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ABSTRACT: New composite proton exchange mem-
brane was prepared by mixing a 1-methyl-2-pyrrolidone
(NMP) solution of sulfonated poly(2,6-dimethyl-1,4-phenyl-
ene oxide) (SPPO) in sodium form and brominated
poly(2,6-dimethyl-1,4-phenylene oxide) (BPPO) for hydro-
philic-hydrophobic balance, then casting the solution as a
thin film, evaporating the solvent, and treating the mem-
brane with aqueous hydrochloric acid. The resulting mem-
branes were subsequently characterized using FTIR-ATR,
SEM-EDXA, and TGA instrumentation as well as measure-
ments of basic properties such as ion exchange capacity
(IEC), water uptake, proton conductivity, methanol perme-
ability, and single cell performance. Water uptake, IEC, pro-

ton conductivity, and methanol permeability all increased
with a corresponding increase of SPPO content. By properly
compromising the conductivity and methanol permeability,
membranes with 60–80 wt % SPPO content exhibited com-
parable proton conductivity to that of NafionV

R

117, with
only half the methanol permeability, thereby demonstrating
higher single cell performance. The membranes developed
in this study could thus be a suitable candidate electrolyte
for proton exchange membrane fuel cells (PEMFCs). VC 2011
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INTRODUCTION

Proton exchange membrane fuel cells (PEMFCs) are
of great interest as power sources in vehicles and
portable applications because of their high energy ef-
ficiency and environmentally friendly features.1,2

However, as PEMFC technology gains a significant
share of the electrical power market, important
issues such as optimal choice of fuel and develop-
ment of alternative materials in the PEMFC stack
have yet to be fully addressed.3 Perfluorosulfonic
acid polymers like NafionVR have some good proper-
ties for PEMFC applications and have been the
industry and academic standard reference mem-
brane for the last ten years, but they also have a
number of drawbacks that need to be overcome,
such as its high cost due to its complicated manufac-

turing procedure, high methanol permeability, and
poor performances at elevated temperatures.4–7

These factors have limited its commercial applica-
tions; thus, there is a strong desire to find new pro-
ton exchange membranes (PEMs) that can achieve
high performances at a low cost. To this end, the
most viable alternative is to develop a nonfluori-
nated membrane,5–7 as blends of nonfluorinated
polymer materials can potentially provide a very
cheap and convenient route for proton-exchange
membranes.7–15 At a minimum, such blends should
contain a proton conducting sulfonated aromatic
polymer and a binder. To date, a number of blend
membranes have been reported including sulfonated
poly(ether sulfone) (SPES), sulfonated polysulfone
(SPS), sulfonated poly(ether-ether ketone) (SPEEK),
sulfonated poly(2,6-dimethyl-1,4-phenylene oxide)
(SPPO), etc.,7–16 while others have focused on the
binders including epoxy resin,8 imidazole,9 polyben-
zimidazole (PBI),10 and polyvinylidene fluoride
(PVDF),11 or inorganic materials such as boron phos-
phate,12 and inorganic nanoparticles.13

For fuel cell membranes constructed from polymer
blends, it is quite important to control the physical
hydrophilic–hydrophobic balance in the morphology.
It has been widely accepted that the hydrophilic
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domain facilitates the transport of water and metha-
nol, while the hydrophobic domain inhibits their
movements but offers good mechanical strength
against swelling.16 In addition, there have been
reports stating that PEM fabrications for direct metha-
nol fuel cell (DMFC) can be achieved through the
optimal mixing of the two parts in membranes by
forming acid–base complex blends9,17 or hydrophilic–
hydrophobic balanced block copolymers.18 However,
in most cases, the functional polymers (hydrophilic
part) and the binder (hydrophobic part) are of com-
pletely different structures and chemistry resulting in
limited compatibility or miscibility.9–14

Among engineering plastics, poly(2,6-dimethyl-
1,4-phenylene oxide) (PPO) is considered a very
hydrophobic polymer with very high glass transition
temperature (Tg ¼ 212�C) and hydrolytic stability.19

