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A series of novel hybrid membranes based on sulfonated poly(arylene ether ketone)s (SNPAEKSs),
polysiloxane (KH-560) and sulfonated curing agent (BDSA) has been prepared by sol-gel and cross-
linking reaction for direct methanol fuel cells (DMFCs). All the hybrid membranes (SKB-xx) show high
thermal properties and improved oxidative stability compared with the pristine SNPAEK membrane. The

sulfonated cross-linked polysiloxanes networks in the hybrid membranes enhance the mechanical prop-
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erties and reduce the swelling ratio. The swelling ratio of SKB-20 is 22%, which is much lower than that of
the pristine SNPAEK (37%) at 80 °C. Meanwhile, SKB-xx membranes with greatly reduced methanol per-
meabilities show comparative proton conductivities to pristine SNPAEK membranes. Notably, the proton
conductivities of SKB-5 and SKB-10 reach to 0.192Scm~" and 0.179Scm~" at 80°C, respectively, which
are even higher than the 0.175Scm~" of SNPAEK.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Direct methanol fuel cells (DMFCs) have recently received
considerable attention as clean and efficient power sources for
automotive, stationary, and portable applications [1,2]. Proton
exchange membranes (PEMs) are employed as electrolyte in
DMEFCs. Current commercial proton exchange membranes based on
perfluorosulfonic acid (PSFA), such as Nafion, show excellent chem-
ical and mechanical stabilities as well as high proton conductivity at
moderate temperatures (< 80 °C) and 100% relative humidity. How-
ever, the disadvantages of perfluorosulfonic acid polymers, such
as high cost, environmental concerns of the fluorinated materials
as well as excessive methanol permeability limit their commer-
cialization in DMFCs [3,4]. The development of alternative PEMs
with excellent stability, high proton conductivity and low methanol
permeation is a major challenge.

During past years, sulfonated aromatic polymers have been
widely investigated as candidate PEM materials for DMFCs appli-
cations because of their low methanol permeability, excellent
thermal and chemical stabilities [5-9]. Main-chain-type sulfonated
polymers with the sulfonic acid groups directly attached onto
the polymer main chain typically show extensive water uptake
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above a critical temperature, or above a critical degree of sul-
fonation, which result in a dramatic loss of mechanical properties
[10]. Many research groups found that the side-chain-type sul-
fonated aromatic polymers, which located the sulfonic acid groups
on the side chains, exhibited pronounced hydrophilic/hydrophobic
phase separation. Based on this, the side-chain-type sulfonated
polymers possessed advantageous conductivity and membrane
hydrodynamic properties compared to most of the main-chain-
type sulfonated polymers [11,12]. In our previous work, we have
prepared naphthalene-based poly(aryl ether ketone) copolymers
containing sulfobutyl pendant groups(SNPAEK), which showed
promising performance [13]. In general, the sulfonated aromatic
polymer membranes require high degree of sulfonation (Ds) to
achieve sufficient proton conductivity [14]. However, high Ds
would lead to high water uptake and high swelling ratio, which
result in the loss of the mechanical strength and the increase of the
methanol permeability [15-17].

Organic-inorganic hybrid method has become an important
approach in the modification of PEMs by combining the effects
of organic polymers and inorganic compounds [18,19]. Cross-
linking is another simple and powerful method to improve the
dimensional stability and the methanol resistance of PEMs [20].
Chen and Kuo used the organic-inorganic hybrid method to
modify the Nafion membranes, which incorporated hydrophilic
polymer into covalently cross-linked polysiloxanes. The resulting
hybrid membranes greatly decreased the methanol permeability
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to 108 cm? s~ [21]. However, the hybrid membranes showed a
tendency toward decreased proton conductivity due to the reduc-
tion of ion exchange capacities (IECs) [22]. To overcome this
problem, several sulfonic acid functionalized inorganic fillers such
as sulfonated clays, sulfonated MCM-41 and sulfonated SBA-15
have been used to improve the proton conductivity of the hybrid
membranes [23-25]. Lavorgna et al. have reported the hybrid
membranes which introduced the sulfonic acid functionalized
polysiloxane domains into Nafion membranes, and the presence
of SOsH-functionalized polysiloxane improved the proton conduc-
tivity of the hybrid membranes [26].

