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a b s t r a c t

Sulfonated poly(ether ether ketone)s (SPEEKs) were substituted on a polymer main chain that had pre-
viously been prepared by sulfonation of poly(ether ether ketone)s in concentrated sulfuric acid for
a specified time. The product was then blended with Nafion® to create composite membranes. The
blended SPEEK-containing membranes featured flaky domains dispersed in the Nafion® matrix. These
blends possessed a high thermal decomposition temperature. Additionally, owing to the more crys-
talline, the blended membranes had a lower water uptake compared to recast Nafion®, the methanol

−6 −7 2 −1

roton exchange membrane
ulfonated poly(ether ether ketone)
afion®

lend
ethanol permeability
irect methanol fuel cell

permeability was reduced to 1.70 × 10 to 9.09 × 10 cm s for various SPEEK concentrations, and a
maximum proton conductivity of ∼0.050 S cm−1 was observed at 30 ◦C. The single-cell performances of
the Nafion®/SPEEK membranes, with various SPEEK concentrations and a certain degree of sulfonation,
were 15–25 mW cm−2 for SPEEK53 and 19–27 mW cm−2 for SPEEK63, at 80 ◦C. The power density and
open circuit voltage were higher than those of Nafion® 115 (power density = 22 mW cm−2). The blended
membranes satisfy the requirements of proton exchange membranes for direct methanol fuel cell (DMFC)

applications.

. Introduction

Fuel cells convert chemical energy directly into electrical energy
nd are promising as alternative energy conversion devices. Direct
ethanol fuel cells (DMFCs) have attracted significant attention

ecause of their highly efficient energy conversion, low environ-
ental emissions, simple structural design, convenient fuel storage

nd possible use in transportation scenarios [1]. DMFCs are suitable
or both stationary and portable devices, such as cell phones and
aptop computers [2].

The proton exchange membrane is one of the key components
n a fuel cell system. Perfluorosulfonic acid membranes, such as
afion® with fluoroalkyl ether side chains and sulfonic acid end
roups, are the most commonly used due to their high electro-
hemical stability, mechanical strength and proton conductivity
3]. However, avoiding high methanol crossover in commercial
afion® membranes is a major technical challenge. Methanol is eas-

ly transported from the anode to the cathode side of the cell, where

t is oxidized without any contribution to power generation [4].
he undesirable crossover of methanol reduces fuel efficiency and
auses a significant loss of performance due to catalyst poisoning
nd an increase of overpotential at the cathode [5].

∗ Corresponding author. Tel.: +886 6 2757575x62643; fax: +886 6 2360464.
E-mail address: ccy7@ccmail.ncku.edu.tw (C.-Y. Chen).

378-7753/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2008.12.071
© 2008 Elsevier B.V. All rights reserved.

Over the past few years, in order to overcome the problem of
methanol crossover, many new materials have been investigated via
two general approaches: (a) synthesis of new polymers, including
sulfonated poly(ether ether ketone) [6], polysulfone [7], and poly-
imide [8], and (b) modification of existing polymers by introduction
of a methanol barrier component. These modifications include
incorporation of inorganic particles (e.g., silicon oxide [9], titanium
oxide [10], zeolites [11] and montmorillonite clay [12]) into Nafion®,
and blending poly(vinylidene fluoride) [13], poly(vinyl alcohol)
[14], poly(1-vinylimidazole) [15], polypyrrole [16], and polybenz-
imidazile [17] with Nafion®. Unfortunately, reduction of methanol
permeability is always accompanied by a significant decrease in
proton conductivity. Understanding the relationship between the
microstructure (i.e., diameter of proton transfer channels, size of
ionic clusters, etc.) and the associated transport properties may
help us optimize proton-exchange membranes [18]. It is known
that methanol passes through these membranes primarily via ionic
channels. Thus, methanol permeability is determined by the diame-
ter of these channels and the sizes of ionic clusters, which are mainly
dependent upon the ability of the membrane to swell [19]. It should
be possible to reduce swelling by adjusting the microstructure of
the membrane.
SPEEKs have been extensively studied and tested for fuel cell
applications. SPEEK membranes possess many good attributes,
such as low methanol permeability, good mechanical properties,
high heat distortion temperature, and good processing capacity. In
this study, blended membranes consisting of Nafion® and small

