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HMS-based sulphonated poly(arylene ether sulphone) (HMSSH) is synthesised using 4,4′-dihydroxy-
�-methylstilbene (HMS) monomer to introduce an interesting stilbene core as crosslinkable group.
Crosslinked blend membranes are obtained by blending the BPA-based sulphonated poly(arylene ether
sulphone) (BPASH) with crosslinkable HMS-based sulphonated poly(arylene ether sulphone) by UV irra-
diation of the blend membrane. Compared to the native BPASH with crosslinked BPASH/HMSSH blend
roton exchange membrane
ulphonated poly(arylene ether sulphone)
ross-linking
irect methanol fuel cell
,4′-Dihydroxy-�-methylstilbene (HMS)

membranes, the crosslinked blend membranes greatly reduce the water uptake and methanol perme-
ability with only a slight reduction in proton conductivity. The crosslinked blend membrane, which has a
6% HMSSH content, has a water uptake of 59%, methanol permeability of 0.75 × 10−6 cm2 s−1, and proton
conductivity of 0.08 S cm−1. A membrane-electrode assembly is used to investigate single-cell perfor-
mance and durability test for DMFC applications. Both the power density and open circuit voltage are
higher than those of Nafion® 117. A maximum power density of 32 mW cm−2 at 0.2 V is obtained at 80 ◦C,

of Na
which is higher than that

. Introduction

The direct methanol fuel cell (DMFC) is an attractive candidate
or a mobile energy source because of its advantageous properties
uch as its highly efficient energy conversion, low operating tem-
erature, simple design and no requirement of a fuel reforming
rocess [1,2]. The proton exchange membrane (PEM) is one of the
ost important components in a DMFC.
Currently, perfluorinated polymers such as Nafion® are the most

ommon commercially available PEM materials for DMFCs due
o high levels of electrochemical stability, mechanical strength
nd proton conductivity. However, the high cost, high methanol
rossover, and difficulty in synthesising and processing have lim-
ted the extent of their applications [3]. In particular, the high

ethanol crossover not only wastes fuel but also causes the loss
f cell performance due to it being oxidised without any contribu-
ion to power generation and to forming CO as an intermediate,
hich poisons the cathode [4,5]. Hence, the primary criterion for
hoosing a PEM is not only high proton conductivity but also low
ermeability to methanol.

In recent years, several efforts have been made to replace
he Nafion® membranes. Among the PEMs being developed,

∗ Corresponding author. Tel.: +886 6 2757575x62681; fax: +886 6 2344496.
E-mail address: nickel@mail.ncku.edu.tw (C.-K. Lin).
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fion® 117 (25 mW cm−2).
© 2010 Elsevier B.V. All rights reserved.

hydrocarbon-based aromatic polymers have been suggested as
new PEM materials such as sulphonated poly(ether sulphone)
(SPES) [6], sulphonated poly (ether ether ketone) (SPEEK) [7],
sulphonated polybenzimidazole (SPBI) [8], and sulphonated poly-
imide (SPI) [9]. These membranes are prepared either by
post-sulphonation or by direct copolymerisation, with at least one
of the polymers containing a sulphonic acid group. They require a
certain sulphonation level to achieve sufficient proton conductivity.
Unfortunately, such a high loading of acidic groups leads to exces-
sive swelling and methanol crossover, which permeates through
the ionic channels and clusters of membranes [10,11]. The size of
these channels and clusters increases as swelling of the membrane
increases. The ease of swelling of the membrane rapidly causes per-
meation of methanol. Therefore, it becomes necessary to suppress
the swelling of the membrane to retain low methanol permeabil-
ity. In general, suppressing the swelling of the membrane leads to
a reduction of proton conductivity.

Crosslinking is a feasible and effective method to suppress water
swelling and methanol diffusion of highly sulphonated polymers
[12]. To date, many crosslinking methods have been devel-
oped, such as ionic crosslinking [13,14] and covalent crosslinking
[15–18]. Kerres et al. [19,20] reported various ionic crosslinked

membranes by blending SPEEK or SPES with basic polymers.
Mikhailenko et al. [21,22] investigated a covalent crosslinking that
involved elimination of the sulphonic acid groups of SPEEK. Gen-
erally, photo crosslinking is one of the most effective methods to
obtain three-dimensional polymer networks [23,24]. Zhong et al.