Specifically, the corresponding sulfonated materials
(i.e., SPPO) have been considered as good proton-
exchange materials with high thermal stability, de-
spite the fact that its dimensional instability prevents
it from practical applications in fuel cells.20–23 How-
ever, although PPO is a very simple structure com-
pared with other aromatic polymers, it can easily con-
duct polymer analogous reactions in both aryl- and
benzyl-positions, such as electrophilic substitution on
the benzene ring of PPO, radical substitution of
hydrogen from the methyl groups of PPO, nucleo-
philic substitution of brominated PPO, capping and
coupling reactions of the terminal hydroxyl groups of
PPO chains, and metalation of PPO with organome-
tallic compounds.24–28 Scheme 1 shows the chemical
structures of PPO, SPPO, and brominated PPO con-
taining both aryl and benzyl substitutions, which
were used in this work. It can thus be expected that
these substituted materials have good miscibility due
to the presence of the same PPO backbone. Therefore,
to increase the mechanical stability of SPPO and
determine the optimum miscible blend, new compos-
ite membranes from blends of SPPO and brominated
PPO will be prepared in this article, and their struc-
tures and fundamental properties will be subse-
quently discussed in terms of their relative contents.

EXPERIMENTAL

Materials

For this study, PPO, Mw ¼ 48,000 g mol�1 and Mw/
Mn ¼ 2.7, was commercially obtained from the Insti-
tute of Chemical Engineering, Beijing (China), and
SPPO was obtained from the TianWei Membrane
Corporation, Shandong (China). For the SPPO, the
IEC was experimentally verified by the authors, at a
value of 2.37 meq g�1 (sulfonation degree about
37.5%). Bromine supplied by the Shanghai Chemical
Reagent Co. was used for the preparation of bromi-

nated PPO. Note that solvents such as chlorobenzene,
methanol, and 1-methyl-2-pyrrolidone (NMP) are all
of analytical grade, and were used as received.

Bromination of PPO

Bromination of PPO was achieved according to the
method described in our previous article.27 In brief,
12 g of PPO was dissolved in chlorobenzene to form
an 8 wt % solution, and this solution was then sub-
jected to bromination at its boiling point (130–132�C)
by adding 16 g of bromine diluted with chloroben-
zene to obtain a brominated PPO (BPPO) solution.
This solution was subsequently precipitated with
methanol, washed, and dried at 80�C for one day to
produce a substituted brominated polymer. Ensuing
1H-NMR (Unity plus 400) measurements showed
that BPPO has 29% aryl-substitution and 73% benzyl
substitution.

Preparation of composite membranes

BPPO and SPPO in sodium form were dissolved
separately in NMP to produce a homogenous solu-
tion with concentrations of 27.3 wt % and 22.2 wt %,
respectively. The blend membrane was prepared by
casting the mixture solution of SPPO and BPPO in a
clean glass dish, and allowing the solvent evaporate
at 80�C under strong air flow for 4 h, then being
dried at 60�C for another 24 h. In this study, the
blend ratio is calculated as the ratio of SPPO for the
total polymers without considering the solvent. For
example, if a blend membrane of 10 wt % SPPO was
prepared, the casting solution would contain 10 g
SPPO (from 10/0.222 g SPPO solution) and 90 g
BPPO (from 90/0.273 g BPPO solution). The dried
film with a thickness of about 40 lm was removed
from the glass plate by immersing it into a deionized
water bath; the resulting membrane was washed by
deionized water for several times and immersed into
1M aqueous HCl for 24 h, and then again washed in
deionized water.

Instruments

Fourier transform infrared spectra (FTIR) of the pre-
pared membranes were measured by a Jasco 460 plus
spectrometer (Tokyo, Japan) for the characteristic

Scheme 1 The chemical structures of PPO, SPPO and
brominated PPO used in this work.
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groups. Thermal behavior of the sulfonated mem-
branes was determined by thermogravimetric analy-
sis (TGA) on a Shimadzu TGA-50H analyzer in nitro-
gen gas flushed at 20 mL min�1, at a heating rate of
10�C min�1. Both the surface and cross section mor-
phology of the membranes were observed using the
field emission scanning electron microscopy (XT30
ESEM-TMP PHILIP), and the distributions of C, O,
and S atoms in the thickness direction were analyzed
through energy-dispersive x-ray analysis (EDXA).

