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a b s t r a c t

A new type of sulfonated clay (clay-SO3H) was prepared by the ion exchange method with the sul-
fanilic acid as the surfactant agent. The grafted amount of sulfanilic acid in clay-SO3H was 51.8 mequiv.
(100 g)−1, which was measured by thermogravimetric analysis (TGA). Sulfonated poly(ether ether ketone)
(SPEEK)/clay-SO3H hybrid membranes which composed of SPEEK and different weight contents of clay-
SO3H, were prepared by a solution casting and evaporation method. For comparison, the SPEEK/clay
hybrid membranes were produced with the same method. The performances of hybrid membranes for
direct methanol fuel cells (DMFCs) in terms of mechanical and thermal properties, water uptake, water
retention, methanol permeability and proton conductivity were investigated. The mechanical and thermal
properties of the SPEEK membranes had been improved by introduction of clay and clay-SO3H, obviously.
The water desorption coefficients of the SPEEK and hybrid membranes were studied at 80 ◦C. The results
showed that the addition of the inorganic part into SPEEK membrane enhanced the water retention of the
membrane. Both methanol permeability and proton conductivity of the hybrid membranes decreased in
comparison to the pristine SPEEK membrane. However, it was worth noting that higher selectivity defined

as ratio of proton conductivity to methanol permeability of the SPEEK/clay-SO3H-1 hybrid membrane with
1 wt.% clay-SO3H was obtained than that of the pristine SPEEK membrane. These results showed that
the SPEEK/clay-SO3H hybrid membrane with 1 wt.% clay-SO3H had potential usage of a proton exchange

Cs.
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membrane (PEM) for DMF

. Introduction

Recently, direct methanol fuel cells (DMFCs) with the advan-
ages of compactness, light weight, high power density and low
emperature operation have attracted significant attention for
he applications of power sources for various portable electronic
evices and transportation [1]. However, for commercial feasibil-

ty, multiple difficulties of DMFCs should be overcome, such as low
ethanol oxidation kinetics of the anode catalyst, high methanol
rossover through the electrolyte membranes, low electrode per-
ormance, etc. [2].

Proton exchange membrane (PEM) which provides ionic path-
ays for protons and prevents crossover of gases in fuel cells is
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onsidered as one of the most important components of DMFCs.
series of perfluorinated ionomers such as Nafion® with good

erformances such as excellent chemical and mechanical stabil-
ties, as well as high proton conductivity have been used in fuel
ells. However, when methanol diffuses from the anode side to the
athode side of the Nafion® membrane, cathode voltage and effi-
iency of DMFCs will be reduced and the excess thermal load will
ccur, which hinder Nafion® to be used for future DMFC develop-
ents [3]. For this, many researches have focused on developing

ew materials for PEMs based on sulfonated aromatic polymers.
ecently, sulfonated poly(aryl ether ketone)s (SPAEK)s have been
eveloped as alternative PEM materials [4–7]. However, the SPAEKs
ith high ion-exchange capacities (IEC) although exhibit high pro-
on conductivity, still have relatively high methanol permeability,
igh swelling ratio and low mechanical properties at evaluated
emperatures, which limit their available usage for DMFCs [4–10].

For last few years, the organic–inorganic hybrid PEMs have
een prepared by addition of non-conductive ceramic oxide such

http://www.sciencedirect.com/science/journal/03787753
mailto:huina@jlu.edu.cn
mailto:xingwei@ciac.jl.cn
dx.doi.org/10.1016/j.jpowsour.2008.07.004
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2.4.2. Content of grafting sulfanilic acid in clay-SO3H
measurement