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:ccy7@ccmail.ncku.edu.tw
dx.doi.org/10.1016/j.jpowsour.2008.12.071
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mounts of SPEEKs were prepared using a simple, inexpensive
rocess to reduce swelling, methanol crossover and cost, while
aintaining good proton conductivity by adjusting the microstruc-

ure of the membrane. Moreover, the thickness of a low methanol
rossover membrane would have to be reduced in order to minimize
embrane resistance losses in a fuel cell. The novel Nafion®/SPEEK

omposite membranes described here are thinner than Nafion®

15. The composite membranes demonstrate reduced swelling and
ethanol permeability, compared with Nafion® membranes alone,
ith improvement of DMFC performance.

. Experimental details

.1. Materials and experimental procedure

.1.1. Materials
PEEK 450G Victrex® was obtained from ICI Co. and was used

s received. Nafion® 115 and Nafion® solution (5 wt.%, sulfonic
cid form) in a 1-propanol/ethanol/water mixture were purchased
rom E.I. Dupont de Nemours & Co. Concentrated sulfonic acid
95–98%) was purchased from Aldrich Chemical Co. Dimethylac-
tamide (DMAc) and methanol were purchased from Mallinckrodt
o. Nafion® 115 was treated to completely remove all impurities by
oiling in 3% H2O2, 0.5 M H2SO4 and then adding deionized water.

.1.2. Polymer sulfonation
Initially, 5 g of PEEK was sulfonated in 150 mL of concentrated

ulfuric acid at room temperature under vigorous mechanical stir-
ing [1,20,21] for a specified time. The resulting sulfonated polymer
olution (SPEEK) was decanted into a large excess of ice-cold water.
he precipitated polymer was filtered and washed repeatedly with
eionized water until the pH was neutral, then dried under vac-
um at 100 ◦C for 24 h. In this study, the degree of sulfonation was
etermined to be 0.53 (SPEEK53) and 0.63 (SPEEK63).

.1.3. Membrane preparation
The composite membranes were prepared by blending Nafion®

nd the prepared SPEEK. The Nafion® solution was evaporated to
ryness, and then Nafion® and SPEEK were separately dissolved in
MAc to obtain a 15 wt.% solution. The SPEEK solution was added

o the Nafion® solution at room temperature under vigorous stir-
ing. The weight ratios of the blends varied from 0.5% to 3% SPEEK.
he mixtures were cast onto glass dishes and dried under vacuum
t 80 ◦C. Finally, the cast membranes were dried at 120 ◦C for 2 h,
t which point a thickness of ∼100 ± 10 �m was measured. The
lended membranes were stored in deionized water. Moreover, the
ecast Nafion® was prepared by Nafion® solution with a thickness
f ∼100 ± 10 �m which was used to compare the properties and
MFCs performance, and the commercial Nafion® 115 was used to
nly compare the DMFCs performance in this study.

.2. Proton nuclear magnetic resonance (1H NMR)

The SPEEK spectra were obtained in DMSO-d6 solution (10 wt.%)
t room temperature. The 1H NMR spectra were obtained with a
arian Unity 600 spectrometer and a Bruker AMX 600 MHz spec-

rometer.

.3. Fourier transform infrared spectroscopy (FT-IR)
An FT-IR spectrometer with an attenuated total reflection (ATR)
ttachment was used to identify the functional groups present
ithin the membranes. Spectra were obtained with a Bio-Rad FTS-

0A spectrometer over the wavelength range 700–4000 cm−1. Each
pectrum is the average of 48 scans with a resolution of 4 cm−1.
ources 189 (2009) 958–965 959

2.4. Scanning electron microscopy (SEM)

All of the specimens were sputter-coated with Pt for 120 s. The
membranes were freeze-fractured to reveal the cross-sectional area
and the morphology was examined using a Hitachi S4200 field
emission scanning electron microscope.