Conductivity measurements

A four-point probe method using a lab-made cell
consisting of two platinum plates carrying the cur-
rent and two platinum wires monitoring the poten-
tial drop was employed to measure the proton con-
ductivity of the membranes. The impedance was
determined using an Autolab PGSTAT 30 (Eco
Chemie, Netherland) in galvanostatic mode at an
alternating current (AC) with amplitude of 0.1 mA
over a frequency range of 1 MHz to 50 Hz at room
temperature. The frequency region over which the
impedance had a constant value was measured using
a Bode plot, and the resistance was then obtained
from a Nyquist plot. Here, the proton conductivity
(j) was calculated according to the expression

j ¼ L

RWd
(1)

where R is the obtained membrane resistance, L is
the distance between potential-sensing electrodes
(here 1 cm), and W and d are the width (here 1 cm)
and thickness of the membrane, respectively. During
measurement, the membrane was fully hydrated at
room temperature and the data were determined
through three independent measurements, and the
uncertainty with conductivity values was estimated
to be approximately 65%.

Water uptake, ion exchange capacity,
and dimensional stability

The membrane in Hþ form was soaked in distilled
water at room temperature for 24 h. After complete
swelling, the sample was removed and excess water
adhering to the surface was quickly wiped with a
tissue paper. The weight in a wet state was mea-
sured using an electronic balance (Advanture

TM

; read-
ability 0.0001 g), and the membrane in Hþ form was
then soaked in 0.5 mol L�1 NaCl solution at room
temperature for 24 h. After removing the membrane,
the solution was titrated using a 0.01 mol L�1 NaOH
standard solution with a drop of phenolphthalein
solution (1% in ethanol) as the pH indicator. The
membrane sample was subsequently converted into

acid form using 1 mol L�1 HCl and washed in deion-
ized water to remove any free acid. Finally, the sam-
ple was dried at 50�C under a vacuum for 24 h and
the dry weight measured. The experimental water
uptake (WR) and IEC could then be calculated as

WR ¼ wwet � wdry

wdry
� 100% (2)

IEC ¼ CNaOH � VNaOH

wdry
(3)

where wwet and wdry are the wet and dry weights of
the sample, respectively, and CNaOH, VNaOH are the
concentration and volume of the NaOH solution,
respectively.
The dimensional stability defined by the linear

expansion ratio (LER) was determined based on the
difference between the wet and dry dimensions of
the membranes, which were cut into 1 cm � 3 cm
and calculated as

LER ¼ Lwet � Ldry

Ldry
� 100% (4)

where Lwet and Ldry are the widths of the membrane
in wet state (in distilled water at room temperature
for 24 h) and dry state ( under vacuum at 50�C for
24 h), respectively.

Methanol permeability

The methanol permeability was measured using a
lab-made two-compartment measuring cell with a
1.0 cm diameter hole for diffusion; the procedure
has been described in detail elsewhere.29 One com-
partment was filled with a 150 mL 20 % (v/v) meth-
anol aqueous solution, and the other with deionized
water of equal volume. The methanol concentration
in the deionized water compartment was monitored
on-line using a refractive index detector (RI750F,
Younglin Instrument, Korea), driven by a Masterflex
pump through a 1 mm diameter silicon tube at a
constant speed of 1.0 mL min�1. The output signal
was then converted with a data module (Autochro,
Younglin Instrument, Korea) and recorded on a per-
sonal computer. For each test, the time was set at
40 min to ensure linearity of the diffusional curves.
The methanol permeability (P) was obtained using

P ¼ kVBd=ðCA0:AÞ (5)

where CA0 is the initial methanol concentration
(CA0¼ 20% v/v), k is the slope of the linear part of
the diffusional curve, VB is the volume of deionized
water in the water compartment, d is the membrane
thickness, and A is the effective permeation area. For
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comparison, NafionVR 117 was tested under the same
experimental conditions.