In this study, we demonstrate a novel hybrid membrane for
DMEFC by using a sulfonated curing agent to form polysiloxane
cross-linked network. The hybrid membranes were composed
of side-chain-type SNPAEK, 3-glycidoxypropyltrimethoxysilane
(KH-560) and 2,2-benzidinedisulfonic acid (BDSA). In the hybrid
membranes, the side-chain-type SNPAEK acts as the matrix which
guarantees the high proton conductivity of the composite mem-
branes. KH-560 can form the polysiloxane cross-linked structure
to improve the mechanical and dimensional stability of the mem-
branes, and the BDSA not only acts as curing agent but also provides
additional proton conducting sites. The dimensional and oxidative
stability of the resulting SNPAEK/KH-560/BDSA hybrid membranes
have been investigated thoroughly. Also the methanol permeability
and proton conductivity of these hybrid membranes were com-
pared with the pristine SNPAEK membranes. All the results show
that the hybrid membranes would be the promising PEMs materials
in DMFCs.

2. Experimental
2.1. Materials

HNPAEK was synthesized by the aromatic nucleophilic
polycondensation of 1,5-bis(4-fluorobenzoyl)-2,6-
dimethoxynaphthalene(DMNF) and bisphenol A according to the
procedure described in our previous work [27]. Then the HNPAEK
was sulfobutylated by 1,4-butane sultone to form SNPAEK. The
degree of sulfonation, which was defined as the molar ratio (%)
of sulfonic acid groups converted from hydroxyl groups, was
determined by the TH NMR method [28,29]. Fig. 1 shows the 'H
NMR spectrum of the SNPAEK. The degree of sulfonation was 96%,
which was calculated from the '"H NMR spectrum, in which the Ay
and Ayar corresponded to the peak area of Hg and Hp,, respectively
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[27]. 2,2-Benzidinedisulfonic acid (BDSA) was purchased from TCI
Co. and triethylamine was purchased from Shanghai Chemicals
Co. BDSA was dissolved in ethanol and neutralized by adding
triethylamine at 60°C to form BDSA-EtsHN. BDSA-EtsHN was
purified by recrystallization from ethanol solution and dried
under vacuum for three days. Dimethyl sulfoxide (DMSO), which
purchased from Beijing Chemical Co., was vacuum-distilled prior
to use. Other reagents which purchased from Beijing Chemical Co.
are all analytical reagent and used without further purification.

2.2. Preparation of the SKB-xx membranes

The hybrid membranes were prepared according to the follow-
ing procedure. SNPAEK was dissolved in 10 mL dimethyl sulfoxide
(DMSO) at room temperature to obtain 10 wt% solution. A cer-
tain weight of 3-glycidoxypropyltrimethoxysilane (KH-560) and
BDSA-EtsHN (KH-560/BDSA-EtsHN =4/1 mol/mol) were added to
the SNPAEK solution, meanwhile, they were stirred for about 2 h.
The homogeneous solution was cast on a 10cm x 10cm square
aluminum plate and heated in a vacuum oven at 70°C for 24h
to remove the DMSO completely and then at 150°C for 1h to
accomplish the reaction between KH-560 and BDSA-Et3HN. Dry
membranes were peeled off from the substrate and immersed
in 1M H;SO4 solution at 80°C for 24h to get the KH-560
hydrolysis-condensation to happen, meanwhile the BDSA-Et3HN
in the membranes converted into the BDSA. SKB-xx were prepared
subsequently, where xx represents the weight percentages of KH-
560 in the hybrid membranes (xx=5, 10, 15, 20). Meanwhile, the
SK-10 which contained only 10 wt% KH-560 but no BDSA-Et;HN
was prepared for further comparison.

2.3. Characterization

TH NMR spectrum was conducted with a 500 MHz Bruker
Avance 510 spectrometer with deuterated dimethyl sulfoxide
(DMSO-dg) as the solvent and tetramethylsilane (TMS) as the
standard. FT-IR spectroscopy measurements of the dry membrane
samples were recorded from powder samples, which were scraped
from the membranes by a bistoury and dispersed in dry KBr in form
of disks, using a BRUKER Vector 22 spectrometer at a resolution of
4cm~1 min~! from 4000 to 400 cm~!. The TGA measurements were
performed on Perkin-Elmer under a nitrogen atmosphere using
the heating rate of 10°Cmin~! from 80 to 700°C. The mechanical
properties of the dry membranes were measured using SHIMADZU
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Fig. 1. 'H NMR spectra of SNPAEK.
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AG-1 1 KN at the speed of 2mmmin~!. At least five samples
(15 mm x 4 mm) were used for each measurement and their aver-
age values were calculated.