To investigate the grafted amount of sulfanilic acid on the surface
of the clay, the clay-SO3H was analyzed by Pyris TGA (PerkinElmer).
Scheme 1. The chem

s silicon oxide, titanium oxide and zirconium oxide, mixed
ilicon–titanium and silicon–aluminum oxides for improving
ydrolysis resistance and reducing methanol crossover of PEMs in
MFCs [11–15]. Among various inorganic compounds, clay (mont-
orillonite) with the structures of the repeating triple-layer sheets

omposed of an edge-shared octahedral sheet of alumina sand-
iched between two tetrahedral silica sheets with a thickness of
nm and a length of 100 nm shows attractive hydrophilic prop-
rty and good thermal stability at high temperature [16,17]. The
lay is also a protonic conductor with the ionic conductivity of
× 10−4 S cm−1 at room temperature [18]. Jung’s groups [19] had

eported the clay as the inorganic part to prepare Nafion®/clay
ybrid membranes to reduce the methanol permeability through
he membrane and prevent the loss of the water at high temper-
ture. However, the conductivity of clay is so low that the proton
onductivity of the hybrid membranes was markedly lower com-
ared with the pristine Nafion® membrane. To solve this problem,
ee et al., Choi et al., Ma et al. and Bébin et al. [20–25], respectively,
repared different types of sulfonated clays (clay-SO3Hs) to modify
afion® membrane. The resulting hybrid membranes had obtained
oth lower methanol permeability and higher proton conductivity
han those of the pristine Nafion® membrane. Therefore, clay-SO3H
an improve the performances of the Nafion® membrane, such
s methanol resistance, proton conductivity and selectivity. Thus,
lay-SO3H was used to modify SPEEK membranes with high IEC
alues and the improvement on the performances of the SPEEK
embranes by introduction of the sulfonated clay was investigated

n this paper.
In this study, we used ion exchange method to prepare a new

ype of clay-SO3H. Clay-SO3H was used for the preparation of
PEEK/clay-SO3H hybrid membranes in order to minimize the
oss of proton conductivity while reducing the methanol per-

eability of the pristine SPEEK membrane. The SPEEK/clay and
PEEK/clay-SO3H hybrid membranes with various contents of clay
nd clay-SO3H were prepared by a solution casting and evapora-
ion method. The performances of the hybrid membranes such as

echanical and thermal properties, water retention, methanol per-
eability and proton conductivity were examined and the results
ere discussed in detail.

. Experimental

.1. Materials

SPEEK polymers were prepared by direct aromatic nucleophilic
ubstitution polymerization [4]. The SPEEK in acid form was
btained by heating into a 0.1-M H2SO4 solution for 12 h at 100 ◦C,
nd then the SPEEK in acid form was washed with deionized water
ntil the pH reached 6–7. The chemical structure of SPEEK was
hown in Scheme 1.

Clay (montmorillonite with a cation exchange capacity of
00 mequiv. (100 g)−1) was supported by Zhejiang Fenghong Clay
hemicals Co., Ltd.
.2. Preparation of clay-SO3H with ion exchange method

Five grams of clay was added into 500 g of boiling water, mixed,
nd then heated for 10 min to form the clay suspension. Sulfanilic

S
m

structure of SPEEK.

cid (Beijing Chemical Works, China) was dissolved in 500 g of
ater and then a given quantity of hydrochloric acid was added

o protonate amine groups. After being vigorously stirred for 1 h at
0–90 ◦C, the clay suspension was repeatedly washed with deion-

zed water until no chloride ion was detected by AgNO3 and dried
nder vacuum.

.3. Preparation of organic–inorganic hybrid membranes

A desired amount of clay or clay-SO3H were added to 10 wt.%
PEEK in acid form solution and mechanically mixed for at least
4 h at room temperature until forming high transparent solution.
ubsequently, the resulting mixture was poured onto a glass plate.
he hybrid membranes (50–150 �m) were prepared and dried at
5 ◦C for 24 h. In the following sections, hybrid membranes with
ifferent weight ratios (1, 3, and 5 wt.%) of clay or clay-SO3H will be
eferred as SPEEK/clay-1, SPEEK/clay-3, SPEEK/clay-5, SPEEK/clay-
O3H-1, SPEEK/clay-SO3H-3 and SPEEK/clay-SO3H-5, respectively.
he preparation process was shown in Scheme 2.