Single cell performance30

A blend proton exchange membrane with 80 wt %
SPPO content was selected as an example to evalu-
ate PEMFC performance. Here, gas diffusion layers
(GDL; SIGRACETVR ) were coated with Pt/C catalyst
slurry (40 wt % Pt) using a spray gun, and loading
of the Pt catalyst was 0.4 mg cm�2. The membrane-
electrode assembly (MEA) was prepared by directly
sandwiching the membrane between two sheets of
GDL without hot-pressing; the MEA was then set
into a fuel cell station with an effective area of 5 cm2.
The test was conducted under atmospheric pressure
with a cell temperature of 50�C, and both the flow
rate of the fuel for the anode (pure hydrogen) and ox-
idant for the cathode (pure oxygen) were 150 mL
min�1, respectively; hydrogen and oxygen were pre-
bubbled in distilled water at 55�C to introduce
humidity. The current-voltage (I-V) performance of
the cell was subsequently recorded at a descending
voltage rate of 0.02 V s�1 using an electronic loader.
Note that for comparison, NafionV

R

117 was tested
under the same experimental conditions.

RESULTS AND DISCUSSION

FTIR

Figure 1 presents the FTIR spectra for blend mem-
branes with different SPPO contents. For simplicity,
the figure only shows the spectra of membranes
with SPPO contents of 8.3 wt %, 16.9 wt %, 44.9 wt
%, and 90 wt %; spectra for the other blend mem-
branes follow similar trends. These FTIR spectra
illustrate the appearance of absorption peaks
of CAO (ether bonds), phenyl group, and CABr
bonds in BPPO materials. Previously, symmetrical
and asymmetrical stretching vibrations of CAO
(PhAOAC) and phenyl group have been known to
appear at 1050 cm�1 and 887 cm�1, 1205 cm�1, 1466
cm�1, 1603 cm�1, and 2953 cm�1 for different substi-
tutions; the peaks near 500–600 cm�1 correspond to
CABr bonds.24,27,31 Evidence of SPPO appears at 675
cm�1 and 1030 cm�1, peaks assigned to the symmet-
ric and asymmetric stretching of sulfonated acid
groups. The differences between blend membranes
with varying SPPO contents can be judged from the
peaks at 3444 cm�1 and 1204 cm�1. The former cor-
responds to the symmetrical and asymmetrical
stretching vibration bonds of OAH vapor, and the lat-
ter to the interaction between sulfuric groups and
water vapor. Obviously, with an increase in SPPO
content, the intensity of these two bonds increases
correspondingly. Indeed, there is remarkable increase

in peak density when the SPPO content changes from
16.9 wt % to 45 wt %. As will be discussed later, this
point corresponds to the transition from insulator to
conductor of the composite membranes.

Thermal stability

The thermal stabilities, as a function of weight loss
ratio, were evaluated via TGA at a heating rate of
10�C min�1 under nitrogen [Fig. 2(a)], with the cor-
responding weight loss peaks shown in Figure 2(b).
It was observed that the thermal degradation behav-
iors for all the blend membranes are divided into
four stages. The initial weight loss occurring at
around 50�C is ascribed to water in the membranes.
This loss increases with an increase in SPPO content,
thereby indicating the hygroscopic nature of blend
membranes with high SPPO content. The peaks
appearing at 320 and 450�C are respectively caused
by decomposition of the methyl and ether groups of
BPPO or SPPO, and the splitting of residue of BPPO
or SPPO, respectively31; deduced from BPPO curves,
which only show these two peaks.
The peak at 210�C for the blend membranes may

be caused by decomposition of the sulfuric groups
and the residual solvent such as NMP (b.p. 204�C).
As can be calculated from Figure 2(a), weight loss in
the range of 150–250�C for the pure BPPO mem-
brane is 1.41 wt %, whereas the ratios of weight loss
for blend membranes with 8.3, 44.9, and 65.5 wt %
SPPO contents were 9.13, 9.76, and 9.42 wt %,
respectively. As the NMP has high affinity with –
SO3H groups, the residual NMP content in the mem-
branes will generally increase simultaneously. Even
taking this factor into consideration, the general
increasing trend is attributed to the increasing –
SO3H contents in the membranes. Therefore, the
result confirms that the thermal stability of the blend

Figure 1 FTIR spectra of BPPO/SPPO blend membranes
with different SPPO content (8.3, 16. 9, 44.9, and 90 wt %).
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membrane is largely dependent on SPPO, and that
no chemical bond has formed in the blends. Note
that the ratio of weight loss for the pure SPPO mem-
brane determined at the identical conditions is 13.52
wt %; thus, an incorporation of BPPO into SPPO can
potentially increase the thermal stability of the blend
membranes.