2.5. Wide-angle X-ray diffraction (WAXD)

WAXD was performed with a conventional wide-angle X-ray
diffractometer (Philips Electronics) using a CuK� source. The
blended membranes were scanned at up to 60 s per 4◦ angular step.

2.6. Thermogravimetric analysis (TGA)

All membranes were heated at 120 ◦C for 30 min in a furnace to
remove moisture. The dynamic TGA experiments were performed
under a nitrogen atmosphere with a TGA Q50 thermal analyzer
(TA Instruments, WI) from 100 ◦C to 700 ◦C at a heating rate of
20 ◦C min−1.

2.7. Differential scanning calorimetry (DSC)

A Dupont DSC 2910 differential scanning calorimeter was used
to analyze the thermal transition behavior of the blended mem-
branes from 30 ◦C to 250 ◦C at a heating rate of 10 ◦C min−1 under
nitrogen atmosphere.

2.8. Water uptake by membranes

Membranes were dried under vacuum at 120 ◦C to a constant
weight. The water uptake was measured by immersing the mem-
branes in deionized water and heating from 30 ◦C to 80 ◦C.

The weight of equilibrium water uptake was determined as:

Water uptake = Wwet − Wdry

Wdry
× 100% (1)

where Wwet and Wdry are the weights of the wet and dry membrane,
respectively.

2.9. Methanol permeability

The methanol permeabilities of the membranes were deter-
mined using a diaphragm diffusion cell. The membranes were
equilibrated in deionized water overnight with stirring. The ini-
tial concentration of methanol in one side of the cell (compartment
A) was 2 M, while the other side of the cell (compartment B) con-
tained deionized water. The increase in methanol concentration
over time was determined by gas chromatography. The methanol
permeability was calculated from the slope of a least-squares linear
regression:

CB(t)
A

VB

P

L
CA(t − t0) (2)

where A is the effective membrane area, L is the membrane thick-
ness, CA and CB are the initial concentrations of methanol in
compartments A and B, respectively, and VB is the volume of com-
partment B.

2.10. Proton conductivity measurement
The proton conductivity cell was immersed in water at a con-
stant temperature that was preselected from the range 30 ◦C to
80 ◦C. The in-plane conductivities of the blended membranes were
determined with an electrochemical cell. Stainless steel blocking
electrode was used for the measurement. AC impedance analysis
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as performed with Autolab PGSTAT 30 equipment (Eco Chemie
.V., Netherlands). The frequency response analysis (FRA) software
sed an oscillation potential of 10 mV from 100 kHz to 10 Hz. The
roton conductivities of the membranes were determined as fol-

ows:

= l

RA
(3)

here � is the proton conductivity, l is the distance between the
lectrodes, R is the membrane resistance obtained by impedance
nalysis, and A is the membrane area.

.11. Single-cell performance

Nafion® 115, recast Nafion® and the prepared membrane blends
ere used as proton exchange membranes in fuel cells, and the cata-

ysts for the anode and the cathode were applied to carbon paper by
preading. The anode and cathode consisted of commercial 20 wt.%
t/Ru (1:1) in Vulcan carbon (E-TEK) with Pt loading of 1.2 mg cm−2

nd 0.6 mg cm−2, respectively. Methanol (2 M) was supplied to the
node with a micro-pump at 2 mL min−1, while the cathode was
upplied with dry oxygen at a rate of 100 mL min−1. Single-cell per-
ormance was evaluated using a DMFC unit with a cross-sectional
rea of 4 cm2.