2.4. Oxidative stability and solubility

Oxidative stability of the SKB-xx membranes was evaluated by
immersing the films into the Fenton’s reagent (3% H, 0, containing
2 ppm FeS04) at 80°C. After immersing, the membrane samples
were collected by filtering and then dried at 120°C for 10h in a
vacuum oven. We evaluated the degradation of the membranes by
the residual weight and the visual observation. The solubility of
the SKB-xx membranes was evaluated by immersing the films into
several organic solvents at room temperature for 1h. Moreover,
the residual membranes after immerging in DMSO at 60°C for 24 h
were filtered and then dried at 120°C for 10 h in a vacuum oven.

2.5. Ionic exchange capacity (IEC)

The IEC values of these membranes were determined by classical
acid-base titration. The membranes in acid form were immersed
in 1M NaCl solutions for 24 h to exchange all the H* ions to Na*
ions. The H* ions in solution were then titrated with 0.01 M NaOH
using phenolphthalein as indicator. The ion-exchange capacities
were calculated from:

consumed NaOH(ml) x molarity NaOH

[EC = -
¢ weight of dry membrane

(megq. g71) (1)

2.6. Water uptake and swelling ratio

Before testing water uptake and swelling ratio, the membranes
were vacuum-dried at 100 °C until constant weights were obtained.
The weight (Wy,y) and length (Lyy) of dry membranes were mea-
sured. Then the dried samples were immersed in deionized water
for 24 h at different temperatures. After that the samples were
taken out and immediately weighed (Wyet) and length (Lwet) after

5805

wiping out the surface water. The water uptake was calculated
using the expression:

) _ Wwet - Wdry

water uptake(WU)(%
Wdry

x 100 (2)
where Wyt is the weight of fully hydrated membrane and Wy, is
the weight of the dry membrane.

Swelling ratio of membranes was calculated with the following
formula:

Lwet — Ldry

swelling ratio(%) = x 100 3)

dry
where Lyet is the length of fully hydrated membrane and Lg,y is the
length of the dry membrane.

2.7. Proton conductivity and methanol permeability

The in-plane proton conductivity in water-equilibrated mem-
branes was determined by a four-point probe alternating current
impedance spectroscopy using an impedance/gain-phase analyzer
(Solartron 1260) and an electrochemical interface (Solartron 1287).
A single cell with two pairs of gold-plate electrodes was mounted
on a Teflon plate and immersed in deionized water where the tem-
perature was controlled. The proton conductivity was calculated by
the following equation:

o= L
" RxS

(4)

where o is the proton conductivity (Scm~1!), L is the distance
between the two electrodes (L=1cm), R is the resistance value of
the membrane and S is the cross-section area of the membrane
(cm?).

The methanol permeability was measured by using a two-
chamber glass diffusion cell, which was consisted of two identical
compartments separated by the test membranes placed on a screw
clamp. 10 M methanol solution was placed on one side of the cell
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o) QCH;
e EOTTSI-0CH, o
stiring OCH,4 stirring 2h
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SO4H SO3H HaN . . NH;
SO;Et;N
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; 8
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Fig. 2. Scheme for illustrating the preparation of SKB-xx hybrid membranes.
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Fig. 3. FT-IR spectra of SKB-xx hybrid membranes.

and water was placed on the other side. Each chamber was stirred
by a magnetic stirrer to ensure uniformity. The concentration of
methanol was determined by using SHIMADZU GC-8A chromato-
graph. The methanol permeability was calculated as follows:

_ADK

Cp(t) = Vs L

Ca(t - to) (5)
where A (cm?) and L (cm) are the effective area and the thickness of
membrane, respectively. Vg (mL) is the volume of diffusion reser-
voir. Ca and Cg (mol L-1) are the methanol concentration in feed and
in diffusion reservoir, respectively. DK (cm?s~1) is the methanol
permeability.

