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a b s t r a c t

A series of covalently crosslinkable organic–inorganic hybrid membranes have been prepared from sul-
fonated poly(arylene ether sulfone) (SPAES) with pendant propenyl moiety and various amounts of vinyl
substituted silica via sol–gel process which are then thermally crosslinked in the presence of benzoyl per-
oxide (BPO) initiator. The obtained membranes are characterized in terms of oxidative stability, thermal
property, ion exchange capacity (IEC), water uptake, swelling ratio in methanol aqueous solution, pro-
ton conductivity, and methanol permeability coefficient. The results indicate that the oxidative stability
and thermal stability of the hybrid membranes are improved. Moreover, introduction of silica reduces
the water uptake and methanol swelling of membranes. The swelling ratio of membranes in 2 mol L−1
roton conductive membrane
ovalently crosslinked
ulfonated poly(arylene ether sulfone)
ybrid

methanol aqueous solution at 80 ◦C slowly decreases from 26 to 19% with the increase of SiO2 content
from 0 to 12 wt.%. Furthermore, with the increase in silica content, the methanol permeability coefficient
of the hybrid membranes decreases at first and then increases. When the silica content reaches 8 wt.%,
the methanol permeability coefficient is at the minimum of 6.02 × 10−7 cm2 s−1, a 2.64-fold decrease
compared with that of the pristine SPAES membrane. Moreover, the proton conductivity is found to be

istine
at about 95% of that of pr

. Introduction

Direct methanol fuel cells (DMFCs) are attractive as promis-
ng power source for portable applications due to their several
dvantages: no fuel processing unit, low temperature and pres-
ure operation, high energy efficiency and low emission, compact
ell design, etc. [1–3]. Proton exchange membrane (PEM) is one
f the key components of a DMFC, which serves as an electrolyte
or transporting protons from anode to cathode without allow-
ng fuel crossover. Currently, the widely used proton exchange

embranes are perfluorosulfonic acid membranes, such as Nafion
anufactured by DuPont. However, Nafion has some shortcom-

ngs which limit its utility and performance, such as the high
ost, low working temperature and high methanol permeabil-
ty [4–8]. Therefore, one of the challenges in DMFC research is
he development of novel PEM by increasing proton conductivity

nd reducing methanol permeability to improve the cell perfor-
ance [9]. Recently, several non-fluorinated membranes such as

ulfonated poly(arylene ether), sulfonated polyimide (SPI) and
cid-doped polybenzimidazole (PBI), etc. have been investigated as

∗ Corresponding author. Tel.: +86 10 6278 4827; fax: +86 10 6278 4827.
E-mail addresses: ymshang@mail.tsinghua.edu.cn (Y. Shang),

iexf@mail.tsinghua.edu.cn (X. Xie).

378-7753/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2009.11.034
polymer at that silica content.
© 2009 Elsevier B.V. All rights reserved.

potentially PEM materials [10–12]. Among the numerous alterna-
tive polymers, sulfonated poly(arylene ether)s such as sulfonated
poly(arylene ether ketone)s, sulfonated poly(arylene ether sul-
fone)s [13–15] are good candidates due to their superior acidic
and high glass transition temperatures and excellent mechanical
strengths. Compared with perfluorinated sulfonic acid membranes,
sulfonated poly(arylene ether) is reported to possess a smaller
characteristic separation length and wider distribution of the
proton-conducting channels with more dead-end channels and a
larger internal interface between the hydrophobic and hydrophilic
domains, which will affect the permeability of methanol [16]. Gen-
erally, these sulfonated hydrocarbon polymer membranes require
a high sulfonation level to achieve sufficient proton conductiv-
ity. Unfortunately, such a high sulfonation level usually makes
them excessively swell and even soluble in methanol/water solu-
tion, leading to a deterioration in mechanical properties and
high methanol permeation [17]. Therefore, much effort has been
expended in modification the membranes to improve their dimen-
sional stability and reduce the methanol crossover at sufficient
sulfonation level [18–21].
Crosslinking could be a reasonable method for improving the
dimensional stability and avoiding the irreversible swelling of
membranes [21,22], Zhong et al. [20] synthesized crosslinkable sul-
fonated poly(ether ether ketone)s containing unsaturated propenyl
group which could be crosslinked using usual thermal activated