.4. The analysis of hybrid membranes

.4.1. FTIR spectroscopy
The FTIR spectroscopy was recorded on the powder samples

ispersed in dry KBr in form of disks, using a BRUKER Vector
2 spectrometer at a resolution of 4 cm−1 min−1 from 4000 to
00 cm−1.
cheme 2. Schematic illustration for the preparation of SPEEK/clay-SO3H hybrid
embranes.
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he thermal analyzer was programmed to heat the samples from 80
o 600 ◦C at the heating rate of 10 ◦C min−1 under N2. The content
f sulfanilic acid grafting on the surface of the clay was determined
sing the following equation from the weight loss [26]:

raft amount(mequiv.(100 g)−1) = 103W200−600

(100 − W200−600)M
× 100

(1)

here W200–600 is the weight loss between 200 and 600 ◦C cor-
esponding to sulfanilic acid degradation, M (g mol−1) is the
olecular weight of sulfanilic acid.

.4.3. Mechanical property
The mechanical property of the dry membrane was measured

sing SHIMADZU AG-I 1KN at the test speed of 2 mm min−1. The
ize of specimen is 15 mm × 4 mm. For each test reported, at least
hree samples were taken and average value was calculated.

.4.4. Thermal stability
A Pyris TGA (PerkinElmer) was used to study the thermal stabil-

ty of the hybrid membranes. About 5–10 mg samples of the hybrid
embranes were heated to 150 ◦C and kept at this temperature

or 20 min to remove any residual water or solvent under N2, and
hen cooled to 80 ◦C and reheated to 700 ◦C at the heating rate of
0 ◦C min−1.

.4.5. Water uptake (WU)
The water uptake at different temperature was determined by

he weight difference between the fully hydrated membrane and
ried membrane. The membrane was first equilibrated in water at
5, 40, 60 and 80 ◦C for about 12 h, and then removed from water
uickly, dry-wiped the extra water on the membrane surface and
mmediately weighed to determine the wet mass (Wwet). The dried

eight (Wdry) of membrane was determined after the membrane
as dried at 100 ◦C for 24 h. The water uptake was calculated by

he following formula:

ater uptake(WU) = Wwet − Wdry

Wdry
× 100% (2)

.4.6. Water desorption measurement
The water desorption measurement was tested by Pyris 1 TGA

PerkinElmer). The temperature was remained at 80 ◦C and the
ressure of the test cell was kept constant. Pyris 1 TGA was used
o evaluate the weight changes of samples with time. The plots of

t/M∞ versus t1/2 initially were linear for Fickian diffusion. Water
iffusion coefficient was calculated as follows [27]:

Mt

M∞
=

(
Dt

�l2

)1/2
(3)

here D is the water diffusion coefficient. Mt and M∞ refer to the
ass desorbed at time t and infinite time, respectively. Mt/M∞ is

he water desorption, and l is the membrane thickness.

.4.7. Methanol permeability measurement
Methanol permeability of the membrane was measured using a

wo-chamber liquid permeability cell. This cell consisted of two
eservoirs, which were separated by a vertical membrane after

eing immersed in 10 M methanol solution for 24 h. Ten molar con-
entration of methanol solution was placed in one side of the cell
nd water was placed in the other side. Two magnetic stirrers were
sed continuously during the measurement. Methanol concentra-
ions in the water cell were periodically estimated using a GC-8A

w
S
4
i
a

Fig. 1. FTIR spectra of clay and clay-SO3H.

as chromatograph (SHIMADZU, Tokyo, Japan). The methanol dif-
usion coefficient was calculated with equation:

B(t) = A

VB

DK
L

CA(t − t0) (4)

here A, L and VB are the effective area, the thickness of membrane
nd the volume of permeated reservoirs, respectively. CA and CB
re the methanol concentration in methanol chamber and water
hamber, respectively. DK is the methanol diffusion coefficient.

