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bstract

A series of silicon-containing polyacrylate nanoparticles (SiPANPs) were successfully synthesized by simple emulsifier-free emulsion polymeri-
ation technique. The resulting latex particles were characterized by Fourier transform infrared (FTIR) spectrometry, dynamic light scattering (DLS)
nalysis, thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC). The SiPANP membranes and SiPANP/phosphotungstic
cid (SiPANP/PWA) hybrid membranes were also prepared and characterized to evaluate their potential as proton exchange membranes in proton
xchange membrane fuel cell (PEMFC). Compared with the pure SiPANP membrane, the hybrid membranes displayed lower thermal stability.
owever, the degradation temperatures were still above 190 ◦C, satisfying the requirement of thermal stability for PEMFC operation. In addition,

he hybrid membranes showed lower water uptake but higher proton conductivity than the SiPANP precursor. The proton conductivity of the hybrid
embranes was in the range of 10−3 to 10−2 S cm−1 and increased gradually with PWA content and temperature. The excellent hydrolytic stability
as also observed in the hybrid membranes because of the existence of crosslinked silica network. The good thermal stability, reasonable water

ptake, excellent hydrolytic stability, suitable proton conductivity and cost effectiveness make these hybrids quite attractive as proton exchange
embranes for PEMFC applications.
2007 Elsevier B.V. All rights reserved.

eywords: Silicon-containing polyacrylate nanoparticles; Emulsifier-free emulsion polymerization; Phosphotungstic acid; Hybrid membranes; Proton exchange
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. Introduction

The proton exchange membrane fuel cell (PEMFC) is consi-
ered as one of the most promising power sources due to
ts wide applications in vehicular transportation and portable
lectronic devices [1–3]. As a key component of PEMFC, the
roton exchange membrane (PEM) should combine following
roperties: easily synthesized from available and inexpensive
aw materials; good film-forming capability; high chemical,

echanical and thermal stabilities; reasonable electrochemi-

al properties [4,5]. To date, perfluorinated polymers such
s Nafion® have been perceived as the most suitable PEMs
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sed in PEMFC because of their excellent chemical and phy-
ical properties and high proton conductivity. However, the
xpensive cost, high methanol permeability, loss of conducti-
ity at high temperature (>80 ◦C) and difficulty in synthesis
nd processing have limited their wide commercialization
6,7]. To improve the performance of PEM, considerable
fforts have been devoted to modify Nafion® membrane or
o develop alternative new nonperfluorinated PEM materials
8–11].

In recent years, organic–inorganic hybrids have received a
reat deal of attention due to their advantages in improving
echanical and thermal properties as well as proton conductivity
12–19]. Among them, the hybrids doped with highly conductive
eteropolyacids (HPAs) such as phosphotungstic acid (PWA)
nd silicotungstic acid have exhibited excellent performance
nd encouraging results [12–16]. However, the heteropolyacids

mailto:wang_hy@jlu.edu.cn
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ay leak out from the PEMs during fuel cell operation due
o their water-solubility, which will induce the decline of fuel
ell performance. To resolve this problem and to increase the
ifetime of fuel cell, heteropolyacids must be fixed in polymer

atrix.
In this paper, we synthesized a series of silicon-containing

olyacrylate nanoparticles (SiPANPs) via emulsifier-free emul-
ion polymerization method and prepared the SiPANP/PWA
ybrid membranes to obtain satisfactorily proton conduc-
ive, chemically and thermally stable PEM materials that are
nexpensive and can be simply fabricated. First, compared
ith the traditional emulsion or miniemulsion polymeriza-

ion, the emulsifier-free emulsion polymerization provides
any advantages: excellent shear stability, monodisperse par-

icle size distribution, and no residuum of emulsifier during
embrane formation (avoiding the influence of emulsifier on

he membrane performance) [20,21]. Hence, it is a facile
nd promising method in preparing environment friendly
EM materials. Next, the incorporation of Si(OR)3 groups
uring emulsion polymerization using vinyltriethoxysilicone
VTES) as a functional (co)monomer could offer two func-
ions: on the one hand, silicon-containing polymers can present
ttractive thermal and chemical stability [22]; on the other
and, the hydrolysis and condensation reactions of Si(OR)3
roups will construct a crosslinked silica network [23–25].
he crosslinked silica network could not only improve the
tability, water retention and mechanical strength of mem-
ranes but also fix the HPA molecules in the polymer matrix
ightly [16,26–28]. Hence, the membranes with silica net-
ork may have good potential in fuel cell applications. It

s well known that PWA is one of the most attractive inor-
anic modifiers for proton exchange membranes because of
ts high proton conductivity and thermal stability [29,30].

hen PWA is embedded in SiPANP matrix, the resultant
ybrid membranes are expected to possess high proton conduc-
ivity in the case of retaining the inherent properties of
iPANP. Accordingly, modification of SiPANP membranes by
oping with PWA was tried in this paper and the perfor-
ances of hybrid membranes were investigated to evaluate

heir suitability as proton exchange membranes for PEMFC
pplications.

