 − ε1

ε2 + 2ε1
+ 3(ε1�2 − ε2�1)

�MW(�2 + 2�1)2(1 + ω2�2
MW)

(2)

The Clausius–Mossotti function measures the effective polariz-
ability of the particles, where ε2 is the relative permittivity of the
particles; �1 and �2 are conductivity of the solvent and particles;
�MW is the Maxwell–Wagner charge relaxation time [26].

The mutual interaction force between particle i at the origin due
to particle j located at (Rij, �ij) in spherical coordinates is given by
Eq. (3) [27]:

Fij(Rij, �ij) = 3
16

�ε0ε1 Re[K- (ω)]2E2
rms

(
d6

R4
ij

)
{[3 cos2�ij − 1]er

+[sin 2�ij]e�} (3)

where er and e� are the unit vectors in R and � directions, respec-
tively. Erms is the root-mean-square (rms) electric field. From Eqs.
(1) and (3), it can be seen that the DEP and mutual interaction forces
are controlled primarily by either the conductivities or permittiv-
ities of the system, depending on the field frequency. In the lower
frequency range (ω → 0), the conductivity of particles and sol-
vent controls the interaction forces. While in the higher frequency
range (ω → ∞), the permittivities of the particles and solvent dom-
inate the response. The transition from the conductivity-controlled
response to the permittivity-controlled response occurs at the crit-
ical frequency, fc [28]:

fc = �2 + 2�1

2�(ε2 + 2ε1)ε0
(4)

For particle chaining to occur, the DEP and mutual interaction
forces must be strong enough to overwhelm the hydrodynamic,

Brownian or other colloidal forces that act to disrupt the field-
induced structure [27,29]. A higher field strength is thus preferable
to achieve particle chaining. However, the maximum practical field
strength is limited by electric breakdown and Joule heating that
both act to destroy the material or disrupt the particle chaining
[30,31].

The time for a chain of n particles to form can be predicated by
the following equation [32]:

t′(n) ∝
(

n∑
i=1

(23)
i−1

)(
3��d

E2
rms

)(
l′5

d6

)
(5)

where l′ is the distance of separation between particles, � is the
liquid viscosity, and all other parameters are as defined above.
From Eq. (5), it can be seen that the time required to form particle
chains increases with increasing solvent viscosity and decreases
with increasing field strength. The time required for chaining is
also strongly dependent on particle size, with larger particles form-
ing chains more rapidly than smaller particles. In the present
study, long particle chains completely spanning the membranes
are required for proton conduction.
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3. Experimental

3.1. Materials

The PDMS prepolymer (Sylgard® 182) was purchased from Dow
Corning®. PEEK was purchased from Polysciences, Inc. S-PEEK
was obtained by sulfonation of PEEK following a reported proce-
dure [23]. The sulfonation reaction was conducted in concentrated
(95–98%) sulfuric acid under vigorous stirring at room tempera-
ture for 2 days to obtain partially sulfonated PEEK with IEC value
of 1.54 mequiv./g. The resulting IEC value indicates a 53% degree
of sulfonation [23]. Fully sulfonated PEEK was not used because it
loses mechanical stability when exposed to water [33]. The par-
tially sulfonated S-PEEK was precipitated by adding its solution
dropwise into a large excess of ice-cold water under mechanical
agitation. The S-PEEK precipitate was then left to settle overnight,
filtered, washed with deionized water and dried in a vacuum oven
overnight at 100 ◦C. Finally, the dry S-PEEK was ground with a pes-
tle and mortar and then sieved to produce smaller sized particles
(<45 �m).

3.2. Membrane formation

Weighed amounts of S-PEEK particles and PDMS prepolymers
were mixed thoroughly with a Vortex-GenieTM (Scientific Indus-
tries, INC.). Then, the mixture was subjected to a vacuum oven at
room temperature for 30 min to release air bubbles trapped in the
mixture. The S-PEEK suspension was then transferred to one of two