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:ymshang@mail.tsinghua.edu.cn
mailto:xiexf@mail.tsinghua.edu.cn
dx.doi.org/10.1016/j.jpowsour.2009.11.034
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adical crosslinking agent. The crosslinked membranes exhibit
xcellent dimensional stability and little loss in proton conductiv-
ty.

Furthermore, organic–inorganic hybrid membranes have
ttracted much attention as PEM for fuel cells because such
ybrids may provide controllable chemical and physical properties
y combining the effects of organic polymers and inorganic com-
ounds [23–25]. The organic component may provide mechanical
trength and proton conductivity, whereas the inorganic phase
an reduce methanol crossover and improve both thermal and
hemical stabilities [26]. Several studies have showed that the
resence of inorganic particles in the organic polymer matrix
an reduce the methanol permeability of the hybrids due to the
ispersed particles acting as methanol barriers [9,27,28]. Chuang
t al. [27] prepared polybenzimidazole (PBI)/silica nanocomposite
embranes via sol–gel process from PBI copolymer with a silica

recursor, tetraethoxysilane (TEOS), and a bonding agent. The
ntroduction of the bonding agent resulted in the reinforced inter-
acial interaction between PBI chains and silica nanoparticles. The

ethanol permeability of the PBI/10 wt.% silica nanocomposite
embrane decreased 58% with respect to the pure PBI membrane.
The objective of this study was to prepare organic–inorganic

ybrid membranes in combination with crosslinked structure with
lot of merits mentioned above and to determine the effects of

he integrated microstructure on PEM performances. The silica
articles within the membranes were used to blocking excessive
ethanol crossover and crosslinking networks were responsible

o improve their dimensional stability. Sulfonated poly(arylene
ther sulfone) (SPAES) with pendant propenyl moiety and silica
ybrid PEM were prepared by sol–gel method using tetraethoxysi-

ane (TEOS) and triethoxyvinylsilane (TEOVS) as an inorganic
recursor under acidic condition. Firstly, SPAES was synthesized
rom 4,4′-biphenol (BP), 3,3′-diallyl-4,4′-dihydroxybiphenyl (ABP),
,4′-dichlorodiphenylsulfone (DCDPS) and 3,3′-disulfonated-4,4′-
ichlorodiphenyl sulfone (SDCDPS), as shown in Scheme 1. The
ynthesized SPAES was mixed with sol of TEOS and TEOVS to form
he vinyl substituted silica/SPAES composites which were further
ubjected to thermally treatment in the presence of benzoyl per-
xide (BPO) to initiate the double bond reaction for the formation

f covalently crosslinked networks. The crosslinkage conjoined not
nly polymer chains with polymer chains, but also polymer chains
ith silica moieties. The covalent bonding between polymer chains

nd silicas reinforced the interfacial interaction between organic
nd inorganic phases. The molecular structure and morphology of

Scheme 1. Synthesis of SPAES p
rces 195 (2010) 2541–2548

the prepared SPAES/silica hybrid membranes were characterized
by FT-IR and scanning electron microscopy (SEM), respectively. The
water uptake, swelling ratio, proton conductivity and methanol
permeability of the prepared hybrid membranes were studied and
correlated with the molecular structure.