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:nickel@mail.ncku.edu.tw
dx.doi.org/10.1016/j.jpowsour.2010.01.057
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Scheme 1. The reaction for

25,26] and Heo et al. [27] studied photo crosslinkable propenyl
roup of SPEEK and stilbene group of SPES. They found that the
hoto crosslinking process did not change the ion-exchange capac-

ty of the membrane and that the sulphonic acid groups were stable
uring the UV irradiation.

SPES has been extensively studied and tested for DMFC appli-
ations [28,29] and has been shown to possess many positive
ttributes such as good mechanical properties, processing capac-
ty, proton conductivity as high as 10−2 S cm−1 and lower methanol
ermeability. In this paper, a crosslinked blend membrane was
omposed of uncrosslinkable SPES and crosslinkable SPES, which
as prepared via the direct polymerisation method suggested by
cGrath and co-workers [28,29], to introduce an interesting stil-

ene core as a crosslinkable group on polymer main chain and then
rosslinked by UV irradiation. This novel crosslinking method can
void the consumption of sulphonic acid groups by UV irradiation
nd the decrease of sulphonic acid concentration by introduction
f a crosslinkable sulphonated polymer, benefit the compatibility
ith blending crosslinkable SPES into uncrosslinkable SPES matrix
ue to the similar structure of these two fully aromatic copoly-
ers, and hence form a more compact network structure, which

ffectively suppresses the swelling and methanol permeability.

. Experimental

.1. Materials

Fuming sulphuric acid (30% SO3) and concentrated sul-
honic acid (95–98%) were obtained from Aldrich Chemical
orp. Chloroacetone was purchased from Janssen Chimica Corp.
henol and sodium hydroxide were obtained from Shimakyo’s
ure Chemicals Corp. 4,4′-Dichlorodiphenylsulphone (DCDPS), N-
ethylpyrrolidone (NMP), dimethylacetamide (DMAc), toluene

nd bisphenol A (BPA) were purchased from Acros Corp. Methanol

nd isopropyl alcohol (IPA) were obtained from Mallinckrodt Co.
afion® 117 and Nafion® solution (5%, sulphonic acid form) were
urchased from E. I. DuPont de Nemours & Co. Nafion® 117 was
reated to completely remove all impurities by boiling in 3% H2O2,
.5 M H2SO4 and then in deionised water.

Scheme 2. The synthesis of BPASH and HMSSH was prepar
esis of the HMS monomer.

2.2. Monomer synthesis

2.2.1. 4,4′-Dihydroxy-˛-methylstilbene (HMS)
HMS was synthesised by the procedure outlined by Zaheer et

al. and in our previous research [30–33]. Chloroacetone and phe-
nol were poured into a four-necked Pyrex reactor with stirring at
−10 ◦C. Concentrated sulphonic acid was then added dropwise to
the solution (Scheme 1). mp 183–184 ◦C, yield: 21%.

1H NMR (DMSO-d6): ı = 2.1 (S, 3H, –CH3), 6.6 (S, 1H, –C CH–),
6.7 (d, 4 aromatic protons, o to –OH), 7.1 (d, 2 aromatic protons, o
to –CH3), 7.3 (d, 2 aromatic protons, o to CH), 9.4 (s, 2H,–OH).

2.2.2. Sulphonated dichlorodiphenolsulphone (SDCDPS)
The synthesis of SDCDPS was performed according to the pro-

cedure reported by McGrath and co-workers [28,29], yield: 82%.
1H NMR (DMSO-d6): ı = 7.6 (d, 2 aromatic protons, m to –SO2),

7.8 (dd, 2 aromatic protons, o to –SO2), 8.3 (d, 2 aromatic protons,
o to –SO3Na).