Morphology

The membrane surface morphology was observed
using the field emission scanning electron micros-
copy, the results of which are shown in Figure 3 for
samples with SPPO contents ranging from 8.3 to 90
wt %. Obviously, the morphology of the surface,
particle size, and distribution were all strongly
affected by the relative content of the blend. From
the figures, it can be seen that the homogeneity of
the blend membranes decreases with SPPO contents,
and then increases at higher content levels. For
example, membranes prepared from low SPPO con-
tent (8.3 wt %) or high SPPO content (>65.5 wt %)
show high surface uniformity; whereas the mem-
branes prepared from medium contents of SPPO
such as in Figure 3(c) (44.9 wt % SPPO) and Figure
3(d) (65.5 wt % SPPO) show macro-phase separation.
Especially, the maximum particle size can be seen
when the SPPO content is close to that of BPPO. For
an example, as shown in Figure 3(c); the average
particle size for sample with 44.5 wt % SPPO is
greater than 100 lm. Strangely, this size was larger
than the practical membrane thickness (40 lm). The
main reasons are that at this composition the mem-

brane surface is very rough due to phase separation
and also the particles are not definitely spheric. A
further elemental analysis using EDXA shows that
the size of these particles is mainly due to SPPO.
Therefore, from the percolation concept,32 as long as
the particles form a minimum connection required
for effective conductance (above the percolation
threshold), they do not affect any of the blend mem-
branes as proton conductors. Thus, in terms of ho-
mogeneity, a blend membrane with above 65 wt %
SPPO is suitable for fuel cell applications.
To have a direct view of the microstructure of the

blend membranes, SEM-EDXA was used to display
the membrane’s vertical section. The distributions of
Br and S atoms, representative atoms for the respec-
tive polymers, were simultaneously recorded in the
thickness direction. Our preliminary tests show that
different blends demonstrate different main element
distributions, and also that all the distributions seem
uniform. Figure 4 shows a sample with 65.5 wt %
with SPPO content, where it can be clearly seen that
the distributions of these elements are nearly uni-
form in the thickness direction. These results are
consistent with the corresponding surface images
[Fig. 3(c)].

Water uptake, ion exchange capacity,
and proton conductivity

Figure 5 demonstrates the measured membrane
water uptake and IEC. All samples show a reasona-
ble trend; both the IEC and water uptake increase
nearly linearly with respect to the SPPO content.
This linear increase occurs as only SPPO contributes
to the functional groups and the BPPO matrix acts
as an inert matrix due to its hydrophobic nature.
Compared with the pure SPPO membrane with a
water uptake of about 80%, the blend membrane has
a significantly lower water uptake, thereby exhibit-
ing better dimensional stability.
Theoretical IEC is also calculated based on the wt

% of SPPO in the blends, the results of which as
shown in Figure 5 are in a comparison with the ex-
perimental values. It is well known that if the blend
forms an acid–base complex, the theoretical IEC will
be different from the experimental values.33 In our
case, the theoretical IEC is relatively consistent with
the experimental values, suggesting that there is no
chemical interaction between BPPO and SPPO.
The conductivities of the blend membranes for

varying SPPO contents are shown in Figure 6. It is
interesting to note that a percolation threshold exists
at around 20 wt % SPPO; below which the conduc-
tivity of the blend membrane is negligible, and
above which the membrane has a sudden increase
in proton conductivity. Such trends have been
previously observed in other insulator-conductor

Figure 2 (a) TGA and (b) DrTGA curves of BPPO/SPPO
blend membranes with different SPPO content.
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transition systems, especially in SPPO matrix sys-
tems,34 in which a percolation threshold value of
about 18% was estimated. Very good conductivities
are also observed for membranes containing greater
than 60 wt % of SPPO. Specifically, when the SPPO
content reaches as high as 70 wt %, the conductivity
is above 0.08 S cm�1, comparable with that of
NafionVR 117 under the same conditions. Thus, the
optimum SPPO content can be determined as 60–80
wt %, based on the conductivity value, methanol
block, and dimensional stability, which will be fur-
ther discussed in the following sections.

