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bstract

Poly(vinylidene fluoride) grafted polystyrene sulfonated acid (PVDF-g-PSSA) membranes doped with different amount of Al2O3 (PVDF/Al2O3-
-PSSA) were prepared based on the solution-grafting technique. The microstructure of the membranes was characterized by IR-spectra and scanning
lectron microscope (SEM). The thermal stability was measured by thermal gravity analysis (TGA). The degree of grafting, water-uptake, proton
onductivity and methanol permeability were measured. The results show that the PVDF-g-PSSA membrane doped with 10% Al2O3 has a
ower methanol permeability of 6.6 × 10−8 cm2 s−1, which is almost one-fortieth of that of Nafion-117, and this membrane has moderate proton

onductivity of 4.5 × 10−2 S cm−1. Tests on cells show that a DMFC with the PVDF/10%Al2O3-g-PSSA has a better performance than Nafion-
17. Although Al2O3 has some influence on the stability of the membrane, it can still be used in direct methanol fuel cells in the moderate
emperature.

2006 Elsevier B.V. All rights reserved.
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. Introduction

In recent years, the direct methanol fuel cell (DMFC) has
ttracted more and more attention due to its potential applica-
ions in portable electronics and vehicles. Normally, the widely
sed membranes in DMFC are still perfluorinated membranes,
uch as Nafion membranes, due to their excellent proton conduc-
ivity and high stability; however, high methanol permeability
nd cost are the main obstacles for using this kind of membrane
n DMFC.

In order to improve the performance of proton exchange
embranes, some new membranes were investigated to sub-

titute for the perfluorinated membranes, such as polyben-
imidazole (BPO) [1–4], poly(arylene ether sulfone) [5],
oly(ether–ether–ketone) [6,7], sulfonated polysulfone [8];
uch work has focused on amelioration the existing membrane.

adirgan and Savadogo [9] reduced the methanol permeabil-

ty by modifying the surface of the Nafion membrane with a
lm of poly(methyl pyrrole) by an electrochemical method;

∗ Corresponding author. Tel.: +8610 62794234; fax: +8610 62794234.
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iyake et al. [10] and Jung et al. [11] modified a Nafion
embrane with nano-SiO2 to improve its affinity for water

nd restrain methanol crossover; Panero et al. [12] prepared
olyelectrolyte by swelling a ceramic-added composite PVDF
oly(vinylidene fluoride)-based membrane in a H3PO4 solu-
ion. Mauritz et al. [13] reported a novel Nafion/silica hybrid

embrane, and suggested the OH on the surface of silica
ano-particles can enhance the hydrophilicity of clusters inside
he membranes and improve the proton conductivity at elevated
emperatures.

PVDF is a kind of partial fluorinated polymer with excellent
tability and has been widely used in the battery field [14–17].
t is also used for preparation of proton exchange membranes.
crosati and co-workers [18] reported a kind of membrane based
n PVDF by doping with a microporous ceramic. Lehtinen et
l. [19] prepared poly(vinylidene fluoride) grafted polystyrene
ulfonated acid (PVDF-g-PSSA) proton exchange membranes
ased on a radiation-grafting technique, and they found that
VDF-g-PSSA membranes have a higher proton conductivity,

ater-uptake and lower oxygen solution ability compared to
afion membranes.
Our lab has reported a method of preparing a PVDF-g-PSSA

embrane based on a solution-grafting technique [20]. The
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embranes prepared with this method showed a higher proton
onductivity and a much lower methanol permeability. In this
aper, nano-Al2O3 was doped into the PVDF before the graft-
ng reaction; the water-uptake, proton conductivity and methanol
ermeability were measured, and the structure of the membranes
as characterized by IR-spectra and scanning electron micro-

cope (SEM).