2. Experimental

2.1. Materials

4,4′-Dichlorodiphenylsulfone (DCDPS) and 4,4′-biphenol (BP)
were purchased from Weisi Chemical Company and dried
under vacuum at 60 ◦C for 24 h prior to use. 3,3′-Diallyl-4, 4′-
dihydroxybiphenyl (ABP) was prepared as outlined elsewhere
[29], and dried under vacuum at 50 ◦C for 24 h before use. The
3,3′-disulfonated 4,4′-dichlorodiphenyl sulfone (SDCDPS) was syn-
thesized as outlined in Ref. [30], and dried under vacuum at 160 ◦C
for 24 h before use. Potassium carbonate (purchased from Bei-
jing Chemical Reagent Co.) was dried under vacuum at 140 ◦C for
24 h before use. Benzoyl peroxide (BPO) (AR) was provided by
Beijing Chemical Reagent Co. and was recrystallized twice from
the mixture of CHCl3/CH3OH. N,N′-dimethylacetamide (DMAc), N-
methyl-2-pyrrolidinone (NMP), triethoxyvinylsilane (TEOVS, 97%)
and tetraethoxysilane (TEOS, 99%) were purchased from Beijing
Chemical Reagent Co. and used without further purification. Other
chemicals and solvents were obtained from commercial sources
and used as received.

2.2. Synthesis of SPAES with pendant propenyl moiety

The synthetic procedure to prepare disulfonated copolymers
with 40 mol.% disulfonation and 10 mol.% ABP unit is shown in
Scheme 1. Firstly, 1.6759 g (9 mmol) BP, 0.2664 g (1 mmol) ABP,
1.7230 g (6 mmol) DCDPS, and 1.9650 g (4 mmol) SDCDPS were
added to a three-necked flask equipped with a mechanical stir-
rer, nitrogen inlet, Dean Stark trap and a condenser. Next, 1.5894 g
(11.5 mmol) potassium carbonate and 28 ml NMP were introduced.
Toluene (14 ml) was used as an azeotropic agent. The reaction mix-
ture was heated under reflux at 155 ◦C for 4 h to dehydrate the

system. The mixture was further reacted for 24 h during which the
solution became very viscous after the temperature was increased
slowly to 175 ◦C by controlled removal of the toluene. The solution
obtained was then cooled to room temperature and diluted with
DMAc, followed by filtration to remove most of the salts and iso-

endant propenyl moiety.
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ated as swollen strings by the addition into stirred deionized water.
he precipitated polymer was washed several times with deionized
ater to fully remove salts and then dried at 120 ◦C for 24 h prior

o use. The copolymer synthesized was designated as ANa10 (salt
orm) or AH10 (acid form), where 10 represents the ABP content as
0 mol.%.

.3. Membrane preparation

Organic–inorganic hybrids using the ANa10 and sol–gel derived
ilica were prepared by dissolving ANa10 in DMAc followed by
he addition of a mixture of TEOS and TEOVS (TEOS/TEVOS = 5/1,

ol/mol) to the solution. The TEOS and TEOVS mixture was
repared by mixing H2O/(TEOS + TEVOS)/HCl in a mole ratio of
/1/0.1, which was stirred at room temperature for 1 h. Then, the
Na10/silica solutions were mixed together along with BPO for
ach composition, and the mixture was stirred for 6 h at 30 ◦C under
2 gas. The mixed solution was then poured onto a clean glass plate
nd dried at 40 ◦C for 48 h until most of solvent was removed. The
ried membranes were peeled off away from the glass plate, and
hen heated in an oven at 180 ◦C for 1.5 h to induce reaction. The
ybrid membranes were converted to the required acid form by

mmersion in 0.5 mol L−1 sulfuric acid solution at 100 ◦C for 2 h,
ollowed by treatment with boiling deionized water for 2 h. Thus
repared membranes with the thickness of about 60 �m were des-

gnated as AH10/SiO2-X, where X refers to weight percentage of
ilica relative to AH10 copolymer.

.4. Characterization

FT-IR spectra were obtained with a Shimadzu-FTIR-8400 Fourier
ransform infrared spectrophotometer.

Scanning electron microscopy (SEM) measurements were per-
ormed on a HITACHI S-5500 microscope with energy dispersive
-ray spectrometry (EDX). The membrane samples were fractured
y immersing in liquid nitrogen and coated with carbon under vac-
um. The cross-sectional morphology of membranes was observed
y SEM.