Methanol permeability

Gas crossover in fuel cells usually results in ineffi-
cient fuel utilization, mixed electrochemical poten-
tials, and other specific operational problems. The
extensive diffusion of hydrogen from the anode to
the cathode may lead to the reduction of the avail-
able oxygen surface concentration at the catalyst/

membrane interface because of the direct reaction
of hydrogen with oxygen. Methanol crossover in
DMFC occurs based on the similar principle. There-
fore, the methanol permeability, measured conven-
iently by refractive index in aqueous solution, can be a
characteristic membrane performance in fuel cells
from the viewpoint of fuel leakage through mem-
branes. Figure 7 shows the methanol permeability of
the blend membranes. The methanol concentration
used in these experiments was 20% (v/v). It can be
seen that the methanol permeability increases with an
increase in SPPO content in the blend membrane. The
change is considerable at the SPPO content of 20 wt %
where methanol permeability shows a sudden increase
from 2.01 � 10�7 cm2 s�1 to 5.79 � 10�7 cm2 s�1. This
is similar to the conductivity dependence with a sud-
den increase at the same SPPO content (Fig. 6). Com-
pared with NafionV

R

117, which has a methanol perme-
ation value of 2.14 � 10�6 cm2 s�1 determined under
identical conditions, all the blend membranes show
noticeably less methanol permeability. Specifically, the

Figure 3 The surface SEM observation of the BPPO/SPPO blend membranes with different SPPO content.

3516 XU ET AL.

Journal of Applied Polymer Science DOI 10.1002/app



block of methanol in membranes with 60–80 wt %
SPPO, having comparable proton conductivity to
NafionVR 117, was up to 2 times higher than that of
NafionVR 117. It is possible that improvements in the
methanol barrier may be related to the two impor-
tant factors: one is that the hydrophobic bromines at
the pendant of the BPPO backbone block the metha-
nol diffusion and the other is the poor methanol
affinity of backbone with the structure of phenylene-
oxide (c.f. Scheme 1). The former was approved by
our previous study, in which the membrane directly
sulfonated from BPPO (not BPPO/SPPPO blends)
showed extremely low methanol permeability, espe-

cially at the case of low sulfonation degrees.35 The
latter was confirmed by the job of Cho et al. It was
reported that membranes prepared from a bromi-
nated poly(2,6-dimethyl-1,4-phenylene oxide)-g-poly
(styrenesulfonic acid) (PPO-g-PSSA) graft copolymer
had very low methanol permeability, with a magni-
tude of 10�7 cm2 s�1, and this value decreased with
an increase in BPPO graft.36 Though in this case,
brominated PPO is used as a macro-initiator for
grafting sodium styrene sulfonated on to PPO via
living free radical polymerization and increasing
BPPO results in greater graft content but the result-
ing polymer would not contain appreciable amounts

Figure 4 SEM-EDAX observation of BPPO/SPPO blend membranes (cross section) with 65.5 wt % SPPO. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 5 Effect of SPPO content on IEC and water uptake
of blend membranes. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

Figure 6 Effect of SPPO content on the conductivity of
blend membranes.
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of bromine. Therefore, it can be concluded that a
decrease in methanol permeability is attributed to an
increase with structure of phenyleneoxide (PPO
chain) because sodium styrene sulfonated has strong
affinity to methanol.

Dimensional stability

The dimensional stability was measured as a linear
change ratio in which the membrane was cut into 1
cm � 3 cm. From the Figure 8, it can be seen that
the dimensional change ratio follows nearly the
same trend as for other parameters such as proton
conductivity and water uptake. As mentioned above,
hydrophilic SPPO plays a decisive role in these
water uptakes and with an increase in SPPO content,
dimensional stability decreases due to an increase in
water uptake. Hence, membranes with SPPO content
below 25 wt % have high dimensional stability and
a linear expansion ratio below 5%; those with 40–60
wt % SPPO have a close linear expansion ratio to

NafionVR 117, which has a value of 10.1% determined
under the identical conditions. Membranes with 60–
80 wt % SPPO have a relatively higher linear expan-
sion ratio than NafionVR 117, though it is deemed
acceptable because the linear expansion ratios were
below 20%.