2.3. Polymer synthesis (HMSSH and BPASH)

SPESs were synthesised via an aromatic nucleophilic substi-
tution reaction in NMP with toluene as an azeotroping agent
(Scheme 2). The degree of sulphonation is the number of disul-
phonic acid groups per repeating unit. In the reaction, the degree
of sulphonation of BPASH and HMSSH was 40 mol%. The polymeri-
sation was carried out in a 150-mL three-necked flask equipped
with a mechanical stirrer, nitrogen inlet, and a Dean–Stark trap as
a reflux condenser. HMS (or BPA), SDCDPS, and DCDPS monomers
were added, as well as an excess of anhydrous potassium carbon-
ate. NMP and toluene were then charged into the flask. The reaction
mixture was refluxed at 150 ◦C for 4 h to dehydrate until water was
removed from the reaction. The temperature was slowly raised to
190 ◦C for 19 h. The reaction was then cooled to room temperature.

The polymer solution was diluted with DMAc, filtered to remove the
sodium salt, and precipitated into water. The resulting polymer was
isolated, washed repeatedly with deionised water to completely
remove the residual sodium, and dried in a vacuum oven at 120 ◦C
for 24 h.

ed via an aromatic nucleophilic substitution reaction.
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.4. Membrane preparation

The crosslinked BPASH/HMSSH blend membrane was prepared
y a solution casting method [25–27]. First, the BPASH and HMSSH
ere dissolved in DMAc to obtain a 15 wt.% solution. The weight

atios of the blend varied from 3% to 9% crosslinkable HMSSH. Next,
enzophenone and triethylamine as the photo-initiator system
ere added to the solution. The resulting mixture was continuously

tirred until a transparent solution was obtained. The mixture was
hen cast onto a glass dish and dried under vacuum at 80 ◦C. To
btain the crosslinked blend membrane, the dried membrane was
rradiated for 20 min with a 600-W UV light. The crosslinked blend

embrane in sodium form was treated with 0.5 M H2SO4 at boiling
emperature for 2 h to give the acid form (method 2) [34]; after-
ards, the membrane was washed with deionised water to remove

xcess acid and was stored in deionised water. It can be observed
hat all membranes used here to prepare the crosslinked blend

embranes have almost similar sulphonic acid contents and no sul-
honic acid group loss in the crosslinking reaction. The crosslinked
lend membrane thus prepared was designated as BPASH/HMSSH-
, where X is the HMSSH content in the membrane.

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

The BPASH and HMSSH were obtained from DMSO-d6 solution
10 wt.%) at room temperature. The 1H NMR spectra were obtained
ith a Varian Unity 600 spectrometer and a Bruker AMX 600 MHz

pectrometer.

.6. Fourier transform infrared spectroscopy (FT-IR)

An FT-IR spectrometer with an attenuated total reflection (ATR)
ttachment was used to confirm the presence of functional groups
n the membranes. Spectra were obtained with a Bio-Rad FTS-
0A spectrometer in the wavelength range of 700–4000 cm−1. Each
pectrum is the average of 48 scans with a resolution of 4 cm−1.

.7. Thermogravimetric analysis (TGA)

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

.8. Differential scanning calorimetry (DSC)

A DuPont DSC 2910 differential scanning calorimeter was used
or the analysis of the thermal transition behaviour of the mem-
ranes from 30 ◦C to 250 ◦C at a heating rate of 10 ◦C min−1 under
nitrogen atmosphere.

.9. Water uptake by membranes

Membranes were dried to constant weight under vacuum at
20 ◦C. The water uptake was measured by immersing the mem-
ranes in deionised water and heating from 30 ◦C to 80 ◦C. The
eight of equilibrium water uptake was determined as:
ater uptake = Wwet − Wdry

Wdry
× 100% (1)

here Wwet and Wdry are the weights of the wet and dry membrane,
espectively.
urces 195 (2010) 4072–4079

2.10. Methanol permeability

The methanol permeability of the membranes was determined
using a diaphragm diffusion cell. The membranes were equilibrated
in deionised water overnight with stirring. The initial concentration
of methanol on one side of the cell (compartment A) was 2 M, while
the other side of the cell (compartment B) contained deionised
water. The increase in the concentration of methanol with time was
determined by gas chromatography. The methanol permeability
was calculated from the slope of a least-squares linear fit:

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.