.4.8. Proton conductivity
The proton conductivity was measured by a four-electrode ac

mpedance method from 0.1 Hz to 100 kHz, 10 mV ac perturbation
nd 0.0 V dc rest voltage using a Princeton Applied Research Model
73A Potentiostat (Model 5210 frequency response detector, EG&G
ARC, Princeton, NJ). The membranes were fixed in a measuring
ell which was made of two outer gold wires to feed current to the
ample and two inner gold wires to measure the voltage drops. Dur-
ng the measurement, the measuring cell with the membranes was
mmersed into water in order to assure the condition of 100% rela-
ive humidity at desired temperature after the membranes were full
ydrated in water for 24 h.The proton conductivity was calculated
sing the following equation:

= L

RA
(5)

here � is proton conductivity in S cm−1, L is the distance between
he two electrodes, R is the resistance of the membrane and A is the
ross-sectional area of membrane.

. Results and discussion

.1. Analysis of clay-SO3H

The efficiency of the clay surface modification was confirmed by
TIR as shown in Fig. 1. The FTIR spectrum of the pristine clay dis-
layed typical OH stretching absorption at 3626 cm−1, and broad
ands at 3427 and 1642 cm−1 could be attributed to physisorbed

ater. The peaks at 1120, 1038 and 915 cm−1 corresponded to

i O stretching vibrations. The absorption bands between 600 and
00 cm−1 could be associated with Al O stretching and Si O bend-

ng [28]. For the clay-SO3H, the new absorption bands at 3247
nd 1530 cm−1 (NH3

+ stretching), 1500–1300 cm−1 (aromatic C C
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Fig. 2. TGA curves of clay and clay-SO3H.

tretching) and 691 cm−1 (S O stretching of sulfonic acid groups)
ndicated that sulfanilic acid was grafted on the surface of the clay,
uccessfully. The absorbance peaks related to asymmetric and sym-
etric stretching of SO3

−1 groups, which were expected at 1040
nd 1100 cm−1, were not evident as they superimposed onto the
ntense peaks of Si O Si bonds.

TGA was used to determine the grafted amount of sulfanilic acid
n the surface of the clay in clay-SO3H after extensively washing
he non-grafted sulfanilic acid. Fig. 2 shows the TGA thermograms
efore and after organic grafting of the clay. The TGA thermogram
f clay-SO3H exhibited three distinct decomposition regions. The
rst weight loss between 80 and 200 ◦C was mainly attributed to
he thermal diffusion of water. The second weight loss between 200
nd 600 ◦C represented the thermal decomposition of the organic
olecule and was considered for quantitative determination of the

ulfanilic acid. The grafted amount determined by TGA analysis was
1.8 mequiv. (100 g)−1 calculated by Eq. (1).

.2. Analysis of the hybrid membranes

.2.1. Mechanical and thermal property
Good mechanical and thermal properties are required for PEMs

n DMFCs to guarantee a long lifetime of fuel cells. Mechanical prop-
rties such as tensile strength, Young’s modulus and maximum
longation of the hybrid membranes should be taken into account
nder operation conditions of DMFCs. The typical mechanical prop-
rties of the hybrid membranes were evaluated and the results

ere listed in Table 1. The Young’s moduli for the membranes

f SPEEK, SPEEK/clay-1, SPEEK/clay-3, SPEEK/clay-5, SPEEK/clay-
O3H-1, SPEEK/clay-SO3H-3 and SPEEK/clay-SO3H-5 were 0.94,
.53, 1.20, 1.30, 1.36, 0.98 and 1.20 GPa, respectively. The Young’s

t
c
i
w

able 1
echanical and thermal properties of SPEEK and the hybrid membranes

ybrid membranes Tensile strength (MPa) Maximum elongation (%)

PEEK 39.7 ± 0.7 15.1 ± 3.8
PEEK/clay-1 63.8 ± 1.9 14.7 ± 0.7
PEEK/clay-3 53.9 ± 2.5 7.9 ± 1.0
PEEK/clay-5 56.94 ± 1.02 5.89 ± 0.35
PEEK/clay-SO3H-1 48.3 ± 1.4 10.7 ± 1.9
PEEK/clay-SO3H-3 43.3 ± 2.8 9.5 ± 0.5
PEEK/clay-SO3H-5 45.0 ± 1.2 7.7 ± 1.5
urces 185 (2008) 32–39 35