molds shown in Fig. 1 that incorporate electrodes. To align S-PEEK
particles in-plane and through-plane directions in the PDMS poly-
meric matrix, two different membrane molds were constructed,
as shown in Fig. 1a and b. In Fig. 1a, the cell consists of a glass
substrate (25 mm × 75 mm × 70 mm) used to separate the two alu-
minum (Al) electrodes that are connected to the power source.
A Mylar frame (24 mm × 25 mm × 0.1 mm) is placed on top of the
glass substrate as a mold for holding the film of the liquid PDMS pre-
cursor with dispersed S-PEEK particles. A field applied across the
aluminum electrodes acts to direct particle alignment in the plane
of the thin PDMS film. Fig. 1b shows the mold for preparation of
membranes with through-plane aligned particles. The cell contains
two pieces of indium tin oxide (ITO)-coated glass slides with size
of 50 mm × 50 mm × 1.1 mm as the electrodes. The ITO coated sides
of the two electrodes are arranged to face each other and a Teflon
frame (25 mm × 25 mm × 0.381 mm) is a spacer to separate the two
ITO coated slides and hold the suspension of S-PEEK particles in the
liquid PDMS polymer precursor. The power source consisted of a
20 MHz Function/Arbitrary Waveform Generator (Agilent 33220A,
Agilent Technologies) to provide DC or AC signal, a high-voltage
power amplifier (Model 10/10B, Trek, Inc.) to amplify the voltage of

Fig. 1. Schematic view of the cell used for preparation of ordered PEEK/PDMS composite
alignment (1, Aluminum electrode; 2, Glass substrate; 3, Mylar frame). (b) Top view of the
slide; 3, Teflon frame).
e Science 322 (2008) 256–264

the AC or DC input signal by a factor of 1000, and a 20 MHz dual trace
oscilloscope (Model 72-6800, Tenma Test Equipment) to monitor
the output voltage and current signal. After applying the field either
through the thin film or in the plane of the thin film, the electrode
cells were heated to 100 ◦C on a hot plate to thermally cure the
PDMS. During curing, the EF was continuously applied for 5 min.
After that, the field was stopped and the membrane was put into
the oven at 100 ◦C for 40 min to complete curing. For control mem-
branes formed without an applied field, the cell shown in Fig. 1a
was used and the same procedure followed except the cell holding
the membranes was directly placed in an oven at 100 ◦C for 45 min
to cure the PDMS.

3.3. Membrane characterization

Direct observation of the S-PEEK particle movement under an EF
was carried out using an inverted phase contrast optical microscope
(TC5000, Meiji Techno Co., Ltd.) equipped with a digital camera.
The particle chaining across the PDMS matrix under an EF was fur-
ther verified with the microscope after the composite membrane
was cured. Proton conductivity of the membranes was determined
using a Solartron Instrument 1260 Impedance/Gain-phase analyzer
over a frequency range of 32 MHz to 0.1 Hz. The membranes (11 mm
wide and 20 mm long) were placed in a conductivity cell (Bek-
Tech LLC) with two platinum mesh probes (2 mm wide) used for
impedance scanning along the S-PEEK particle chaining direction.
Prior to the conductivity measurement, all membranes were pre-

hydrated in deionized water for at least 10 days to reach saturation.
Then, the humidified membrane was taken out and excess water at
the surface was swept away with tissue paper. The membrane was
enclosed in the sample holder and the measurement was conducted
immediately. The whole process took around 3 min from the time
the membrane was initially removed from water. It was assumed
that the membrane remained saturated with water during the mea-
surement. All measurements were done under room temperature.
The membrane resistance R was determined by extrapolating the
complex impedance spectroscopy at a high frequency arc to the
real axis. The proton conductivity was calculated from the equa-
tion � = l/(R*A), where � is the proton conductivity, l the distance
between two outer electrodes and A is the cross-section area of the
membrane.

The water uptake of the composite membranes was measured
by immersing the dry membranes (dried at 70 ◦C in a vacuum oven
for 24 h) into deionized water and weighing periodically until the
membrane reached a constant weight. Dimensional changes were
measured by using a micrometer to directly measure the dry and
wet membrane area and thickness immediately after their corre-
sponding weight measurements.

membranes under an electric field. (a) Side-view of the set-up for S-PEEK in-plane
set-up for S-PEEK through-plane alignment (1, Aluminum foil; 2, ITO coated glass
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n-alig
Fig. 2. Optical microscopy images of S-PEEK particles in PDMS membranes: (a) no
through-plane aligned under AC field.