2.11. Proton conductivity measurement

The proton conductivity cell was immersed in water at a con-
stant temperature from 30 ◦C to 80 ◦C. The conductivity of the
membranes in the in-plane direction was determined with an elec-
trochemical cell. A stainless steel blocking electrode was used for
the measurement. AC impedance analysis was done with Auto-
lab PGSTAT 30 equipment (Eco Chemie B. V., Netherlands). The
frequency response analysis (FRA) software used an oscillation
potential of 10 mV from 100 kHz to 10 Hz. The proton conductivity
of membranes was determined as follows:

� = l

RA
(3)

where � is the proton conductivity, l is the distance between the
electrodes, R is the membrane resistance obtained by impedance
analysis, and A is the membrane area.

2.12. Single-cell performance

Nafion® 117 and the crosslinked blend membranes were used
as proton exchange membranes in a fuel cell, and the catalysts for
the anode and the cathode were applied to carbon paper by spread-
ing. The anode and cathode consisted of commercial 20 wt% Pt/Ru
(1:1) in Vulcan carbon (E-TEK) with Pt loadings of 1.2 mg cm−2

and 0.6 mg cm−2, respectively. The membrane-electrode assem-
blies (MEAs) were fabricated by uniaxially hot-pressing the anode
and cathode onto the membrane at 135 ◦C for 90 s. Methanol (2 M)
was supplied to the anode with a micro-pump at 2 mL min−1, while
the cathode was supplied with dry O2 at a rate of 100 mL min−1.
Single-cell performance was evaluated using a DMFC unit with a
cross-section area of 4 cm2.

3. Results and discussion

3.1. Copolymer characteristics

The 1H NMR spectra were used to identify the molecular struc-
ture and to confirm the compositions of the synthesised HMSSH
and BPASH [29,35]. Fig. 1(a) and (b) shows the 1H NMR spectrum
of HMSSH and BPASH dissolved in DMSO-d6. By integration and
rationing of known reference protons in the polymer, the rela-
tive compositions of the sulphonated polymers can be determined.

As shown in Fig. 1(a), the two protons ortho to the sulphone and
adjacent to the sulphonate group (proton ‘k’, ∼8.30 ppm) on the
sulphonated dihalide monomer were well separated from aro-
matic protons of the HMS monomer (proton ‘b, b′’, ∼7.63 and
7.45 ppm) on the non-sulphonated segment. These indicate that the
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Fig. 1. The 1H NMR spectr

ulphonate groups were successfully introduced into the copoly-
ers via a nucleophilic step polymerisation without any side

eactions. In this study, by integration and ratio measurement of
hese peaks, the degree of sulphonation of HMSSH and BPASH was
.40. HMSSH can act a crosslinker and provide sufficient sulphonate
roups in crosslinked blend membranes.

The FT-IR ATR technique was used to analyse the functional
roups in the polymer structure. Fig. 2(a)–(f) shows the FT-IR
TR spectra of uncrosslinked and crosslinked BPASH/HMSSH blend
embranes. The strong characteristic peaks at 1030 cm−1 and
098 cm−1 were assigned to symmetric and asymmetric stretch-
ng of sulphonate groups, respectively, which were observed for
PASH and HMSSH loaded with sulphonate groups [36,37]. The
bsorption of the Ar–O–Ar linkage in the polymer backbone appears
t 1008 cm−1. The intensity of the absorption peak at 1626 cm−1
a) HMSSH and (b) BPASH.

assigned to trans C C double bonds of crosslinkable HMSSH
obviously decreased by UV irradiation, which indicates the occur-
rence of crosslinking. Moreover, the crosslinked blend membranes
became insoluble in DMAc, DMF, DMSO and NMP solvents after full
thermal treatment, which also indicates the formation of crosslink-
age among the HMSSH polymer chains.

3.2. Thermal characteristics

The thermal stability of membranes was investigated by TGA.