Single cell performance

A blend membrane with 80 wt % SPPO content was
used to evaluate the PEMFC performance. As dis-
cussed above, the main properties of such mem-
branes are: IEC ¼ 1.9 mmol g�1, Wr ¼ 0.74 g water/
g-dry membrane, thickness ¼ 40 lm, linear expan-
sion ratio ¼ 16.51%, and methanol permeability ¼
9.41 � 10�7 cm2 s�1. The single cell employing the
membrane was fed with humidified pure hydrogen
and oxygen to the anode and cathode, respectively,
and was operated at 50�C under atmospheric pres-
sure. After the cell reached stable conditions (about
14 h), the current-voltage (I-V) performance of the
cell was recorded as shown in Figure 9. For compar-
ison, NafionVR 117 was also tested under the same
conditions.
As shown in Figure 9, the open circuit voltage

(OCV) of the blend membrane (900 mV) is slightly
lower than that of NafionVR 117 (980 mV); it has been
previously described that the OCV of PEMFC is de-
pendent on the membrane permeance, rather than
the permeability itself.16.37 The permeance, which is
the permeability divided by the membrane thickness,
increases with a corresponding decrease in thickness.
From the figure, though the blend membrane shows
low methanol permeability, its thickness is around
40 lm, about 20 % of that of NafionVR 117 (around
200 lm). Therefore, the blend membrane shows

Figure 7 Effect of SPPO content on the methanol perme-
ability of blend membranes in comparison with Nafion
117.

Figure 8 Effect of SPPO content on the linear expansion
ratio (%) of the blend membranes.

Figure 9 Comparison of polarization curves of the single
cell tests between NafionVR 117 (*) and the blend mem-
brane with 80 wt % SPPO (h). Open symbols show cell
voltage and the filled symbols show power density. [Color
figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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higher methanol permeance (2.35 � 10�4 cm s�1)
than NafionVR 117 (1.12 � 10�4 cm s�1) when thick-
ness is considered. This may be the main reason
why the blend membrane has a relatively lower
OCV. However, as current density increases, the cell
voltage in NafionVR 117 decreases more rapidly than
that in the blend membranes.

It can also be observed that the maximum power
density of the blend membrane with 80 wt % SPPO
is about 610 mW cm�2 at 1288 mA cm�2. This value
is much higher than that of NafionVR 117, which
shows its highest power density of about 380 mW
cm�2 at 820 mA cm�2

.
30 In addition, the current den-

sity of NafionVR 117 at the voltage of 0.6 V was about
550 mA cm�2, whereas that for the blend membrane
was about 928 mA cm�2—nearly two times that of
NafionVR 117. Although the values for NafionVR 117 are
somewhat lower than those of the commercial
MEA,38 having completely optimized preparation
conditions, the MEA preparation procedure for
NafionVR 117 and the blend membrane were the
same in this study. Thus, from the performance of
both cell voltage and power density, it can be con-
firmed that the blend membranes are quite compara-
ble to NafionVR 117 membranes, and have high
potential for use as an electrolyte for PEMFC.

CONCLUSIONS

A new composite membrane for potential fuel cell
applications was prepared by blending SPPO and
BPPO, based on the same base polymer PPO. In this
composition, SPPO increased the membrane conduc-
tivity and water uptake while BPPO contributed to the
dimensional stability and methanol barrier properties.

As expected, water uptake, IEC, proton conductivity,
and methanol permeability all increased with a corre-
sponding increase in SPPO content. Thus, by properly
compromising the conductivity and methanol perme-
ability, blend membranes with 60–80 wt % SPPO are
potentially good candidates for DMFC or PEMFC mem-
branes. Such membranes show comparable proton con-
ductivity to that of NafionV

R

117, though with only half
the methanol permeability. Furthermore, based on SEM
observations, the blend membranes in this SPPO range
show a highly uniform structure.

The performance of a single cell for a sample
blend membrane with 80 wt % SPPO was subse-
quently tested and compared with NafionVR 117
under identical conditions. The results of this test
showed that the blend membrane has a relatively
high cell voltage and power density compared to
NafionVR and may provide potential applications in
low temperature PEMFCs.

The authors express our high appreciation to Dr. C.M. Wu
for experimental assistance and useful discussions.
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