Methanol permeability of membranes was investigated using
gas chromatography (GC, HP model 8590A) with a capillary column
(Agilent Co., 30 m × 0.32 mm × 0.50 �m, DB-Wax) and a FID detec-
tor to measure methanol permeate concentration. The membrane
was clamped between two 30 ml reservoirs using a custom made
glass permeability cell. One side of the membrane was exposed to
a 3 M methanol/water solution and the other side was exposed to
pure deionized water. The apparatus was kept at room temperature
(∼26 ◦C) under magnetic stirring at rate of 1200 rpm. The methanol
permeability was determined from the concentration of methanol
versus time on the side of the membrane originally containing pure

water by using an approximate solution of the continuity equation
for diffusion in plane sheet geometry at early times [34,35].

4. Results and discussion

4.1. S-PEEK particle chaining under DC/AC field

The initial analysis of particle chaining induced by the applied
electric field was conducted through the optical microscopy of
cured composite membranes. A low amount of S-PEEK particles
(5 wt%) was used in these experiments to allow viewing of indi-
vidual particle chains. Fig. 2a–d show images of the membranes
prepared under no applied field, a DC field with in-plane align-
ment, an AC field with in-plane alignment, and AC field with
through-plane alignment. S-PEEK particles distributed randomly
and uniformly inside the PDMS polymer matrix before the elec-
tric field was applied, as shown in Fig. 2a. When a DC field with
strength of 282.8 V/mm was applied for 10 min, S-PEEK particles
aggregated into chains, as shown in Fig. 2b. Under a DC field, the
particle chain structure was disrupted in regions near the cath-
ode due to the electrophoresis force acting to repel the negatively
ned; (b) in-plane aligned under DC field; (c) in-plane aligned under AC field; (d)

charged particle chains from the negative electrode. Electrophore-
sis can be eliminated by application of an AC field. Fig. 2c shows the
resulting composite structure when an AC field of Vrms = 100 V/mm
(Vpp = 282.8 V/mm) and f = 25 Hz was applied for the same time as
the DC field. The AC field results in continuous and uniform particle
chains that bridge the gap from the anode to the cathode. Fig. 2d
shows the particle chains aligned in the through-plane direction of
the membranes using the same AC field strength and time as used
in Fig. 2c.

Considering that the S-PEEK particles are proton conductive and
are dispersed in a non-conductive PDMS matrix, the conductiv-

ity of the composite membranes should be strongly affected by
the S-PEEK particle distribution inside the membrane. The electric
field induced S-PEEK particle chaining provides proton-conducting
pathways inside the composite membranes. As a result, the pro-
ton conductivity of the composite membranes is improved by the
field-induced structure that is formed. The proton conductivity of
the membranes prepared under no applied field, DC and AC field,
were measured for composites containing 14 wt% S-PEEK parti-
cles. These membranes used for proton conductivity measurement
were formed under the same conditions as the samples in Fig. 2;
only the S-PEEK concentration was increased. Without an applied
field, the proton conductivity is very low (3.38 × 10−8 S/cm). The
membrane formed under the DC field has an improved conductiv-
ity of 7.47 × 10−7 S/cm, while the composite membrane prepared
under AC field has the highest conductivity of 8.74 × 10−5 S/cm.
This trend in proton conductivity corresponds to the degree of
particle chaining in the membranes prepared under the three dif-
ferent conditions: no applied field, DC field and AC field. Without
the electric field, particles are randomly distributed. The DC field
induces chains to form, but the chains are not uniform across the
membrane. The S-PEEK particles are negatively charged due to
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a plateau. Further increase the field strength above 100 Vrms/mm
does not significantly change the proton conductivity. This data
indicate that the minimum field strength required for particle
chaining to dominate after the 10 min is around 100 Vrms/mm. It is
possible that the minimum field strength could be further reduced
by increasing the application time, since time and field strength are
inversely related as shown in Eq. (5).

4.4. The effect of AC field application time

To study the minimum time required for the formation of the
long particle chains spanning the membrane, a range of times from
0.5 to 120 min were examined as the field frequency, strength and
S-PEEK concentration were held to 100 Vrms/mm, 25 Hz and 14 wt%,
respectively. Again, the proton conductivity was employed as a
measure of the effectiveness of particle chaining, as shown in Fig. 5.
From this figure, we can see that with increasing time, the degree
of particle chaining increased. After approximately 7 min, the con-
ductivity reaches a plateau. Further increase of the application time
to 120 min does not significantly change conductivity. This result
Fig. 3. Membrane conductivity as a function of applied field frequency.

sulfate groups. As a result, electrophoresis results in S-PEEK par-
ticle accumulation near the anode and depletion near the cathode.
The AC field effectively eliminates particle electrophoresis, allow-
ing more uniform distribution of particles and chains through the
membrane to improve the membrane proton conductivity. Con-
sidering this result, AC fields were used exclusively for particle
chaining and conductivity improvement in the remainder of this
study.