. Results and discussion

.1. Polymer characteristics

1H NMR spectroscopy was used to provide chemical characteri-
ation, and to determine the degree of sulfonation. Fig. 1 shows the
H NMR spectrum of SPEEK dissolved in DMSO-d6. All characteris-
ic peaks of Ha and Ha′ protons appeared at low field. The Hb and

b′ protons were located at 7.14 ppm and 7.00 ppm, respectively.
he Hc′ protons of the unsubstituted hydroquinone ring appeared
s a characteristic singlet at 7.25 ppm. The sulfonic groups were
ntroduced into the hydroquinone ring and caused a significant
ownfield shift of the Hc, Hd, and He signals in the hydroquinone
ing at 7.20 ppm, 7.09 ppm, and 7.50 ppm, respectively [22,23]. The
egree of substitution was derived from the ratio between the peak
rea of the He signal and the integrated peak area of the signals cor-

esponding to the other aromatic hydrogen atoms. In this study, the
egree of sulfonation was determined to be 0.53 (SPEEK53) and 0.63
SPEEK63).

The FT-IR ATR spectra of dried recast Nafion® and Nafion®/SPEEK
re shown in Fig. 2. In the SPEEK spectrum, the aromatic C C band

Fig. 1. The 1H NMR spe
Fig. 2. The FT-IR ATR spectra of recast Nafion® and Nafion®/SPEEK.

was observed to split into two peaks, 1470 cm−1and 1493 cm−1,
due to the sulfonation-induced substitution. The absorption peak
at 1022 cm−1 was associated with S O stretching vibration. The
absorption peaks at 1080 cm−1 and at 1250 cm−1 can be associated
with the symmetrical O S O stretching vibration, and the asym-
metric stretching vibration of the sulfonic groups, respectively. The
absorption at 1651 cm−1 was associated with the backbone car-
bonyl stretching band [23,24]. In the blended membranes, Fig. 2
shows that the peaks at 1200 cm−1 and at 1144 cm−1 were asso-
ciated with the asymmetric and the symmetric F C F stretching
vibration, respectively. Bands at 1410 cm−1 and 851 cm−1 were con-
nected with S O and S OH stretching of the SO3H group, while
1052 cm−1 was linked to the symmetric SO3

− stretching vibration
[25].

3.2. Morphology

SEM was used to study the morphology of the recast Nafion®

and blended membranes. SEM micrographs showing the freeze-

fractured cross-sectional morphologies of the recast Nafion® and
blended membranes with various SPEEK content levels are shown
in Fig. 3(a–g). The recast Nafion® and SPEEK appear to be incompat-
ible with each other. The SPEEK seemed to form a dispersive phase,

ctrum for SPEEK.
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Fig. 3. The SEM images of (a) Recast Nafion®, (b) Nafion®/SPEEK53-0.5, (c) Nafion®/SPEEK53-1, (d) Nafion®/SPEEK53-3, (e) Nafion®/SPEEK63-0.5, (f) Nafion®/SPEEK63-1, and
(g) Nafion®/SPEEK63-3.
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meability of membranes are strongly related to the presence of
water. An adequate level of water uptake is needed to maintain good
proton conductivity; however, water uptake should be minimized
to ensure low methanol permeability. Consequently, maintaining
Fig. 4. The WAXD spectra of recast Nafion® and Nafion®/SPEEK.

ppearing as “flakes” in the Nafion® matrix. The size of these flake-
ike domains increased with increasing SPEEK content and showed
ighly oriented domains that paralleled the substrate.

Nafion® is a semi-crystalline polymer and blending it with other
olymers could affect its crystallinity. Nafion® is known to have a
eak WAXD reflection at 18◦ due to the (1 0 0) plane of the crys-

alline PTFE backbone. This peak at 2� = 39◦ is on the order of
he distance between the nearest neighbor CF2 units [26]. Fig. 4
hows a comparison of the WAXD spectra for recast Nafion® and
lended membranes. Both recast Nafion® and the blended mem-
ranes showed a crystalline reflection which was superimposed as
shoulder on a large amorphous halo. Unfortunately, the super-

osition of the sharp crystalline peak and the broad amorphous
alo by the low level of crystallinity in the Nafion® and SPEEK
ade it impossible to separate and qualitatively analyze. However,

ull width at half maximum (FWHM) of the blended membranes
ecreased with increasing SPEEK content, indicating that the per-
ection of the crystallites in the membranes became high gradually.
urthermore, SPEEK can induce bigger crystallite size in the mem-
ranes. The morphology affected the formation of ionic domains
nd ultimately impacted the hydration and conduction of ions
hrough the membranes [27].