oduli of the hybrid membranes were all larger than the pristine
PEEK membranes. Moreover, the Young’s moduli of SPEEK/clay
ystems were larger than those of SPEEK/clay-SO3H systems with
he same contents of clay, which might be because that the sul-
anilic acid had somehow lead to void spaces between the clay and
he polymer matrix, and these void spaces limited stress transfer
o the reinforcing phase of the inorganic clay particles. The tensile
trengths of hybrid membranes showed the same tendency with
he values from 43 to 64 MPa. The 1 wt.% clay into SPEEK/clay-1 and
PEEK/clay-SO3H-1 hybrid membranes had been well dispersed,
ven, formed the exfoliation structures into the SPEEK matrix [29],
hich caused the highest mechanical properties of all hybrid mem-

ranes. It was worth noting that the increase in tensile strength
nd in Yong modulus was obtained by increasing the clay con-
ent from 3 to 5 wt.%, which was consistent with the results in Ref.
29]. It is well known that the inorganic particles are rigid. When
he inorganic particles are well dispersed into the organic parts,
he rigidity of resulted materials will be improved. The results of
he mechanical properties indicated that the hybrid membranes
ere nice candidates for application of functional PEM materials in
MFCs.

Thermal stabilities of SPEEK and the hybrid membranes were
nvestigated by TGA as shown in Fig. 3. For all the membranes,
wo distinct weight loss steps were observed. The first weight loss
rom 300 to 450 ◦C was attributed to the thermal degradation of
ulfonic acid groups. The second weight loss above 450 ◦C repre-
ented the thermal decomposition of the main chains of SPEEK
nd sulfanilic acid. It was well known that the clay could enhance
eat resistance to the hybrid materials, especially at high temper-
ture region. As shown in Table 1, the 5% weight loss temperatures
T5%) of the SPEEK was 302 ◦C and that of the SPEEK/clay-SO3H-

hybrid membranes in acid form were up to 308 ◦C. The results
howed that the thermal stabilities had been improved with the
ncrement of clay or clay-SO3H. At 440 ◦C, the thermal degradation
f the sulfonic acid groups had been approximately complete and
he weight loss obtained from TGA at this temperature represented
he weight content of the sulfonic acid groups in the SPEEK and
ybrid membranes. The char yields of the hybrid membranes at
40 ◦C were also listed at Table 1. The results showed that the con-
ents of sulfonic acid groups in SPEEK/clay hybrid membranes were
ecreased with the increasing content of clay. However, the differ-
nt tendency was obtained in SPEEK/clay-SO3H hybrid membranes
ue to the introduction of sulfanilic acid on the surface of the clay.
GA studies revealed that the hybrid membranes had good ther-
al properties as a result of the incorporation of clay into SPEEK
atrix.

.2.2. Water uptake and water desorption
Water plays an important role in PEMs and directly affects pro-
hat protons can be transported along with hydrogen-bonded ionic
hannels and cationic mixtures such as H3O+, H5O2

+, and H9O4
+

n the water [31]. Too low water uptake reduces proton transport,
hile extreme water uptake causes overmuch swelling and the loss

Young’s modulus (MPa) T5% (◦C) Char yield at 440 ◦C (%)

945.7 ± 70.7 302 79.7
1531.7 ± 50.1 305 82.0
1201.3 ± 35.7 307 82.4

1295.37 ± 41.55 306 83.1
1362.2 ± 64.0 308 83.3
982.0 ± 24.5 304 83.2

1196.0 ± 29.3 304 83.0



36 T. Fu et al. / Journal of Power Sources 185 (2008) 32–39

lay an

o
h
a
b
w
t
i
b
t
t
s
a
a
u
o

t
r
t
m
t
t
F
c
a

Fig. 3. TGA thermodiagrams of (a) SPEEK/c

f the dimensional stability. The water uptakes of the SPEEK and
ybrid membranes at different temperature were shown in Fig. 4
nd Table 2. It is well known that the monovalent ions located
etween the clay layers allow the absorption of polar solvent, like
ater. Hence, with the increasing content of the hydrophilic clay,

he water uptakes of organic–inorganic hybrid membranes would
ncrease. For example, compared with the pristine SPEEK mem-
rane, the water uptakes of the hybrid membranes increased with
he addition of clay or clay-SO3H from 35.24 to 42.20% at 25 ◦C, and
he water uptakes of various membranes at 80 ◦C also showed the

imilar tendency, which corresponded to results shown by Bébin et
l. [22]. As the increasing of temperature, the polymer chains move
nd the free volume for water absorption increases. Thus, the water
ptakes of all of the hybrid membranes increased with the increase
f temperature.