Fig. 3 shows the 5% (w/w) loss temperature (Td5) of native BPASH
and crosslinked BPASH/HMSSH blend membranes with various
contents of HMSSH. The native BPASH and HMSSH are well known
to be thermally stable polymers and show Td5 of 300 ◦C and 318 ◦C.
For all of the membranes, two major weight loss stages were
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ig. 2. The FT-IR ATR spectra of uncrosslinked (a) BPASH/HMSSH-3%, (b)
PASH/HMSSH-6%, (c) BPASH/HMSSH-9%, and crosslinked (d) BPASH/HMSSH-3%,
e) BPASH/HMSSH-6%, (f) BPASH/HMSSH-9%.

bserved [25]. The first weight loss was assigned to the loss of
ulphonic acid groups by evolution of SO and SO2. The second
egradation step contributed to the decomposition of the polymer
ain chain. As shown in Fig. 3, with the increase of crosslinkable
MSSH content from 3 wt% to 9 wt%, Td5 values was all found to
e at around 300 ◦C. The effect of crosslinking on the thermal sta-
ility was not pronounced. In crosslinked blend membranes, two
ajor factors may compete with each other to affect the ther-
al stability. First, the crosslinking at the stilbene group destroys

he liquid crystal core of HMS segment on the main chain; con-
equently, the thermal stability decreases. In contrast, when the
olymer chains are crosslinked, the BPASH cohesion and polymer
etwork increased, which resulted in enhancement of thermal sta-
ility. The former factor may be dominant in this study. However,

he thermal stability of crosslinked blend membranes is sufficient
o serve as the PEM in DMFC applications.

Differential scanning calorimetry analysis was used to charac-
erise the thermal transition for the native BPASH and crosslinked

ig. 3. The thermogravimetric curves of native BPASH and crosslinked
PASH/HMSSH blend membranes.
Fig. 4. The transition temperature of (a) native BPASH, (b) BPASH/HMSSH-3%, (c)
BPASH/HMSSH-6% and (d) BPASH/HMSSH-9%.

BPASH/HMSSH blend membranes. Fig. 4 shows the glass transi-
tion temperatures of the membranes. It clearly shows that only one
glass transition temperature (Tg) is present. These DSC data show
the Tg to be at around 210 ◦C. In general, the Tg of the crosslinked
membrane is higher than that of the uncrosslinked membrane.
The increase of Tg is contributed to the increase of polymer cohe-
sion and the formation of crosslinking network structure. In this
study, HMSSH has a stilbene core as a crosslinkable group which
is also a mesogen group of liquid crystal (LC) of HMS segment on
the polymer main chain. The LC molecules are oriented in differ-
ent directions. Within a domain, however, the molecules are well
ordered. The crosslinking at the stilbene group destroys the order-
ing; consequently, the Tg show the similar transition at around
210 ◦C.

3.3. Water uptake

It is well known that the proton conductivity and methanol per-
meability of the membrane are strongly related to the presence of
water. An adequate level of water uptake is needed to maintain
good proton conductivity; however, excessive water uptake will
result in mechanical frailty, low dimensional stability, and high
methanol permeability of membranes, all of which will lead to
poor performance, especially in DMFC applications. Fig. 5 shows
the water uptake of native BPASH and crosslinked BPASH/HMSSH
blend membranes with various contents of HMSSH as a function of
temperature. Compared with the native BPASH membrane, water
uptake of the crosslinked blend membranes can be adjusted over a
broad range. The BPASH absorbed 73% water at 30 ◦C, whereas the
water uptake of the BPASH/HMSSH-3% membrane was only 63%.
This result clearly indicates that the presence of stilbene bands in
the blend membranes led to crosslinking, which eventually hin-
dered their mobility and the absorption of water in the membrane.
As the crosslinkable HMSSH content increased, the water uptake
of the membrane further decreased, down to 59% and 52% for
BPASH/HMSSH-6% and BPASH/HMSSH-9%, respectively. Obviously,

crosslinking is a useful method for constraining the water uptake
because it increases the compactness of molecules and restricts
the mobility of polymer chains. The crosslinked blend membranes
had denser structures and smaller free volumes than did the native
BPASH membrane, which resulted in fewer and smaller transfer
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ig. 5. The water uptake of native BPASH and crosslinked BPASH/HMSSH blend
embranes.

hannels and ionic clusters [25,26]. Furthermore, elevating tem-
erature can increase the mobility of polymer chains and the free
olume for water adsorption, which leads to an increase in water
bsorbency of membranes. It was obvious that as the amount of
rosslinker increased, the water uptake became less dependent on
emperature from 133% to 78%, 74%, and 65% for 3%, 6%, and 9%
f crosslinker. This indicates that crosslinking could suppress the
roblem of excessive water sorption of native BPASH membrane at
levated temperatures.