The oxidation stability of the membranes was evaluated by
mmersing the samples in a Fenton’s reagent (3% H2O2 contain-
ng 2 ppm FeSO4) at 80 ◦C. The stability was evaluated by recording
he time when membranes began to break into pieces.

Thermo-gravimetric analysis (TGA) was recorded on a
erkinElmer 7 series thermal analysis system at a heating
ate of 10 ◦C min−1 under N2 atmosphere. Before testing, all the
embranes were preheated to 150 ◦C and kept at this temperature

or 30 min to remove any residual moisture and solvent.
Ion exchange capacity (IEC) of the membranes was measured by

itration. Firstly, the membrane in acid form was immersed in 50 ml
mol L−1 NaCl solution for 24 h to replace the protons of sulfonic
cid groups with sodium ions, then the released protons in solution
ere titrated with 0.01 mol L−1 NaOH using phenolphthalein as the

ndicator.
The water uptake of the membranes was calculated by setting

he weight difference between the dry and wet membranes. The
ried membranes were weighed and then soaked in water. Then
hey were wiped with blotting paper and weighed on an analyti-
al balance until the weight became constant. The water uptake of
embranes was calculated by the following equation:
ater uptake = Wwet − Wdry

Wdry
× 100

here Wwet and Wdry were the weights of the wet and dry mem-
ranes, respectively.
rces 195 (2010) 2541–2548 2543

The swelling ratio of the membrane sample was determined
by immersing it into 2 mol L−1 methanol aqueous solution at 80 ◦C
for 24 h and measuring the change in length before and after the
swelling. The swelling ratio was calculated by:

swelling ratio = Lwet − Ldry

Ldry
× 100

where Lwet and Ldry were the lengths of the wet and dry membrane
samples, respectively.

The proton conductivity of membranes was measured using
ZAHNER IM6 by two-point probe electrochemical impedance spec-
troscopy technique over the frequency range from 100 Hz to 3 MHz
according to the method described elsewhere [13]. The membrane
resistance was taken at the frequency that produced the minimum
imaginary response. The conductivity of the membrane was calcu-
lated from the measured resistance, and sample dimensions with
the relation � = l/R·S, where �, l, R, and S are membrane conductivity,
distance between two electrodes, measured resistance of mem-
brane and cross-sectional area of the membrane perpendicular to
the flow, respectively.

Methanol permeability measurement was carried out using
a liquid diffusion cell composed of two compartments contain-
ing solutions A and B. The compartment A (VA = 150 ml) was
filled with 10 mol L−1 methanol solution. The other compartment
(VB = 150 ml) was filled with deionized water only. The membrane
under test was immersed in deionized water for hydration before
measurements and then vertically placed between the two com-
partments by a screw clamp. Both compartments were mildly
stirred during the permeation experiments. Amount of methanol
diffused from compartment A to B across the membrane was mea-
sured over time by a gas chromatograph (Shimadzu, GC-14B). The
methanol permeability, P was calculated by the following equation
[31]:

P = k · VB · L

A · CA

where k was the slope of the straight-line plot of methanol con-
centration in solution B versus permeation time; VB, L and A were
the volume of solution B, thickness and the effective area of the
membrane under test, respectively.

3. Results and discussion

3.1. Hybrid membrane preparation

Hybrid membranes were prepared using a functionalized sul-
fonated poly(arylene ether sulfone) and silane, according to the
idealized scheme shown in Scheme 2. The thermal treatment might
have resulted in the formation of crosslinking network structure
linking not only polymer chains but also polymer chains with sil-
ica moieties, which caused the alteration of solubility behavior of
the membranes. Pristine ANa10 membrane was readily soluble in
DMAc. However, hybrid membranes lost their solubility in DMAc.
Formation of a crosslinking structure in hybrid membrane should
enhance the membrane stability in solvents.