. Experimental

.1. Membrane preparation

Nano-Al2O3 (>99.99%, Zhou Shan MingRi Company,
hina, average size 30 ± 5 nm) and PVDF powders (ShanAi
uXing Company, ShangHai, M = 2 × 105) were dispersed in
N-methyl pyrrolidinone (NMP) solvent by intensely stirring

o obtain a homogeneous slurry which was then cast onto
glass substrate. After heating at 80 ◦C for 4 h to remove
MP, the PVDF–Al2O3 composite membrane was obtained.
he weight content of Al2O3 was controlled to be 2, 5, 10,
5, 20 and 25%, respectively. For comparison, some PVDF
embranes with no Al2O3 were also prepared with the same

rocess.
The grafting reactions were carried out with the method

escribed in literature [20]. Firstly, the composite membrane
as treated in 0.5 M KOH alcohol solution at 80 ◦C for 12 h

o form free radicals in the PVDF chains and the membrane
as washed in deionized water. The treated membrane was then

mmersed in styrene and tetrahydrofuran (THF) mixed solvent
5:1, v/v). Benzoyl peroxide (BPO), with a concentration of
× 10−3 g ml−1 was used as the radical initiator. The grafting

eaction was performed at 80 ◦C for 12 h under a nitrogen atmo-
phere; after grafting, the membrane was extracted with chloro-
orm for 48 h to remove the unreacted monomer and homopoly-
er; finally, the membrane was sulfonated in sulfuric acid (98%)

or 6 h at 70 ◦C after swelling in the 1,2-dichloroethane at 80 ◦C
or 3 h. The membrane was then washed with deionized water to
emove the remaining sulfuric acid. According to the content of
l2O3, we denoted the membranes as PVDF/xAl2O3-g-PSSA

x was the weight percent of Al2O3 in the membranes).

.2. Membrane characterization

The Fourier transform infrared (FT-IR) spectra of the
embranes were collected on a Perkin-Elmer infrared spec-

rophotometer (Spectrum GX) in the frequency range of
000–500 cm−1. The thermal gravity analysis (TGA) was car-
ied out by a Universal V5.3 C 2050 Instrument under the
itrogen atmosphere, and the samples were heated from 40 ◦C to
00 ◦C at a rate of 20 ◦C min−1. The morphology of the surface
nd cross-section of the membranes PVDF/10%Al2O3-g-PSSA
nd PVDF-g-PSSA were observed on scanning electron micro-
cope (SEM LEO-1530). Cross-sections of the samples were

btained by freezing the samples in the liquid nitrogen and rup-
uring them as soon as possible. Before the observation, the gold
as sputtered onto the surface and cross-section of the mem-
ranes.
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.3. The degree of grafting

The degree of grafting (d.o.g) was determined gravimetrically
ccording to Eq. (1):

.o.g = M1 − M0

M0
× 100% (1)

here M0 is the mass of the initial membrane and M1 is the mass
f the polystyrene-grafted membrane. Before the measurement,
embranes were dried in a vacuum oven at 100 ◦C for 8 h.

.4. Water-uptake

The water-uptake of the membranes was defined as the ratio
f the mass of the absorbed water to that of the dry membrane.
t can be calculated from Eq. (2):

ater-uptake = W1 − W0

W0
(2)

here W1 is the weight of the wet membrane and W0 is the
eight of the dry membrane.

.5. Proton conductivity

Proton conductivity of the membranes was determined by
easuring the impedance spectroscopy on a cell with the given
embrane sample sandwiched between two stainless steel (SS)

lectrodes. The measurements were carried out on a Solartron
255B frequency response analyzer coupled with a Solartron
287 electrochemical interface in the frequency range of 1 Hz
o 1 MHz. The conductivity was calculated according to the
lectrode area of the cell (0.785 cm2) and the thickness of the
embrane. Before each measurement was carried out, the mem-

rane was equilibrated in deionized water for 12 h at ambient
emperature. The measurements of conductivity at high temper-
ture were carried out in an oven.