S
a
t
(
w

d (b) SPEEK/clay-SO3H hybrid membranes.

Water retention and diffusion of PEMs have significant effects on
heir proton conductivity, especially at high temperatures and low
elative humidity [32]. To investigate loose and bond water within
he hybrid membranes, water diffusion coefficients of the hybrid

embranes were analyzed by the velocity of water evaporation in
he hydrated membranes at 80 ◦C. Plots of Mt/M∞ versus t1/2 ini-
ially were linear for Fickian diffusion laws [27] and were shown in
ig. 5. The water diffusion coefficients of the SPEEK/clay membranes
alculated from the slopes of the lines were 7.53 × 10−5, 5.47 × 10−5,
nd 2.13 × 10−5 cm2 s−1 for 1, 3, and 5 wt.% of clay, and those of

PEEK/clay-SO3H hybrid membranes were 4.02 × 10−5, 6.06 × 10−5,
nd 7.57 × 10−5 cm2 s−1 for 1, 3, and 5 wt.% of clay-SO3H, respec-
ively, which were lower than that of the pristine SPEEK membrane
8.82 × 10−5 cm2 s−1). As shown in results, the speed of diffusion of
ater decreased with the addition of clay. It was considered that the



T. Fu et al. / Journal of Power Sources 185 (2008) 32–39 37

F
a

a
m
t
t
w

3

r

F
h

o
m
h
[

T
T

C

S
S
S
S
S
S
S

ig. 4. Water uptakes of (a) SPEEK/clay and (b) SPEEK/clay-SO3H hybrid membranes
t different temperature.

nisotropic clay layers produced a tortuous path through the hybrid
embrane and therefore made the loss of the bulk observation of

ransport of molecules through the hybrid membrane [22]. Namely,
he water retention of the hybrid membranes at high temperatures

as improved by the introduction of clay.

.2.3. Methanol permeability, proton conductivity
In DMFCs, the PEMs with low methanol diffusion coefficient are

equired because methanol diffusion from the anode to the cath-

m
w
p
a
1

able 2
he properties of SPEEK and the hybrid membranes

omposite membranes Water uptake (%) Water diffusion co
(×10−5) (cm2 s−1)

25 ◦C 80 ◦C

PEEK 35.24 ± 0.91 47.39 ± 1.10 8.82
PEEK/clay-1 37.23 ± 0.92 50.04 ± 1.02 7.53
PEEK/clay-3 40.34 ± 0.61 51.08 ± 0.73 5.47
PEEK/clay-5 41.40 ± 0.83 51.91 ± 0.77 2.13
PEEK/clay-SO3H-1 36.72 ± 0.72 50.63 ± 1.00 4.02
PEEK/clay-SO3H-3 39.14 ± 0.38 52.78 ± 0.55 6.06
PEEK/clay-SO3H-5 42.20 ± 0.96 58.01 ± 0.82 7.57
ig. 5. The plots of Mt/M∞ vs. t1/2 at 80 ◦C: (a) SPEEK/clay and (b) SPEEK/clay-SO3H
ybrid membranes.

de leads to lower cell voltage and fuel efficiency. The transport of
ethanol in membrane requires the connected channels formed by

ydrophilic sulfonic acid groups providing with good connectivity
21]. The methanol diffusion coefficients of the SPEEK and hybrid
embranes at room temperature were measured and the results
ere reported in Table 2. The methanol diffusion coefficient of the
ristine SPEEK membrane was 1.21 × 10−6 cm2 s−1 at room temper-
ture, and those of the SPEEK/clay-SO3H hybrid membranes with
, 3, and 5 wt.% of clay-SO3H were 3.80 × 10−7, 9.64 × 10−7, and

efficient Methanol diffusion coefficient
(×10−6) (cm2 s−1)

Proton conductivity (S cm−1)

25 ◦C 80 ◦C

1.21 0.0699 0.125
0.450 0.0510 0.126
0.342 0.0470 0.155
0.494 0.0470 0.107
0.379 0.0698 0.166
0.964 0.0595 0.132
1.12 0.0551 0.131
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ig. 6. The proton conductivity of (a) SPEEK/clay and (b) SPEEK/clay-SO3H hybrid
embranes at different temperature.