Fig. 1 shows the FT-IR spectra of the membranes. The mem-
branes exhibited typical absorption bands in spectra, including
strong characteristic peaks at 1030 and 1098 cm−1 assigned to sym-
metric and asymmetric stretching of the sulfonate acid groups.
Therefore, it is clear that the sulfonate acid groups were success-

fully introduced in the copolymers. Compared to the ANa10, new
broad bands appeared at 957 cm−1 (characteristic of the Si–OH
stretching), and at around 1200 cm−1 (characteristic of Si–O–Si
asymmetric stretching) in the hybrid membrane, arising from the
products of the sol–gel reaction. The broad absorption peak at
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Scheme 2. Preparation and structure o

Fig. 1. FT-IR spectra of membranes.
f crosslinked/hybrid membranes.

around 3400 cm−1 (O–H stretching) in the hybrid membrane indi-
cated that there were a significant number of –OH groups due to
non-condensed SiOH.

3.2. Morphology

ANa10/silica hybrid membranes containing 2–12 wt.% of sil-
ica were prepared. All hybrid membranes showed transparent
appearance (Fig. 2) indicating the formation of very small silica
nanoparticles from sol–gel process. Fig. 3 shows cross-sectional
SEM images of hybrid membranes of AH10/SiO2-6 (a) and
AH10/SiO2-12 (b). The presence of the silica particles was con-
firmed by EDX spectrum as shown in Fig. 4. It can be seen from
Fig. 3 that the particles were on the nanoscale and no silica aggre-
gation occurred in the hybrid membranes. The size of the silica

particles in hybrid membranes slightly increased with increasing
the content of silica. The average diameter of inorganic particles
in AH10/SiO2-6 membrane was no more than 30 nm. And the size
of the inorganic particles in AH10/SiO2-12 was smaller than 75 nm.
The figure presented a homogeneous distribution of the silica in the
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Fig. 4. EDX spectrum of AH10/SiO2-12.

ig. 2. Photographs of membranes: (a) AH10, (b) AH10/SiO2-2, (c) AH10/SiO2-6, (d)
H10/SiO2-8, (e) AH10/SiO2-10, and (f) AH10/SiO2-12.

bservation area indicated that the silica nanoparticles homoge-
eously distributed in the polymer matrix. Moreover, it was noted
hat the introduction of silica nanoparticles to the polymer matrix
id not introduce porosity, indicating a good contact between the
olymer matrix and the filler. We expect that the silica particles
mbedded in the membrane matrix act as a methanol barrier, and
onsequently methanol permeability will be reduced.

.3. Oxidative stability

During fuel cell operation, possible degradation of the poly-
er electrolyte is caused by HO• and HO2

• radicals formed from
xygen which diffusing through the membrane and undergoing
ncomplete reduction [32]. Thus, the oxidative stability is one of the
mportant factors evaluating the lifetime of PEMs under harsh fuel
ell conditions. The oxidative stability to peroxide radical attack
s investigated by measuring the elapsed times that a membrane
egan to break after immersion in Fenton’s reagent (3% H2O2 con-
aining 2 ppm FeSO4) at 80 ◦C, which is one of the standard tests
or oxidative stability. As shown in Fig. 5, all of the hybrid mem-
ranes showed much higher oxidative stability than the pristine
H10 membrane and the oxidative stability gradually increased
ith the increasing of silica content. AH10 membrane started to

reak after 4 h, whereas the AH10/SiO2-12 films endured for 5.5 h
efore it started to dissolve. This oxidation stability was, indeed,

ery high for a polymer electrolyte material based on a non-
uorinated hydrocarbon skeleton. The increase in the crosslinkable
ilica component content led to higher degree of crosslinking and
etter oxidative stability. The improved oxidative stability could
e attributed to the following two reasons. Firstly, crosslinkage

Fig. 3. Cross-sectional SEM image of membrane
Fig. 5. Oxidative stability of AH10 and hybrid membranes at 80 ◦C in Fenton’s
reagent.