.3. Thermal characteristics

The thermal stability of the recast Nafion® and the blended
embranes were investigated using TGA. The influence of SPEEK

lending on the 5 wt.% loss temperature (Td5) is shown in Fig. 5.
afion® is known to be a thermally stable membrane, and has a

d5 of 364 ◦C. According to literature [3], thermogravimetric curves
ecorded under nitrogen atmospheres are characterized by four
teps: (i) gradual loss of water from 25 to 290 ◦C; (ii) desulfona-
ion accompanied by decomposition of the ether groups on the side
hains from 290 ◦C to 400 ◦C; (iii) side chain decomposition from
00 ◦C to 470 ◦C; and (iv) degradation of the PTFE backbone from
70 ◦C to 560 ◦C. In all of the blended membranes, Td5 was approxi-
ately 367 ◦C for various contents of SPEEK53 and SPEEK63, which
as closed to the recast Nafion® (364 ◦C).

DSC analysis was used to characterize the thermal transition

f the recast Nafion® and blended membranes. Fig. 6 shows that
wo transition temperatures were present in the DSC curves of the
ecast Nafion® and the blended membranes. In recast Nafion®, the
rst endothermic peak appeared at about 110 ◦C, which may be

nterpreted as the cluster transition temperature. The second peak
Fig. 5. The thermogravimetric curves of recast Nafion® and Nafion®/SPEEK.

was a weak, broad endothermic peak at around 200 ◦C, which was
assigned as the melting peak of the non-polar crystallite backbone
[28]. With the introduction of SPEEK into the Nafion® membrane,
the cluster transition temperature increased with increasing SPEEK
content and with increasing degree of sulfonation. In the blended
membranes, the cluster transition temperature increased to 73 ◦C,
94 ◦C, and 136 ◦C for 0.5%, 1%, and 3% SPEEK53, respectively, and
to 73 ◦C, 134 ◦C, and 138 ◦C for 0.5%, 1%, and 3% SPEEK63, respec-
tively. The increase of cluster transition temperatures compared
with recast Nafion® was verified only for 3% of SPEEK53 and 1–3%
of SPEEK63. The shift in this peak was strongly related to crystal-
lization which hindered the transition of cluster and was consistent
with the observed WAXD results.

3.4. Water uptake

It is well-known that the proton conductivity and methanol per-
Fig. 6. The transition temperature of recast Nafion® and Nafion®/SPEEK.
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by hydrogen bonds; (ii) the second route is a vehicle mechanism,
wherein a proton combines with solvent molecules, producing a
complex like H3O+, H5O2

+, H7O3
+ or CH3OH2

+ or some similar com-
plex. This complex then diffuses through the membrane.
Fig. 7. The water uptake of recast Nafion® and Nafion®/SPEEK.

he appropriate level of water uptake is very important to the ulti-
ate performance. The native SPEEK showed a relatively high water

ptake of 31% and 38% for SPEEK53 and SPEEK63, respectively, com-
ared with recast Nafion® at 30 ◦C. Fig. 7 shows the water uptake
f the blended membranes as a function of temperature. The water
ptake increased with increasing SPEEK content. At temperatures
f up to 80 ◦C, the water uptake increased sharply to 24%, 26%, and
8% for 0.5%, 1%, and 3% SPEEK53, respectively, and to 26%, 31%, and
4% for 0.5%, 1%, and 3% SPEEK63, respectively. This was perhaps
ue to the formation of ionic clusters. When the temperature and
he degree of sulfonation were high, the dispersed sulfonic groups
eadily formed ion domains, which are hydrophilic and predomi-
antly responsible for water uptake [29]. Furthermore, the water
ptake of the blended membranes was 18–24% at 30 ◦C, compared
ith 27% for recast Nafion®, although the water uptake of native

PEEK was higher than that of recast Nafion®. The introduction of
PEEK allowed for adjustment of the diameter of transfer channels
nd the size of ionic clusters in the crystalline microstructure.