. Experimental

.1. Materials

Styrene (St, 99+%, Aldrich) and butyl acrylate (BA,
9+%, Aldrich) were distilled under a nitrogen atmosphere
nd reduced pressure prior to polymerization. Methacrylic
cid (MAA, 99+%, Aldrich), vinyltriethoxysilicone (VTES,
8+%) and triethylene glycol dimethacrylate (TrEGDMA)
ere used as received. 4-Styrenesulfonic acid, sodium salt
ydrate (NaSS, 99+%), was used without further purification.

mmonium persulfate (APS) and phosphotungstic acid (PWA)
ere obtained from Aldrich and used as received. The water
sed in this experiment was distilled followed by deioniza-
ion.
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.2. Synthesis of the silicon-containing polyacrylate
anoparticles

The silicon-containing polyacrylate nanoparticles (SiPANPs)
ere prepared by emulsifier-free emulsion polymerization
ethod. The polymerization was carried out under nitrogen

tmosphere in a 250 ml four-neck flask equipped with reflux
ondenser, mechanical stirrer, drop funnel and inlet for nitro-
en gas. The flask was first charged with 90 ml of water and
.1 g of NaSS. After complete dissolution of NaSS in water, the
ixture of 2.5 ml of St, 10 ml of BA, 1.0 ml of VTES, 0.5 ml

f TrEGDMA and appropriate MAA was added into the flask.
hen the flask was placed in water bath and heated to 75 ◦C with
stirring rate of 300 rpm. After additional 30 min equilibration

ime, the APS aqueous solution (0.2 g of APS was solved in
0 ml water) was dropped into the above flask in 1 h and the
nal mixture was reacted at 75 ◦C until the reaction mixture
ecame white with blue. Then the temperature was raised to
0 ◦C and kept at this temperature for 1 h. After cooling to room
emperature, the obtained latex was purified from the unreac-
ed monomers by repeated dialysis. Reaction schematic for the
mulsion polymerization is shown in Scheme 1.

.3. Membrane preparation

The pure SiPANP membrane was easily obtained by pou-
ing the SiPANP latex into a glass plate and drying at 60 ◦C for
0 h and 120 ◦C for 1 h. The amount of carboxylic acid groups
n SiPANP1, SiPANP2, SiPANP3 and SiPANP4 membranes
ere 0.040, 0.074, 0.10 and 0.13 g g−1, respectively. To increase
roton conductivity, PWA was introduced into the SiPANP4 pre-
ursor. First, the PWA solution with desired concentration was
dded slowly into SiPANP4 latex and the mixture was stirred
or 3 h. Subsequently, the homogeneous solution was cast onto
glass plate and then dried at 60 ◦C for 10 h and 120 ◦C for
h. The resultant hybrid membrane was rinsed repeatedly with
istilled water and stored in distilled water before testing. The
ybrid membranes were designated as SiPANP/PWA X, where

is the PWA content (wt.%) in the membrane. The thickness
f all membranes was in the range of 90–120 �m.

.4. Characterization

The FTIR spectra were recorded on a Nicolet Instruments
esearch Series 5PC Fourier Transform Infrared Spectrometer.
or all samples, KBr pellets were prepared and measured in the
ange from 4000 to 400 cm−1.

The particle sizes and polydispersity of the latex par-
icles were measured by ZetaPALS dynamic light scattering
DLS) detector (BI-90Plus, Brookhaven Instruments Corpora-
ion, Holtsville, NY, 15 mW laser, incident beam = 660 nm) at
5 ◦C. The scattering angle was fixed at 90◦. The samples were
ighly diluted (C < 0.01 wt.%) before testing to prevent multiple

cattering. The polydispersity was evaluated through the ratio
2/(Γ )2 by cumulants analysis, where μ2 is the second moment

n the cumulants expansion of the correlation function and Γ is
he decay rate.
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Scheme 1. Reaction schematic for the em

Thermal stability was detected using a Pyris TGA (Perkin-
lmer). About 3–5 mg sample was preheated to 120 ◦C and kept
t this temperature for 20 min to remove moisture. Then the
ample was cooled to 100 ◦C and reheated to 650 ◦C at a heating
ate of 10 ◦C min−1 under nitrogen atmosphere.