.6. Methanol permeability

A two-reservoir polymethyl methacrylate cell, as described in
iterature [20], was used to measure the methanol permeability
f the membranes. The left reservoir was filled with an aque-
us solution of methanol (30 mass%), while the right reservoir
as filled with deionized water. The two reservoirs had a circu-

arly symmetrical transport channel with the membrane clamped
etween them. The methanol flux was established because of
he difference between the two reservoirs. The change of the

ethanol concentration of the right reservoir was determined
y a gas chromatograph (GC-14C).

.7. Fuel cell performance

Membrane electrode assemblies (MEA) with a geometric

rea of 4.0 cm2 were prepared using PtRu/Vulcan XC-72 and
t/Vulcan XC-72 as the cathode and anode catalysts, respec-

ively, each at a loading of 3.0 mg cm−2. MEA inks were pre-
ared as follows: 40 mg catalyst and 200 mg 10 wt% Nafion
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olution were mixed thoroughly with 200 mg isopropyl alcohol.
nks were painted onto single sided supporting carbon paper,
ollowed by solvent drying at 80 ◦C. The MEAs were obtained
y hot-pressing the anode and cathode on both sides of the pre-
reated membranes under 130 ◦C and 9 atm for 3 min.

Tests on the DMFC were performed with a cell with a cross-
ectional area of 4 cm2. Different methanol solution was sup-
lied by a pump with a rate of 2 ml min−1, and the oxygen was
upplied from cylinders at ambient temperature and pressure
ith a rate of 200 ml min−1.

. Results and discussion

.1. Morphology

The morphology of the surfaces and the cross-sections of
he PVDF-g-PSSA membrane and PVDF/10%Al2O3-g-PSSA

embrane are shown in Fig. 1. It can be seen that the membranes
re compact and there are no penetrable holes in the membranes,
hich is consistent with low methanol permeability.

.2. FI-IR spectra
Fig. 2 shows the FT-IR spectra of PVDF, PVDF/10%Al2O3,
VDF-g-PSSA and the PVDF/10%Al2O3-g-PSSA membrane.
t can be seen that four additional peaks, 3450, 1650, 1038 and

c
−
o
t

ig. 1. SEM photographs of: (a) the cross-section of PVDF-g-PSSA membrane, (b)
VDF-g-PSSA membrane and (d) the surface of PVDF/10%Al2O3-g-PSSA membra
ig. 2. The IR-spectra of: (a) PVDF membrane, (b) PVDF/10%Al2O3 mem-
rane, (c) PVDF/10%Al2O3-g-PSSA membrane and (d) PVDF-g-PSSA mem-
rane.

007 cm−1, were found in the spectra for PVDF-g-PSSA and
VDF/10%Al2O3-g-PSSA membrane. The peak at 1007 cm−1
orresponds to the symmetrically vibration of bond S O in the
SO3; the peak at 1650 cm−1 is also attributed to the vibration

f −SO3; the peak 1038 cm−1 corresponds to the vibration of
he bond C H in the phenyl; the peak 3450 cm−1 is attributed

the cross-section of PVDF/10%Al2O3-g-PSSA membrane, (c) the surface of
ne.
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membrane is greatly dependent on the water. Generally, the
high ratio −SO3/H2O favors proton transport. The membranes
doped with Al2O3 show poorer conductivity than the PVDF-g-
PSSA, this means the Al2O3 changes the microstructure of the
Fig. 3. TGA curves of membranes with different amount of Al2O3.

he vibration of water which is absorbed by −SO3 [21]. This
eans that the grafting of styrene sulfonic acid into the PVDF

keleton was successful.

.3. Thermal stability

The thermal stability of the PVDF-g-PSSA, PVDF/5%Al2
3-g-PSSA membrane and PVDF/10%Al2O3-g-PSSA mem-
rane were evaluated by TGA. It can be seen in Fig. 3 that
hree consecutive mass loss steps were observed. The mass loss
elow 100 ◦C was due to water loss in the membrane. The second
oss step happened at 230–240 ◦C due to thermal desulfonation;
he temperature is a bit lower than the data reported elsewhere
22], this confirms that Al2O3 may influence the stability of the

C bond. The third mass loss step was at 340–350 ◦C, which is
ttributed to the loss of styrene from the PVDF skeleton. Though
l2O3 has some influence on the stability, the membranes were

table below 200 ◦C.