.4. Methanol permeability

The methanol permeability of the membrane is an important
roperty for DMFCs. A membrane with low methanol perme-
bility is required because methanol diffusing from the anode
o the cathode causes a drastic reduction of cell performance
nd fuel efficiency. Methanol diffusion across the membranes is
ainly related to the water uptake and the microstructure of

he membranes because methanol passes through the transfer
hannels and ionic clusters. It is obvious that crosslinking effec-
ively suppressed the methanol permeability, which decreased
ith increasing crosslinker amounts for crosslinked blend mem-

ranes. Changes in methanol permeability and water uptake of
he crosslinked blend membranes were similar: with increas-
ng amounts of crosslinker, the methanol permeability of the

embranes drastically decreased. The methanol permeability of
he native BPASH membrane was 1.64 × 10−6 cm2 s−1 at 30 ◦C,
hereas those of the crosslinked BPASH/HMSSH blend mem-

ranes with 3%, 6%, and 9% crosslinker were 1.02 × 10−6 cm2 s−1,
.75 × 10−6 cm2 s−1, and 0.54 × 10−6 cm2 s−1, respectively, which
ffectively suppressed membrane water absorption and inhib-
ted the methanol passage and hence resulted in the reduction of

ethanol permeability. For comparison, the methanol permeabili-
ies of all of the crosslinked blend membranes were lower than that
f Nafion® 117 (2.38 × 10−6 cm2 s−1).
.5. Proton conductivity

The performance of a DMFC is mainly determined by proton
onductivity and methanol permeability. In general, there are sev-
ral factors, such as the proton concentration, polymer structure,
Fig. 6. The proton conductivity for native BPASH and crosslinked BPASH/HMSSH
blend membranes.

morphology, proton mobility, and water content, that affect the
level of proton conductivity. Fig. 6 shows the proton conductivities
of native BPASH and crosslinked BPASH/HMSSH blend membranes
as functions of temperature. The proton conductivity was slightly
reduced. BPASH showed a proton conductivity of 0.087 S cm−1,
whereas the crosslinked blend membranes exhibited proton con-
ductivities of 0.085 S cm−1, 0.080 S cm−1, and 0.076 S cm−1 with an
increase of crosslinker from 3% to 9% at 30 ◦C.

Although this led to a slight reduction in proton conductiv-
ity, the proton conductivity of the crosslinked blend membranes
was maintained at the level of 10−2 S cm−1, which is compara-
ble to that of Nafion® 117 (0.098 S cm−1). The decrease in proton
conductivity could have resulted from the crosslinkage restrict-
ing morphological structure and decreasing the free volume in
the membrane, which may have resulted in fewer and smaller
hydrophilic channels and ionic clusters for water uptake, hinder-
ing the transfer of hydrated protons in the water phase. In addition,
it can be observed that temperature played an important role on
the proton conductivity and that all membranes exhibited posi-
tive temperature-conductivity dependency. When the temperature
of the fully hydrated environment increased to 80 ◦C, the proton
conductivity of all membranes significantly increased with similar
trends. The proton conductivity of crosslinked blend membranes
gradually increased to 0.131 S cm−1, 0.127 S cm−1, and 0.118 S cm−1

for 3%, 6%, and 9%, respectively. This is due to the elevation of
temperature increasing the mobility of water and polymer chains,
which consequently enhanced the transport of hydrated protons. In
addition, the increase of temperature led to increased water uptake.
More water as the proton transport medium might allow protons
to move more easily through the hydrophilic channels and ionic
clusters, hence contributing to the improvement of proton con-
ductivity. The crosslinking extent here was controlled by adjusting
the crosslinker content. Therefore, it is possible to achieve a rel-
ative balance of methanol diffusion and proton conductivity by
controlling the crosslinker content.