Differential scanning calorimetry (DSC) measurements were
erformed on a Mettler Toledo DSC 821e instrument at a heating
ate of 10 ◦C min−1 under N2 flow.

The water uptake was determined as follows. First, the mem-
rane was vacuum-dried at 100 ◦C until constant weight was
btained. The dried membrane was then immersed in deioni-
ed water for 24 h at different temperatures. Subsequently, the
embrane was taken out and immediately weighed after wiping

ut the surface water. The water uptake was estimated using the
xpression:

ater uptake = Wwet − Wdry × 100%

Wdry

here Wwet and Wdry are the weight of the wet and dry mem-
rane, respectively.

c
t
a
d

n polymerization and silica crosslinking.

The proton conductivity (σ) was measured using an SI
260+SI 1287 impedance analyzer over the frequency range
f 10 to 106 Hz. Before measurement, the membrane was full
ydrated in distilled deionized water for at least 24 h. Then the
ydrated membrane was clamped between two stainless steel
lectrodes and placed in a temperature controlled cell containing
istilled deionized water to keep the relative humidity of 100%.
he impedance measurement was performed at desired tempe-

ature and the proton conductivity was calculated according to
he following relationship:

= d

Rtw

here d is the distance between the electrodes, t and w the thi-
kness and width of the membranes, respectively, and R is the
embrane resistance.
The hydrolytic stability was estimated by soaking the mem-

rane in 80 ◦C deionized water for 2 weeks and comparing the

hange of proton conductivity before and after immersion. All
he data for each measurement presented in this study are an
verage of multiple (at least three) experiments and the standard
eviations are less than 10%.
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also be observed in the spectra of hybrid membranes,
confirming the existence of silica network in hybrid mem-
branes.
X. Cui et al. / Journal of Po

. Results and discussion

.1. Latex particles analysis

The silicon-containing polyacrylate latexes with high mono-
er conversion (>95%) have been synthesized successfully

nd the essential data are listed in Table 1 . It is obvious
hat the particle sizes of the silicon-containing polyacrylate
atexes decreased with the increase of MAA content. Gene-
ally speaking, the hydrophilic monomer tends to locate on
he surface of polymer particles and provides stability to the
articles in emulsifier-free emulsion polymerization. Therefore,
he colloidal stability increased and particles sizes decreased
ith increasing amount of hydrophilic monomer MAA [31].
urthermore, the particle sizes of all the silicon-containing
olyacrylate latexes were smaller than that of the polyacry-
ate latex without silicon. The decrease of particle sizes could
e attributed to the incorporation of VTES. The hydrolysis
eaction of Si(OR)3 groups in VTES led to the formation of
ilanol groups (SiOH). The hydrophilic silanol groups contri-
uted to the increase of colloidal stability and the decrease of
article sizes. In addition, the polydispersity values of all the
ilicon-containing polyacrylate latex particles were below 0.080,
ndicating the narrow unimodal distribution of the resultant latex
articles.

.2. FTIR spectra study

The chemical structure of PANP and SiPANP membranes
ere detected by FTIR and the results are presented in Fig. 1 .
ompared with the PANP, all SiPANP samples exhibited a new
eak at about 1116 cm−1 which was attributed to Si–O–Si asym-
etric stretching vibration [32]. The appearance of this new peak

roved the occurrence of hydrolysis and condensation reactions
crosslinking) of Si(OR)3 groups and suggested the formation of
rosslinked silica network structure in the SiPANP membranes
Scheme 1). The broad peak at around 3260 cm−1 was ascri-
ed to –OH stretching vibration due to the presence of absorbed

oisture and COOH groups, and this peak became strong with

he increase of MAA content. Furthermore, the COOH peak at
703 cm−1 also showed an increasing tendency as the MAA
ontent increased.