.12 × 10−6 cm2 s−1, respectively. The assumption of the destruc-
ion by the clay to the connected channels decreased the methanol
iffusion coefficients of the hybrid membranes.

The proton conductivities of the SPEEK and hybrid membranes
t different temperatures with 100% relative humidity had been
hown in Fig. 6 and the relative values were listed in Table 2.
he proton transport in membranes requires well-connected chan-
els formed by ion clusters of hydrophilic sulfonic acid groups.
herefore, the content and the diameter of the connected channels
ave significant effect on the proton transport rate in mem-
ranes. When the density of sulfonic acid groups is low, the

solated ionic clusters form in the continuous hydrophobic phase
32]. Since the ionic clusters might be obstructed from the clay
ith low proton conductivity although the water uptakes of the

ybrid membranes increased with the adding of the clay, the pro-
on conductivities of the hybrid membranes decreased with the
ncrement of the clay as can be seen in Fig. 6. Addition of the
ulfanilic acid into the clay resulted in an increasing trend of

roton conductivities of the SPEEK/clay-SO3H hybrid membranes

n comparison to the SPEEK/clay hybrid membranes. The pro-
on conductivities of the hybrid membranes increased with the
ncrease of the temperature as seen in Fig. 6. All composite mem-
ranes showed good proton conductivity more than 10−2 S cm−1,

A

g

ig. 7. The selectivity (ratio of proton conductivity to methanol permeability) of
PEEK/clay and SPEEK/clay-SO3H hybrid membranes at 25 ◦C.

hich was the lowest value of practical interest for PEMs used in
MFCs.

Membranes for the practical usage of PEMs in DMFCs were
equired to possess high proton conductivity and low methanol
ermeability. The selectivity means the characteristic factor for
valuating membrane performances of both proton conductivity
nd methanol permeability. In this case, the selectivity can be used
ust as a barometer to develop the best proton conductive polymer

embranes with reducing methanol permeability. Fig. 7 shows the
electivity defined as the ratio of proton conductivity to methanol
ermeability of the SPEEK and hybrid membranes. The selectivi-
ies of the SPEEK/clay hybrid membranes were improved with the
ntroduction of clay. However, the highest selectivity value was
ound from the SPEEK/clay-SO3H hybrid membrane with 1 wt.%
lay-SO3H. The result suggested that the incorporation of 1 wt.%
lay-SO3H into the SPEEK membranes had more impact on the
eduction of methanol permeability than proton conductivity, and
he hybrid membrane has a potential application for DMFCs.

. Conclusions

The clay-SO3H had been prepared from the ion exchange
ethod of surface modification of clay with sulfanilic acid, suc-

essfully. The mechanical and thermal properties of the SPEEK
embranes were dramatically improved by introduction of clay

r clay-SO3H. The performances of the hybrid membranes for
MFCs such as water uptake, water desorption, methanol per-
eability, and proton conductivity were investigated. The water

ptakes of the hybrid membranes were increased with the increas-
ng content of clay or clay-SO3H. The water retentions at 80 ◦C and

ethanol resistances of the hybrid membranes had been obviously
nhanced by adding of clay or clay-SO3H. The proton conductivities
f SPEEK/clay-SO3H hybrid membranes decreased slightly com-
ared with the pristine SPEEK membrane, however, the higher
electivity of SPEEK/clay-SO3H-1 hybrid membranes was shown.
hese results indicated that the SPEEK/clay-SO3H hybrid mem-
rane which possessed good physical and chemical property was
romising to be used as PEMs in DMFCs.
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