increased the packing density of polymer chains which increase the
resistance of membranes opposite to radical attack. Secondly, like
the reinforcement effect of crosslinkage on mechanical strength of
polymer material, crosslinkage may be equal to the increase of poly-
mer molecular weight. As a polymer chain is attacked by a radical,

the broken molecular chain can be still attached on the polymer
network by crosslinking point which prolong the complete bro-
ken time of polymer bone under the radical attack. Nevertheless,
it is also noted that compared with Nafion, the oxidative stability

s: (a) AH10/SiO2-6 and (b) AH10/SiO2-12.
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Fig. 6. TGA curves of AH10 and hybrid membranes.

f these membranes is still relatively poor which should greatly
mproved by revolutionary work.

.4. Thermal property

The thermal stability of the AH10 and AH10/SiO2 hybrid mem-
ranes is investigated by TGA under N2 environment. Membrane
amples for TGA analysis were preheated to 150 ◦C at 10 ◦C min−1

nder nitrogen atmosphere and held isothermally for 30 min for
oisture removal. As shown in Fig. 6, a two-step degradation pro-

le was observed. The first weight loss region around 250–340 ◦C
as assigned to the desulfonation. In the second weight loss

egion, the polymer residues were further degraded at around
60–550 ◦C, which corresponds to the decomposition of the poly-
er main chain. These two weight loss temperatures shifted

oward high temperatures with increase of silica content. In the
ase of the hybrid membranes, the weight remaining after the
olymer decomposition depended on the content of the inorganic
omponent. That is, the weight residues of the hybrid membranes
ontaining silica at T = 700 ◦C were higher than that of unfilled AH10
embrane. These results indicated that crosslinked silica frame-
orks in the hybrid membrane enhanced the thermal stability of

he given hybrid materials.

.5. Ion exchange capacity (IEC)

The ion exchange capacity (IEC) of the membrane plays an
mportant role for water uptake and proton conductivity which
epends on the density of hydrophilic functional groups [33]. IEC
rovides an indication of the ion exchangeable groups present in a
embrane [34]. It can be seen in Table 1 that the IEC values of mem-

ranes decreased with the increasing of silica content, and were
−1
n the range of 1.39–1.59 m equiv. g . Because the same polymer

atrix was used here to prepare the hybrid membranes, the sul-
onic acid contents were same in all the hybrid membranes. The
eduction of IEC was mainly attributed to the dilution effect of the
ilica which was lack of the sulfonic acid group and the formation

able 1
on exchange capacity (IEC) of AH10 and hybrid membranes.

Sample AH10 AH10/SiO2-2 AH10/SiO2-

SiO2 content (wt.%) 0 2 6
IECa (m equiv. g−1) 1.59 1.54 1.48

a Measured IEC of the membranes by titration.
Fig. 7. Water uptake of AH10 and hybrid membranes at 80 ◦C.

of crosslinking network. The crosslinking structure and silica com-
ponent made the membrane rigid, decreased chain mobility and
the swelling of the polymer network was suppressed. Therefore,
the hybrid membranes had denser network structure than pristine
AH10, which might result in less and smaller hydrophilic chan-
nels for proton mobility and water absorption, and hence not being
available for the exchange of protons for Na+ in the titration, the
IEC values therefore decreased [20].

3.6. Water uptake and methanol swelling

In general, for ionomer membranes, the proton conductiv-
ity depends on the number of available acid groups and their
dissociation capability in water, which is accompanied by the gen-
eration of protons. Water molecules dissociate acid functionality
and facilitate proton transport, so the water uptake is an important
parameter in studying PEMs [35]. Fig. 7 shows the water uptake of
the AH10/silica hybrid membranes as a function of SiO2 content at
80 ◦C. It is noted that water uptake of the hybrid membranes exhib-
ited a decreasing tendency with an increase in SiO2 content and
leveled off for SiO2 contents above 8 wt.%. The water uptake of the
hybrid membrane with 8 wt.% SiO2 decreased to about 84% of that
of pristine AH10. It is known that crosslinking increased the inter-
action of the polymers and hindered chains mobility which resulted
in more compact membranes with a decrease in the free volume
capable of holding water molecules. An increase in the content of
crosslinkable silica moieties was associated with high crosslinking
density, and further restrictions on the mobility of polymer chains
resulting in a decrease in the water uptake. However, sol–gel pro-