4.2. The effect of AC field frequency

For the study of the field frequency effect, all of the mem-
branes were prepared under fixed field strength of 100 Vrms/mm,
field application time of 10 min and S-PEEK content of 14 wt%.
The particles were aligned in-plane direction of the membranes
under various frequencies ranging from 1 mHz to 2 kHz. Fig. 3
shows the proton conductivity of the prepared composite mem-
branes measured along the particle alignment direction. For the
membrane prepared under the lowest frequency of 1 mHz, the pro-
ton conductivity is low (∼6.06 × 10−6 S/cm), but it is still higher
than that of the membrane with randomly distributed particles
(3.38 × 10−8 S/cm). The proton conductivity of the membranes is
increased to 8.74 × 10−5 S/cm when the field frequency is increased

to 10 Hz. From 10 to 100 Hz, the conductivity appears to reach
a plateau value. Further increase of the frequency to 2 kHz is
not helpful for increasing the proton conductivity. In fact, the
conductivity decreases slightly in the high frequency range. Two
kilohertz is the maximum frequency that could be applied at a
field strength of 100 Vrms/mm due to the limitations of the power
amplifier.

It is known that DEP and mutual interaction forces are domi-
nated by conductivity mismatch at low frequency or permittivity
mismatch at high frequency of the system [28]. The transition from
conductivity-controlled response at low frequency to permittivity-
controlled response at high frequency occurs at the frequency
fc. The conductivity of non-hydrated S-PEEK (�2) particles is
∼10−6 S/cm, which is much higher than that of non-conductive
silicone elastomer with conductivity of �1 ∼ 10−16 S/cm [36]. The
measurement on dielectric properties of S-PEEK and PDMS showed
that S-PEEK has a higher dielectric constant (ε2 = 158 at 10,000 Hz)
than that of PDMS (ε1 = 2.49 at 10,000 Hz). The conductivity mis-
match between the S-PEEK and PDMS is relatively large compared
to the permittivity mismatch and fc is around 100,000 Hz. In the
studied frequency range of 1 mHz to 2 kHz, the conductivity mis-
e Science 322 (2008) 256–264

match always exists and dominates particle chaining. As a result,
the conductivity of the membranes is improved by the applied
electric field under the entire frequency range studied. When the
frequency is above 1 kHz, the proton conductivity does not improve
as much as with lower frequencies. One probable reason is that
DEP and mutual interaction forces are smaller at higher frequen-
cies since free charges do not have sufficient time to migrate, which
causes a decrease in the effective particle polarizability. At very
low frequencies, proton conductivity is not improved greatly due
to electrophoresis of the particle chains. Therefore, the optimal fre-
quency range for particle chaining in this system is in the medium
frequency range from 10 to 100 Hz.

4.3. The effect of AC field strength

Fig. 4 shows the influence of field strength on the proton con-
ductivity of the prepared composite membranes. In this study, all
membranes were formed under the frequency of 25 Hz, applica-
tion time of 10 min and S-PEEK concentration of 14 wt%. The field
strength was varied from 1.4 to 140 Vrms/mm. Fig. 4 shows that
the conductivity of the membrane increases with increasing field
strength from 0 to 50 Vrms/mm. When the field strength is increased
to 100 V /mm, the conductivity of the membrane starts to reach
Fig. 4. Membrane conductivity as a function of the applied field strength.
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Fig. 5. Membrane conductivity as a function of field application time.

shows that a time of at least 7 min is required for conductivity

improvement in the composite membranes formed under a field
strength of 100 Vrms/mm. Shorter times could possibly be used at
higher field strength, as suggested by Eq. (5).