.4. The degree of grafting

Fig. 4 shows the relationship of the degree of grafting with the
ontent of Al2O3 in the membranes. A continuous decrease of
he d.o.g can be seen when the content of the Al2O3 increases. It
s known that the free radicals will be generated when the PVDF

embrane is immersed in the KOH ethanol solution [23]. Al2O3
s an amphoteric oxide; it can neutralize the KOH and reduce the
umber of effective radical during the process of the treatment
n the KOH solution.

.5. The water-uptake

Fig. 5 shows the water-uptake of different membranes. It
an be seen that PVDF-g-PSSA has highest water-uptake, at
p to 68%, owing to the high grafting degree. The water-uptake

f the membranes doped with Al2O3 increases with the con-
ent of Al2O3 and reaches a maximum of 58% for the sample
f PVDF/10%Al2O3-g-PSSA. Nano-Al2O3 is hydrophilic and
an combine with the water molecules on the surface of the
ig. 4. The degree of grafting (d.o.g) of membranes with different amount of
l2O3.

article through hydrogen bonds, so the water-uptake is depen-
ent on the d.o.g and the amount of Al2O3, the membrane
VDF/10%Al2O3-g-PSSA having moderate d.o.g and amount
f Al2O3 showed a better ability to absorb water.

.6. Proton conductivity

Fig. 6 shows the conductivity of different membranes at ambi-
nt temperature. PVDF/10%Al2O3-g-PSSA had the maximum
onductivity of 4.5 × 10−2 S cm−1. The proton conductivity of
afion-117 was measured to be 6.95 × 10−2 S cm−1 under the

ame conditions, which is accordant with the data reported by
thers [7]. It has been validated that the PVDF-g-PSSA has the
ighest conductivity, which is up to 7.7 × 10−2 S cm−1 [20].
t can be accepted that the transport of protons in the sulfonic
Fig. 5. The water-uptake of membranes with different amount of Al2O3.



58 Y. Shen et al. / Journal of Power Sources 161 (2006) 54–60

F

m
s

P
1
o
A
t
1
a
a
g

F
g
m

F
A

P
p
A

3

m

ig. 6. The proton conductivity of membranes with different amount of Al2O3.

embrane and slows down the transport of protons. This was
upported by others [24].

Fig. 7 shows the conductivity dependence of the PVDF-g-
SSA membrane, membrane PVDF/10%-g-PSSA and Nafion-
17 on different temperatures. It can be seen that the relationship
f log[σ (S cm−1)] and the parameter 1000/T satisfied an
rrhenius equation. The conductive active energy (Ea) of

he membranes were calculated, 17.69 kJ mol−1 for Nafion-
17 and 9.19 kJ mol−1 for PVDF-g-PSSA, respectively. The

ctive energy of PVDF/10%Al2O3-g-PSSA membrane is
bout 6.76 kJ mol−1, which is lower than that of PVDF-
-PSSA and Nafion-117. This indicates that the membrane

ig. 7. The relationship of the proton conductivity in the PVDF/10%Al2O3-
-PSSA membrane (a), PVDF-g-PSSA membrane (b) and in the Nafion-117
embrane (c) with temperature.
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ig. 8. The methanol permeability of membranes with different amount of
l2O3.

VDF/10%Al2O3-g-PSSA is the least dependent on the tem-
erature. This may be due to the hydrophilic character of the
l2O3, which can keep more water at high temperature.