◦
cess performed at relatively low temperatures (<300 C) might limit
the gel reaction conversions resulting in silica possessing high con-
tents of silanol groups. These retained silanol groups contribute
to the highly hygroscopic character of the formed silica [36,37].
Although the free volume that could associate with the water

6 AH10/SiO2-8 AH10/SiO2-10 AH10/SiO2-12

8 10 12
1.45 1.42 1.39
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temperature promoted the molecular movement of water and acti-
vated the Grotthus proton transport process which consequently
enhanced the transport of hydrated protons.
Fig. 8. Swelling ratio of AH10 and hybrid membranes at 80 ◦C.

olecules in the polymer structure decreased with an increasing
egree of crosslinking, the silica particles could also absorb water
olecules. In this study, the crosslinking effect was more promi-

ent than the hygroscopic effect, and so the water uptake reduced
lowly and leveled off with the increase in SiO2 content.

Membrane swelling is an equally important parameter for DMFC
pplications. A disadvantage of most sulfonated hydrocarbon poly-
er membranes is extreme swelling behavior in methanol/water

olution, especially at high temperature or high methanol concen-
ration, which may cause excessive dimensional changes, uneven
tresses between the membrane, electrodes and seal, resulting even
n the breakage of membrane in fuel cells [19]. The swelling ratio of
he AH10 and hybrid membranes in 2 mol L−1 methanol aqueous
olution at 80 ◦C as a function of SiO2 content is shown in Fig. 8.
s can be seen, the swelling ratio of hybrid membranes slowly
ecreased from 26 to 19% with the increase of SiO2 content from
to 12 wt.%. It might result from that crosslinking increased the

nteraction of the polymer molecules and restrained the move-
ent of polymer chains. This might help in decreasing the methanol

rossover.

.7. Proton conductivity

In a DMFC, proton conductivity of membrane is a crucial param-
ter because the cell performance is strongly dependent upon
his property. Higher level of proton conductivity leads to higher
ower density. Fig. 9 shows the proton conductivities of the AH10
nd hybrid membranes at 30 ◦C in liquid water. As the silica con-
ent was increased, the proton conductivity of hybrid membranes
ecreased. It was decreased from 0.101 S cm−1 for pristine AH10
embrane to 0.096 S cm−1 for the AH10/silica hybrid membrane
ith 8 wt.% SiO2 content which was only about 5% decrease com-
ared to pristine polymer. In general, two principal mechanisms
escribe proton diffusion through the membranes [38,39]. One is
he Grotthus mechanism (hopping mechanism) wherein a proton
s passed down a chain of water molecules. The protons are trans-
erred from one proton acceptor site to another by hydrogen bonds

proton hopping). The other is the vehicle mechanism whereby a
roton combines with vehicles such as H3O+ or CH3OH2

+ and also
ith unprotonated vehicles (H2O), thus allowing the net transport

f protons. It is possible that the bound water participates by the
Fig. 9. Proton conductivity of AH10 and hybrid membranes at 30 ◦C.