4.5. Proton conductivity versus particle concentration

The effect of the applied electric field on the proton conductivity
of a series of membranes with varying S-PEEK particle concentra-
tion is shown in Fig. 6. An AC field of 100 Vrms/mm and 25 Hz was
applied for 10 min for all samples. When the S-PEEK particle con-
centration is low such as 5 wt%, there is no obvious improvement
of the proton conductivity for membranes formed under the elec-
tric field as compared to membranes formed without the applied
field. This is due to the low particle number that is not enough to
form continuous channels for proton transport from one side of the
membrane to the other side. With increasing particle concentration
to 10 wt%, the proton conductivity is obviously improved as the con-
ductivity is ∼1000 times higher for the membrane formed under
the applied AC field than for the membrane prepared without the
applied field. Further increase of the S-PEEK particle concentration
also increases the conductivity, but the degree of improvement is

Fig. 6. Membrane conductivity as a function of S-PEEK content in the aligned and
non-aligned composite membranes.
Fig. 7. Water sorption as function of the S-PEEK concentration in the aligned and
non-aligned composite membranes.

small. The proton conductivity of the membranes formed under the
electric field is increased by a factor of ∼2 as the S-PEEK content
increased from 10 to 40 wt%.

When the S-PEEK particle concentration is above 30 wt%, the
membranes prepared without the application of the electric field
begin to show significant increase in the proton conductivity. This
is because the concentration is close to the percolation threshold
of the membrane. Above the percolation threshold, the randomly
distributed particles begin to form an interconnected network
that provides conduction pathways through the membrane. As
particle concentration in increased, membranes formed with and
without an applied field display similar conductivities as the per-
colation threshold is exceeded. Obviously, the structure induced by
the applied field causes the percolation threshold to be reduced.
This data illustrates an approach to fabricate conductive composite
membranes with lower particle content than would be required to
achieve the same conductivity with randomly distributed particles.
The composite membranes with randomly distributed particles
require a high particle loading to improve the conductivity of the
membrane. High particle loading usually deteriorates the mechan-
ical stability of composite membranes, so the electric field-induced
structure is a promising route to create composite membranes that

maintain good mechanical properties by providing high conductiv-
ity at low particle concentration.

4.6. Water sorption

Water sorption at room temperature was measured for the
series of membranes used in Fig. 6. The water uptake increases
with increasing particle content in the both aligned and non-
aligned composites membranes, as shown in Fig. 7. Since PDMS
is hydrophobic, all of the absorbed water is from the S-PEEK par-
ticles. With low concentrations of S-PEEK, the membranes with
aligned particles have slightly higher water sorption than that of
non-aligned membranes. However, as the concentration of S-PEEK
is increased, the water sorption of the two types of membranes
approaches a similar value. This is due to the formation of good
connectivity of particles inside the polymer matrix when a high
particle concentration is employed. The water uptake is consis-
tent with the proton conductivity enhancement of the composite
membranes shown in Fig. 6.
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Fig. 8. Methanol permeability as a function of the S-PEEK concentration in the
aligned and non-aligned composite membranes.
4.7. Methanol permeability and membrane selectivity

The dependence of the S-PEEK particle chaining on the methanol
permeability through the PDMS membranes is shown in Fig. 8. The
methanol permeability increases with increasing S-PEEK content
in the composite membranes comprised of chained and non-
chained particles. For the composite membranes containing the
same amount of S-PEEK, the membranes prepared under the elec-
tric field have increased methanol permeability. This can be easily
understood from the proton conductivity data since the connec-
tivity of particles in chains provides transport pathways for both
protons and methanol. With the measured proton conductivity and
methanol permeability results, the selectivity (˛) of the composite
membranes for protons over methanol can be defined as the proton
conductivity divided by the methanol permeability [12,35]. Fig. 9
illustrates the membrane selectivity of the composite membranes
fabricated with and without an applied electric field. The composite
membranes formed under an electric field have an enhanced selec-
tivity at particle concentrations below the percolation threshold for
conductivity. At some concentrations below the percolation thresh-
old, there is an enhancement in proton conductivity of ∼1000 times

Fig. 9. Selectivity as a function of the S-PEEK content in the aligned and non-aligned
composite membranes.
Fig. 10. Dimensional stability as a function of the S-PEEK concentration in the
aligned and non-aligned composite membranes.

while the methanol permeability increases only ∼20 times for
membranes with particles aligned under an applied field compared
to disordered membranes. The differences in membrane selectiv-
ity between composite membranes with aligned and non-aligned
particles are reduced after the particles reach the percolation con-
centration. The reduced methanol permeation in comparison with
protons through the membranes may be due to the suppressed
swelling of S-PEEK phase in the PDMS matrix. Previous have shown
a reduction in methanol permeation when polymer gels were con-
fined in pores to limit swelling [37,38].