able 1
ecipes and properties of the silicon-containing polyacrylate latexes

SiPANP1 SiPANP2 SiPANP3 SiPANP4 PANP

t (ml) 2.5 2.5 2.5 2.5 2.5
A (ml) 10.0 10.0 10.0 10.0 10.0
AA (ml) 1.0 2.0 3.0 4.0 4.0
TES (ml) 1.0 1.0 1.0 1.0 0
rEGDMA (ml) 0.5 0.5 0.5 0.5 0.5
aSS (g) 0.1 0.1 0.1 0.1 0.1
PS (g) 0.2 0.2 0.2 0.2 0.2
I water (g) 100 100 100 100 100
olid content (%) 11.5 12.3 13.1 13.7 13.8
onversion (%) 96.7 95.8 96.5 95.6 98.2
article size (nm) 167.8 151.9 146.5 131.4 201.0
olydispersity 0.068 0.020 0.005 0.057 0.110 F

S

ig. 1. FTIR spectra of SiPANP1 (a), SiPANP2 (b), SiPANP3 (c), SiPANP4 (d)
nd PANP (e).

The FTIR spectra of PWA and SiPANP/PWA hybrid
embranes were also detected (Fig. 2 ). The spectrum of

ure PWA showed four characteristic bands at 1080 (P–Oa),
85 (W Od), 891 (W–Ob–W) and 817 cm−1 (W–Oc–W)
33]. All these characteristic bands of PWA could be obser-
ed in the spectra of hybrid membranes and increased
ith the increment of PWA content, which indicated that
WA had been incorporated into the SiPANP matrix and
onfirmed the trend of weight ratio of PWA in hybrid
embranes. In addition, the peak at about 1116 cm−1 attri-

uted to the Si–O–Si asymmetric stretching vibration could
ig. 2. FTIR spectra of SiPANP/PWA 10 (a), SiPANP/PWA 20 (b),
iPANP/PWA 30 (c) and PWA (d).
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.3. Thermal property

The thermal stability of PANP and SiPANP membranes were
easured by TGA. A two-step degradation process could be

bserved for all the curves in Fig. 3 . The first weight loss step
rom 195 to 300 ◦C was attributed to the elimination of carboxyl
roups, and the mass losses at this temperature range increased
ith the rise of amount of carboxyl groups. The second thermal
egradation began at about 300 ◦C corresponded to the decom-
osition of main chain. It can be noted that compared with PANP,
he SiPANP4 exhibited higher thermal stability though their car-
oxyl group contents were same. The improvement in thermal
tability was probably due to the introduction of VTES. On the
ne hand, the hydrolysis and condensation reactions of Si(OR)3
roups in VTES led to the formation of crosslinked silica net-
ork structure. The crosslinked network made the membrane
ore compact and hence improved the thermal stability [34].
n the other hand, the Si–O bond energy was higher than that of
–C bonds, hence the thermal stability of SiPANP4 was impro-
ed due to the formation of Si–O bonds in SiPANP4 with the
ddition of VTES [35].

Fig. 4 shows the TGA curves of SiPANP4 precursor, PWA
nd SiPANP/PWA hybrid membranes. It can be seen from Fig. 4
hat the thermal stability of SiPANP membrane was decreased
n the 190–360 ◦C range due to the introduction of PWA. The
GA curve of PWA only showed a weight loss at about 150 ◦C,
robably because of dehydration of the water of crystallization,
nd then no further significant weight loss was observed until
50 ◦C. Hence while comparing the residual content of hybrid
embranes, one can observe that higher residual content was

ystematically shown by the TGA curves with the increase of
WA content [29]. Although the introduction of PWA decreased

he thermal stability of membrane, the degradation tempera-
◦
ures were still above 190 C. Hence the SiPANP/PWA hybrid

embranes were stable enough for use as PEMs in PEMFC.
DSC measurements were carried out to investigate the glass

ransition temperature (Tg) of PANP and SiPANP/PWA hybrid

Fig. 3. TGA curves of PANP and SiPANP membranes.

[

3

v
t
u

Fig. 4. TGA curves of SiPANP4 and SiPANP/PWA hybrid membranes.

embranes with different PWA contents (Fig. 5 ). In Fig. 5,
nly one Tg could be observed for all the samples and SiPANP4
howed higher Tg value than the PANP. The improvement in Tg
f SiPANP4 was probably attributed to the reduction in chain
obility due to the formation of crosslinked silica network struc-

ure. When PWA was incorporated into the SiPANP matrix, it
ould be seen that the Tg of hybrid membrane slightly shifted
o higher value and improved with increasing amount of PWA.
or example, the Tg increased from 42 ◦C for SiPANP polymer

o 52 ◦C for SiPANP/PWA 30 hybrid membrane. The increment
f Tg may be also due to the reduction of chain mobility most
robably caused by the intermolecular interaction between car-
oxylic acid groups in SiPANP polymer chain and PWA fillers
13].