Grotthus mechanism, and the free water takes part mostly by vehi-
cle mechanism [40]. The decrease in proton conductivity could be
resulting from the crosslinking effect of inorganic network restrict-
ing mobility of polymer chains and decreasing the free volume,
which might result in less and smaller hydrophilic channels for
hydrated proton transport. Further, addition of silica to AH10 might
cause a reduction in density of sulfonic acid groups in the hybrid
membranes so as to lower the membrane’s proton conductivity.
The proton conductivity of the membranes measured at various
temperatures is shown in Fig. 10. The membranes exhibited high
proton conductivities at elevated temperatures. The proton con-
ductivity of A10/silica hybrid membrane with 8 wt.% SiO2 content
was 0.096 S cm−1 at 30 ◦C, but it increased to 0.241 S cm−1 at 80 ◦C.
This improvement could be due to the fact that the increase in
Fig. 10. Proton conductivity of AH10 and hybrid membranes at different tempera-
tures.



2548 S. Feng et al. / Journal of Power Sou

F

3

D
s
c
i
m
2
r
t
e
I
m
s
m
d
c
m
p
u
n
o
t
i
i
h

4

d
(
d
d
b
w
(
w
p
a
m

[
[
[
[

[

[

[
[

[

[
[
[
[
[
[

[

[

[
[
[

[

[
[
[

[
[

[

[37] N. Miyake, J.S. Wainright, R.F. Savinell, J. Electrochem. Soc. 148 (2001)
ig. 11. Methanol permeability coefficient of AH10 and hybrid membranes at 30 ◦C.

.8. Methanol permeability

To evaluate the practicality of using hybrid membranes in
MFCs, methanol permeability coefficient was measured and is

hown in Fig. 11. It is noted that the methanol permeability
oefficient of the hybrid membranes decreased at first and then
ncreased. With silica content up to about 8 wt.%, the methanol per-

eability coefficients had the minimum of 6.02 × 10−7 cm2 s−1, a
.64-fold decrease compared to that of the pristine membrane. The
eduction in methanol permeability coefficient might result from
he silica particles in the polymer matrix acting as methanol barri-
rs, which inhibit the methanol crossover through the membranes.
n addition, crosslinking could effectively hinder the polymer chain

obility and suppress the swelling of network in aqueous methanol
olution, which reduced the number of channels to pass methanol
olecules and therefore increasing the resistance to methanol

iffusion. Increased silica content resulted in more block and
rosslinking density, decreasing the methanol crossover of the
embranes. However, over a silica content of 8 wt.%, the methanol

ermeability coefficient of the hybrid membranes increased grad-
ally. This might be result from the average diameter of silica
anoparticles gradually increased with the increasing the content
f silica. The bigger silica particles in hybrid membranes decreased
he resistance opportunity for methanol transport, which resulted
n more methanol crossover through membranes. Hence, small sil-
ca particle size and highly crosslinking degree are preferred for
ybrid membranes with excellent methanol barrier property.

. Conclusions

Sulfonated poly(arylene ether sulfone) (SPAES) pen-
ant propenyl moiety was synthesized from 4,4′-biphenol
BP), 3,3′-diallyl-4,4′-dihydroxybiphenyl (ABP), 4,4′-dichloro
iphenylsulfone (DCDPS) and 3,3′-disulfonated-4,4′-dichloro-
iphenyl sulfone (SDCDPS). From SPAES, a series of hybrid mem-
ranes incorporating different amounts of silica nanoparticles
ere prepared using the sol–gel reaction with triethoxyvinylsilane

TEOVS) and tetraethoxysilane (TEOS). The hybrid membranes

ere then thermally crosslinked in the presence of benzoyl
eroxide (BPO) initiator for formation the crosslinked structure
nd the covalent bonding between the polymer chains and silica
oieties. The introduction of the covalent bonding between

[
[
[

rces 195 (2010) 2541–2548

polymer chains and silica nanoparticles resulted in reinforcing
interfacial interaction between two phases. The study showed
that the crosslinking and introduction of silica led to the reduction
of methanol swelling and water uptake. Moreover, the oxidative
stability and thermal stability of the hybrid membranes were
improved. The methanol permeability coefficient decreased with
silica content up to about 8 wt.%, and above this concentration,
the property increased with silica content. Although the proton
conductivity slightly decreased, the overall performance of the
hybrid membranes was considerably improved by crosslinking
and the addition of silica.
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