3.6. Single-cell performance
Nafion® 117, BPASH and crosslinked BAPSH/HMSSH blend
membranes were used in DMFC. Fig. 7 shows the performance
of BAPSH/HMSSH-6% with polarisation as a function of tempera-
ture. The increase in temperature from 30 ◦C to 80 ◦C significantly
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ig. 7. The performance curves of BPASH/HMSSH-6% at (a) (�) 30 ◦C, (�) 60 ◦C, (�)
0 ◦C and (�) 80 ◦C.

mproved the cell performance, and the maximum power density
t 0.2 V of BAPSH/HMSSH-6% was 6–32 mW cm−2. Fig. 8 shows the
erformance with polarisation (a) and power density (b) as func-
ions of current density with various contents of crosslinker. All of
he characteristic curves displayed similar polarisation behaviour.
n the region of low current density, activation control caused a
arge drop of potential, which was further decreased by the intrinsic
hmic resistance at intermediate current density. Single cells with
ny of the crosslinked blend membranes had a higher open circuit
oltage (OCV 0.65–0.68 V) than did Nafion® 117 (OCV 0.59 V). The
igher OCV clearly indicates that the introduction of crosslinker
ignificantly decreased the rate of methanol crossover in the DMFC
pplications due to the relatively low methanol permeability.
lthough the conductivity of the crosslinked blend membranes
as lower than that of Nafion®, the DMFC performance can be

mproved by a reduction in methanol crossover. As the HMSSH

ontent of crosslinked blend membrane was increased to 9%, the
hmic resistance increased, and the performance decreased. The
rosslinked blend membrane with a content of 6% crosslinker had
he highest power density (32 mW cm−2), which was better than
hat of the other crosslinked blend membranes and of Nafion®

ig. 8. The performance curves of (�) Nafion® 117, (�) BPASH, (�) BPASH/HMSSH-
%, (�) BPASH/HMSSH-6% and (�) BPASH/HMSSH-9% at 80 ◦C.
Fig. 9. The single-cell durability test of BPASH/HMSSH-6% membrane.

117 (25 mW cm−2). However, the low loading voltage at around
0.5 V, may be come from the electrode structure. To optimize the
electrode structure further, there are many parameters, like the
composition of the catalyst itself (Pt or Pt/Ru or other alloys),
catalyst loading (high or low), ionomer content in the catalyst
layer (high or low), porosity of the electrode (typical membrane-
electrode assemblies or catalyst coating on membrane), etc. Fig. 9
shows the durability test for BPASH/HMSSH-6% as functions of time
to characterise the stability of the used membrane. The current
density at a voltage of 0.4 V and the OCV of the crosslinked blend
membrane were recorded with 1.5 M methanol concentration over
390 h at 60 ◦C. No obvious decrease in current density and OCV were
at the time scale of experiment. It is suggested that the crosslinked
blend membrane had good stability and resisted the OCV decay rate
under fuel cell conditions.

4. Conclusion

Crosslinked blend membranes are obtained by blending the
crosslinkable HMSSH with BPASH by UV irradiation of the blend
membrane, which can avoid the consumption and dilution of sul-
phonic acid groups and benefit the compatibility with blending
HMSSH into BPASH matrix. The studies showed that compared
with the pristine BPASH, the incorporation of crosslinker in BPASH
decreased the methanol permeability of the membrane, signifi-
cantly suppressed methanol crossover, decreased the water uptake,
and retained reasonable thermal properties. Although the conduc-
tivity was decreased, the methanol crossover of the crosslinked
blend membranes could be decreased as a result of reduced
hydrophilic channels and ionic clusters for water uptake. The
experimental results revealed that the crosslinked blend mem-
branes with 6% HMSSH content exhibited the higher OCV and
superior single-cell performance compared with that of the other
crosslinked blend membranes and of Nafion® 117. The promising
observed single-cell performance and durability test suggest that
crosslinked blend membranes warrant serious consideration for
use in future DMFC applications.
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