.4. Water uptake
The water uptakes of PANP and SiPANP membranes with
arious carboxylic acid contents are shown in Fig. 6 as a func-
ion of temperature. For the SiPANP series membranes, the water
ptakes increased with increasing carboxylic acid content due to

Fig. 5. DSC curves of PANP and SiPANP/PWA hybrid membranes.
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ig. 6. Water uptake of PANP and SiPANP membranes at different temperatures.

he hydrophilic nature of carboxyl groups. The SiPANP4 mem-
rane possessed the highest water uptake of 26.75% at 25 ◦C
wing to its most carboxylic acid content. However, one can
lso find from Fig. 6 that the SiPANP4 membrane exhibited
uch lower water uptake compared with the PANP membrane.
ecause the amount of carboxylic acid groups was the same in
iPANP4 and PANP, the decrease in water uptake could be attri-
uted to the introduction of crosslinked silica network structure.
he crosslinked silica network decreased chain mobility and
ade the membrane denser and free volume depressed, which

ffectively repeled water molecules entering the membrane.
onsequently, the SiPANP4 membrane with silica network sho-
ed lower water uptake compared with the PANP membrane.

After doping with PWA, the water uptakes of SiPANP/PWA

ybrid membranes were evaluated and the results are shown in
ig. 7 . Interestingly, the water uptakes of hybrid membranes

ig. 7. Water uptake of SiPANP4 and SiPANP/PWA hybrid membranes at dif-
erent temperatures.
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ecreased with the increase of PWA content. For example, the
ater uptake of pure SiPANP4 was 26.75% while the water
ptake of SiPANP/PWA 30 membrane was only 16.69% at
5 ◦C. This trend was consistent with that reported by Xu et
l. [36]. A possible reason for this phenomenon was that the big
WA molecules introduced into the hybrid membranes occu-
ied a part of free volume of membranes, hence the hybrid
embranes became denser and free volume reduced [36]. In

ddition, the molecular interaction between SiPANP and PWA
revailed against the increase of hydrophilicity. More interaction
ed to more rigid and compact structure due to addition of more
WA, which hence also induced the decrease in water uptake
30].

In Figs. 6 and 7, one can also observe that the water uptake of
ll the membranes increased with the increase of temperature.
ake SiPANP4 for example, its water uptake ranged from 26.75

o 34.87% when the temperature increased from 25 to 80 ◦C.
his may be because the mobility of polymer chain and the free
olume for water adsorption increased when the temperature
levated, hence water molecules could penetrate the membrane
ore easily and the water uptake increased.

.5. Proton conductivity

Proton conductivity is a critical property of fuel cell mem-
ranes. The proton conductivities of PANP and SiPANP
embranes at different temperatures are plotted in Fig. 8 .
s shown in Fig. 8, the proton conductivities of the SiPANP

eries membranes increased slightly from 8.62 × 10−4 to
.86 × 10−3 S cm−1 at 25 ◦C with increasing carboxylic acid
ontent. If a comparison was made between the PANP and
iPANP4, one can recognize that the conductivity of SiPANP4
as lower than that of PANP despite the same carboxylic acid
ontent. The decrease in proton conductivity was attributed to the
ntroduction of silica network. Introducing silica network into
iPANP4 impaired the flexibility of polymer backbone and inhi-
ited the mobility of acidic groups to move together to form the

ig. 8. Proton conductivity of PANP and SiPANP membranes at different tem-
eratures.
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on-rich pathways, which were believed to decrease the proton
onductivity of SiPANP4 membrane.