4.8. Dimensional stability

The membrane dimensional stability was characterized by the
changes in the membrane area and thickness between the dry
and water swollen states. Fig. 10 shows the dimensional changes
measured for composite membranes prepared under the applied
field compared with disordered membranes. In Fig. 10, the area
and thickness expansion both are increased with increasing S-
PEEK concentration in composite membranes with aligned and
non-aligned particles. However, for membranes with the same

particle content, the area expansion is reduced when the S-PEEK
particles are aligned in chains, while the thickness expansion is
increased. This indicates that the membrane swelling is anisotropic
for the membranes with aligned particles. The swelling is enhanced
in the direction of particle alignment. The dimensional stability
under water swelling is important for practical operation proton-
conducting membranes used in fuel cells, and especially so under
humidity cycling. The fuel cell electrode can detach from a mem-
brane due to stress from the change in membrane area upon
swelling with water [37]. The composite membranes containing
chained particles fabricated in the present approach can effectively
reduce the membrane area expansion, which is promising for the
membrane application in fuel cells as a route to enhance mechan-
ical stability of membrane/electrode assemblies under humidity
cycling during fuel cell operation.

5. Conclusions

Electric field-directed particle assembly shows promise as
a route to control the structure of polymer composite pro-
ton exchange membranes to improve performance in fuel cells.
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The field-induced structure can be adjusted to balance proton
conductivity, methanol permeability, membrane selectivity and
mechanical stability. The application of AC electric fields results
in the aggregation of proton-conducting particles into long particle
chains spanning the thickness of composite polymer membranes.
The particle chains act as proton conductive channels through
the membranes. Particle chaining was controlled by electric field
magnitude, frequency, and application time. The field induced
structure results in a reduction in the percolation threshold for ion-
conductance in the direction of the particle chains. The amount of
particles required to create conductive composites was reduced to
around one third of that needed for membranes with randomly
distributed particles. The membranes display anisotropic swelling
behavior in water that may prove advantageous in fuel cell applica-

tions by reducing electrode delamination under humidity cycling.
The membrane selectivity for protons over methanol was increased
by particle chaining due to the matrix suppressed swelling of S-
PEEK.

It should be noted that the S-PEEK/PDMS membranes them-
selves are not suitable for fuel cell application. The partially
sulfonated S-PEEK does not have high enough proton conductivity
and the PDMS support matrix has high oxygen permeability that
would result in poor fuel cell performance. However, the mem-
branes prepared in this study demonstrate the potential of the
electric field processing technique to improve performance of fuel
cell membranes. The electric field processing technique can be
applied to support matrices with higher chemical stability and
oxygen/fuel barrier properties and to particles with higher proton
conductivity to improve fuel cell performance.
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Nomenclature Nomenclature

A cross-section area of the membrane (cm2)
d particle diameter (m)
er unit vector in R direction in spherical coordinates

(m)
e� unit vector in � direction in spherical coordinates (◦)
Erms root mean square field strength (V/m)
�Erms electric field gradient (V/m2)
fc critical frequency (Hz)
i, j position of spheres
l distance between two outer electrodes (cm)
l′ distance of separation between particles (m)
n number of particles
R membrane resistance (	)
Rij radial distance from the origin i to j in spherical

coordinates (m)
Re[K- (ω)] real part of the complex Clausius–Mossotti func-

tion
t′ time for a pair of particles to meet (s)
t′
n time for a chain of n particles to form (s)

Greek letters
˛ membrane selectivity (S/cm s/cm2)
ε0 permittivity of free space (F/m)
ε1 relative permittivity of the solvent
ε2 relative permittivity of the particle
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� solvent viscosity (Pa s)
�ij angle from the origin i to j in spherical coordinates

(◦)
� proton conductivity (S/cm)
�1 conductivity of the solvent (S/m)
�2 conductivity of the particle (S/m)
�MW Maxwell–Wagner charge relaxation time (s)
ω angle frequency (Hz)
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