.5. Methanol permeability

The methanol permeability of native SPEEK mem-
ranes increased with increasing degree of sulfonation from
.14 × 10−7 cm2 s−1 to 3.44 × 10−7 cm2 s−1 for SPEEK53 and
PEEK63, respectively. These values were all lower than that of
ecast Nafion® (2 × 10−6 cm2 s−1). The sulfonic groups aggregate to
orm ion clusters in the presence of water that further interconnect
he hydrophilic domains within the membrane. This tendency
o absorb water plays a major role in the transport of methanol
hrough the membrane by hydration of the ionizable sulfonic
roups. The methanol permeability of the blended membranes
as less than that of recast Nafion®. The methanol permeabilities of

he blended membranes decreased with increasing SPEEK content,
ith relatively low methanol permeabilities of 1.50 × 10−6 cm2 s−1,

.16 × 10−6 cm2 s−1, and 9.09 × 10−7 cm2 s−1 for 0.5%, 1%, and
% SPEEK53 content, respectively, and 1.70 × 10−6 cm2 s−1,
.40 × 10−6 cm2 s−1, and 1.27 × 10−6 cm2 s−1 for 0.5%, 1%, and
% SPEEK63 content, respectively, at 30 ◦C. This demonstrates a

eduction in methanol crossover following the introduction of
PEEK into the Nafion® membrane. Changes in the methanol
ermeability and water uptake of the blended membranes were
imilar. This reduction in methanol crossover is favorable for DMFC
pplications.
ources 189 (2009) 958–965 963

3.6. Proton conductivity

In general, high proton conductivity and low methanol
crossover are required for superior DMFC performance. The
proton conductivity of the blended membranes from 30 ◦C
to 80 ◦C increased to 0.045–0.079 S cm−1, 0.042–0.078 S cm−1,
and 0.041–0.077 S cm−1 for 0.5%, 1%, and 3% SPEEK53 content,
respectively, and 0.052–0.099 S cm−1, 0.047–0.097 S cm−1, and
0.042–0.089 S cm−1 for 0.5%, 1%, and 3% SPEEK63 content, respec-
tively. Proton transport in membranes requires well-connected
channels formed by ionic clusters of hydrophilic sulfonic groups.
Aggregation of these ionic domains was observed with increas-
ing temperature, leading to formation of the percolation of ionic
channels with good connectivity, which allowed for rapid trans-
port of protons. By contrast, it was apparent that the higher degree
of sulfonation increased the proton conductivity at the same SPEEK
content level. The proton conductivity of the blended membranes
decreased with increasing SPEEK content. These values were lower
than that of recast Nafion® (0.093 S cm−1) measured at 30 ◦C. It is
likely that the crystallinity and lower conductivity of SPEEK caused
a decrease in proton conductivity.

The activation energy (Ea), the minimum energy required for
proton transport across the membrane, was calculated by fitting to
the Arrhenius equation:

� = A × e−Ea/RT (4)

where � is the proton conductivity (S cm−1), Ea is the acti-
vation energy (kJ mol−1), R is the universal gas constant
(8.314 J mol−1 K−1), and T is the absolute temperature (K). Fig. 8
shows the Arrhenius plots for recast Nafion® and the blended mem-
branes. All blends showed linear Arrhenius behavior between 30 ◦C
and 80 ◦C. Recast Nafion® and the blended membranes had activa-
tion energies of 8.14 kJ mol−1and 9.88–13.61 kJ mol−1, respectively.
In general, the proton conductive mechanism in these membranes
is well known to occur by two routes [30]: (i) the first route is
a hopping or jumping mechanism, also known as the Grotthuss
model, wherein a proton is passed down through a channel of water
molecules. The protons are transferred from one vehicle to another
Fig. 8. Arrhenius plots of proton conductivity for Nafion®/SPEEK.
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Fig. 9. The performance curves of Nafion® and blended membranes: (a) Polar-
ization curve: (�) Nafion® 115, (♦) Recast Nafion®, (�) Nafion®/SPEEK53-0.5,
(�) Nafion®/SPEEK53-1, (�) Nafion®/SPEEK53-3, (�) Nafion®/SPEEK63-0.5, (©)
Nafion®/SPEEK63-1, and (�) Nafion®/SPEEK63-3. (b) Power density curve: (�)
N
1
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s
s
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173–177.
afion® 115, (♦) Recast Nafion®, (�) Nafion®/SPEEK53-0.5, (�) Nafion®/SPEEK53-
, (�) Nafion®/SPEEK53-3, (�) Nafion®/SPEEK63-0.5, (©) Nafion®/SPEEK63-1, and
�) Nafion®/SPEEK63-3.