Although the SiPANP materials possessed good stability
nd moderate water uptake, the low conductivity (10−4 to
0−3 S cm−1) was unsuitable for fuel cell applications. In order
o improve the proton conductivity of SiPANP, we prepared
nd studied the hybrid membranes doped with PWA. The pro-
on conductivities of the SiPANP4 precursor and SiPANP/PWA
ybrid membranes with different PWA contents were measu-
ed in the temperature range of 25–80 ◦C and the results are
hown in Fig. 9 . For comparison, the proton conductivity of
afion® 117 measured under the same experimental condi-

ions is also plotted in Fig. 9. Though incorporation of PWA
ecreased the water uptake of SiPANP4 membrane as discussed
reviously, the conductivity was largely improved and increased
ith increasing PWA content. When the PWA content achie-
ed 30%, the SiPANP/PWA 30 hybrid membrane showed the
ighest conductivity values (1.53 × 10−2 S cm−1 at 25 ◦C and
.10 × 10−2 S cm−1 at 80 ◦C, respectively) which were of the
ame order of magnitude as the conductivity values of Nafion®

17. The improvement in proton conductivity could be attributed
o two reasons: one is the increase of acidity of membrane after
WA incorporation. PWA is a well-known high proton conduc-

ing agent. When PWA was introduced into the SiPANP4, it
ould act as the proton carrier and more PWA provided more
rotons, hence the proton conductivities of the hybrid mem-
ranes were improved [37]. Besides, the proton conductivity
as also influenced by the protonic carrier density. Usually, the

onductivity should be proportional to the protonic carrier den-
ity [38]. The former water uptake results have shown that the
ncrease of PWA content can decrease the water uptake of hybrid

embranes, thus the protonic carrier density increased and the
nergy barrier for the proton transport decreased, which may be

lso the reason for the observed increase in proton conductivity
39].

It can be seen from Figs. 8 and 9 that every membrane
xhibited a positive temperature-conductivity dependency. For

ig. 9. Proton conductivity of SiPANP4 and SiPANP/PWA hybrid membranes
t different temperatures.
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xample, the proton conductivity of SiPANP/PWA 30 mem-
rane was 1.53 × 10−2 S cm−1 at 25 ◦C and it increased with
he temperature to 4.10 × 10−2 S cm−1 at 80 ◦C. It is because
hat elevating temperature could increase structural reorienta-
ion and water uptake as well as mobility of water and proton,
nd hence favored proton transport [34,40]. When PWA was
ntroduced to the SiPANP4 matrix, the proton conductivities of
he most hybrid membranes exceeded 10−2 S cm−1, indicating
he SiPANP/PWA hybrid membranes were suitable as PEMs for
uel cell applications.

.6. Hydrolytic stability

One of the major problems for the hybrid membranes is the
eaking out of dopant from the matrix. Since PWA is water-
oluble material, it would be easily removed from the hybrid
embranes in the presence of water, which will induce the dete-

ioration of performance of PEM. In order to study the stability of
WA in hybrid membranes, the hydrolytic stability was inves-

igated by comparing the conductivities of hybrid membranes
efore and after soaking the membranes in 80 ◦C deionized
ater for 2 weeks. It is important to mention that the proton

onductivities of all hybrid membranes had no visible change
fter 2 weeks, indicating that the hybrid membranes possessed
xcellent hydrolytic stability. The good hydrolytic stability sug-
ested that PWA molecules had not or less leaked out from the
ybrid membranes during marinating. There might be two fac-
ors affecting the hydrolytic stability of membranes. Firstly, the
ybrid membranes used in this study had low water uptake, even
t high temperature, which could effectively reduce the extrac-
ion of PWA. Secondly, after the hydrolysis and condensation
eactions of Si(OR)3 groups, the formed silica network could fix
WA molecules tightly and made PWA molecules exist in the
ybrid membranes stably [41].

. Conclusions

A series of silicon-containing polyacrylate nanoparticles
SiPANPs) were successfully synthesized via convenient
mulsifier-free emulsion polymerization method. DLS analy-
is showed that the particle sizes of all the SiPANP latexes
ere smaller than that of the PANP latex and decreased with

he increase of MAA content. Compared with the PANP, the
iPANP membranes exhibited better thermal stability and lower
ater uptake due to the existence of crosslinked silica net-
ork. In addition, the water uptake and proton conductivity of
iPANP membranes increased with the increase of carboxylic
cid content, and they varied from 12.67 to 26.75% and from
.62 × 10−4 to 1.86 × 10−3 S cm−1 at 25 ◦C, respectively.

The SiPANP/PWA hybrid membranes with various PWA
ontents were also prepared and their suitability as proton
xchange membranes for PEMFC applications was investigated.
lthough the introduction of PWA decreased thermal stability of

embrane, the hybrid membranes were still stable enough (ther-
ally stable up to approximately 190 ◦C) to serve as the PEMs

n PEMFC. Furthermore, it is found that the proton conduc-
ivity of the hybrid membranes increased with the increasing
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