.7. Methanol permeability

The methanol permeability coefficients of membranes were
easured with the method in literature [20]. Fig. 8 shows

he methanol permeability coefficients of different membranes.
he methanol permeability of Nafion-117 was measured to be
.1 × 10−6 cm s−1 under the same conditions, which is in accor-
ance with the data reported by others [7]. Compared with
he Nafion-117, the PVDF-g-PSSA membrane shows a better
erformance in restraining the methanol permeability. The addi-
ion of Al2O3 nano-particles caused the methanol permeability
o decrease due to the barrier role of nano-Al2O3 particles to
he methanol. The PVDF/5%Al2O3-g-PSSA membrane has the
owest methanol permeability coefficient in our experiments,
× 10−8 cm s−1, which is just one-fourth of that of Nafion-117.
ore additions of Al2O3 may increase the methanol perme-

bility due to the connection of the Al2O3 particles inside the
embrane.
As one crucial part of the direct methanol fuel cell, proton

onductive membranes must have both excellent proton conduc-
ivity and low methanol permeation. However, sometimes these

utually incompatible. In order to compare the comprehensive
haracter of the membranes, a new parameter, selectivity (S),
he ratio of proton conductivity and methanol permeability, was
efined. Fig. 9 shows the selectivity of different membranes. The
electivity of the PVDF/10%Al2O3-g-PSSA membrane was cal-
ulated to be 6.8 × 105 S s cm−3, which is almost 20 times than
hat of Nafion-117.

According to the cluster-network model suggested by Gieke
t al. [25], when the particles are dispersed in the membrane,

he dimension of the clusters and the channels in the membrane
ill be changed. When a proper amount of Al2O3 was added to

he membranes, particles may be dispersed inside the channels
nd clusters and serve as a barrier to migration to both protons
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Fig. 11. The curves of cell voltage and power density vs. current density of
the cell with PVDF/10%Al2O3-g-PSSA membrane under different methanol
concentration.
Fig. 9. The selectivity of membranes with different amount of Al2O3.

nd methanol though protons and methanol molecule may still
igrate along the surfaces of the Al2O3 particles. When the

ontent of Al2O3 is increased, the normal cluster-network would
e destroyed and the channels would be broadened due to the
onnection of the Al2O3 particles, which is favorable for the
igration of methanol [12].

.8. Fuel cell performance

Figs. 10 and 11 show the relationship of the performance
f the cells with the two kinds of membranes and methanol
oncentration. In Fig. 10, when the cell was prepared with
afion-117, the highest open circuit potential (OCP) and power
ensity was obtained when 1 M methanol solution was used.
owever, the highest OCP and power density is obtained

hen 2.5 M methanol solution was pumped into the cell with

he PVDF/10%Al2O3-g-PSSA membrane. This is owing to
he lower methanol permeability of PVDF/10%Al2O3-g-PSSA

embrane.

ig. 10. The curves of cell voltage and power density vs. current density of the
ell with Nafion-117 membrane under different methanol concentration.
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ig. 12. Electrochemical behavior of the cells with Nafion-117 membrane and
VDF/10%Al2O3-g-PSSA.

Fig. 12 compares the electrochemical behavior of the Nafion-
17 membrane and PVDF/10%Al2O3-g-PSSA when their opti-
al methanol solution concentration was used. It can be seen

hat the OCP of cell with PVDF/10%Al2O3-g-PSSA membrane
s higher than that of cell with Nafion-117 membrane. This ten-
ency becomes obvious when the current density increases. It
an be concluded that the PVDF/10%Al2O3-g-PSSA membrane
as a better performance than Nafion-117 because of its moder-
te proton conductivity and lower methanol permeability.

. Conclusions

PVDF/Al2O3-g-PSSA membranes were prepared by a
olution-grafting technique. The dispersing of nano-Al2O3 in the
embranes decreases the proton conductivity a little. The mem-
ranes with an optimum content of Al2O3 have a much lower
ethanol permeability and a higher selectivity than the Nafion-

17 and PVDF-g-PSSA membranes. Tests on cell performance
how the cell with a PVDF/10%Al2O3-g-PSSA membrane has
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higher open circuit potential and power density then Nafion-
17. Though Al2O3 has some influence on the stability of the
olymer, this kind of membrane may still have promising appli-
ations in direct methanol fuel cells.
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