.7. Single-cell performance

The Nafion® 115 and blended membranes were then tested
n DMFCs. Fig. 9 shows the performance results in terms of (a)
olarization and (b) power density as a function of current den-
ity for various SPEEK contents. All characteristic curves displayed
imilar polarization behavior. In the region of low current den-
ity, activation control caused a large drop in potential, which
ecreased further for intermediate current densities, due to the

ntrinsic ohmic resistance. Although all contribute to a lower out-
ut upon applying a load to the system, only methanol crossover
ctively decreases the open circuit voltage. Nafion® 115 has a
hickness of 127 �m, while the blended membranes are around

00 �m. In theory, Nafion® 115 is preferred in DMFCs because of its
hickness: thicker membranes assure limited methanol crossover.
owever, in Fig. 9, single cells prepared with each of the blended
embranes exhibited higher open circuit voltages (0.559–0.650 V)

[

ources 189 (2009) 958–965

than Nafion® 115 (0.571 V) at 2 M methanol. This clearly indicates
that the introduction of SPEEK significantly decreased the rate of
methanol crossover in DMFCs, due to the relatively low methanol
permeability. Although the conductivity of the blended membranes
was lower than that of Nafion®, the DMFC performance can be
improved by a reduction in methanol crossover and thickness.
The blended membrane with 1% SPEEK63 content had the high-
est power density (27 mW cm−2), which was better than that of the
other blended membranes and Nafion® 115 (22 mW cm−2). As the
SPEEK content of blended membranes increased to 3%, the ohmic
resistance increased and the performance decreased. As shown in
Fig. 8, the performance of the single-cell improved with increasing
degree of sulfonation for the same SPEEK content, due to higher
proton conductivity. The maximum power density of blended
membranes with various SPEEK contents occurred at a degree of
sulfonation of 15–25 mW cm−2 for SPEEK53 and 19–27 mW cm−2

for SPEEK63 at 80 ◦C.

4. Conclusion

In this study, SPEEK and Nafion® were used to prepare blended
membranes. SPEEK was easy to prepare and was blended with
Nafion® using a low-cost process. The blended membranes were
characterized using 1H NMR, FT-IR ATR, SEM, WAXD, TGA, DSC,
water uptake, methanol permeability, conductivity, and single-cell
performance. 1H NMR revealed that the degrees of sulfonation of
the prepared SPEEKs were 0.53 and 0.63, and FT-IR ATR confirmed
the composition of the blended membranes. The introduction of
SPEEK caused the blended membranes to be more crystalline and
showed a “flaky” dispersive phase in the Nafion® matrix. The result-
ing crystalline microstructure of the membranes decreased the
methanol permeability, suppressed methanol crossover, decreased
the water uptake, and maintained reasonable thermal properties.
Although the conductivity decreased for the blended membranes,
we propose that the DMFC performance can be improved in
the future by reducing methanol crossover levels. The blended
membranes exhibited higher open circuit voltages and supe-
rior single-cell performance compared with that of Nafion® 115.
The observed low methanol permeability and promising single-
cell performance suggest that Nafion®/SPEEK-blended membranes
warrant serious consideration for use in future DMFC applications.
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