3. Results and discussion
3.1. Preparation of the SKB-xx membranes

The hybrid SKB-xx membranes were prepared via oxirane ring
cleavage and sol-gel reaction. The reaction between epoxy of KH-
560 and amine group of BDSA via oxirane ring cleavage leaded to
the organic polymeric network, while the hydrolysis of Si-(OR)3
catalyzed by H* leaded to the cross-linking inorganic siloxane net-
work. The reaction scheme of the hybrid SKB-xx membranes is
shown in Fig. 2. The hybrid membranes with a mean thickness of
67 pm were brown and transparent indicating good compatibil-
ity between the two polymers. FT-IR spectroscopy measurement
was used to confirm the cross-linked reaction between the epox-
ide and amino groups and the formation of polysiloxane network.
The FT-IR spectra of SNPAEK, KH-560, SKB-10, as well as SK-10, are
shown in Fig. 3. The observed bands at 1246cm~! and 1033 cm™!
were assigned to symmetric and asymmetric stretching vibrations
of 0=S=0. The infrared band at about 688 cm~! can be assigned to

Table 1
Solubility of SKB-xx hybrid membranes in various common organic solvents?.

Sample DMSO DMF NMP DMAc Methanol Water Residual

weight P
SNPAEK S S S S Sw Sw S
SK-10 Sw Sw Sw Sw Sw 1 87.21%
SKB-5 Sw Sw Sw Sw Sw I 88.54%
SKB-10 Sw Sw Sw Sw I I 91.31%
SKB-15 Sy Sw 1 Sw I 1 98.28%
SKB-20 1 1 I I I I 99.03%

2 S: soluble at room temperature. I: insoluble at room temperature. S,,: swelling
(or partly dissolved) at room temperature.
b The residual weight after 24 h immerged in DMSO at 60 °C.

S-0 stretching of sulfonated groups. Compared with the spectrum
of KH-560, the peak of the epoxy group (912cm~!) disappeared
in the hybrid SKB-10 membrane, which shown that the epoxide
ring opened and produced a three-dimensional network. Mean-
while, the appearance of Si-O-Si stretching vibration at 1159 cm™!
confirmed the formation of Si-O-Si cross-linked structure.

After hybrid, the SKB-xx membranes cannot be dissolved in sev-
eral organic solvents at room temperature but could be swollen
(Table 1), which indicated that the cross-linked networks were
successfully incorporated into the SNPAEK membranes. Table 1
shows that the residual weight of the hybrid membranes increased
with the KH-560 content, which indicates a increment of the cross-
linked density.

3.2. Thermal and mechanical properties

Though the operating temperature is mild for the DMFC, the
fabrication of the membrane electrode assemblies still need the
membrane material has good thermal property. The thermal sta-
bilities of the membranes were investigated by TGA measurement.
The 5% and 10% weight loss temperature (Tysy and Tq1gy) of the
SNPAEK and SKB-xx membranes are listed in Table 2. The Tysy
of the hybrid membranes (above 242 °C) was higher than that of
the pristine SNPAEK membrane (230 °C). The cross-linked siloxane
network in the hybrid membrane is temperature tolerant and can
improve the heat resistance of membranes [30]. Fig. 4 shows the
TGA curves of SNPAEK and SKB-xx membranes. We can see that all
the membranes in acid form contained two step degradation pat-
terns. The first degradation step observed around 220-310°C was
attributed to the elimination of the sulfonic acid groups located
on the sulfobutylate side chain and on the BDSA. The second step
started at about 460 °C corresponded to the main chain decompo-
sition. The TGA study revealed that the thermal stabilities of the
pristine SNPAEK had been improved by the incorporation of the
Si—0-Si cross-linked structure into the membrane.

It is essential for PEMs to possess adequate mechanical integrity
to withstand the fabrication of the membrane electrode assem-
bly. The mechanical properties of dry SKB-xx membranes were
measured using a tensile testing instrument at room temperature.
The mechanical properties of SKB-xx membranes were evaluated

Table 2

Thermal and mechanical properties of the SKB-xx hybrid membranes.
Samples Tasx? (°C) Ta10%° (°C) Tensile Young’s Elongation at

strength (MPa) Modulus (MPa) break (%)

SNPAEK 230 252 37+2 797 £ 19 24+ 4
SK-10 235 248 42 +1 876 +9 15+2
SKB-5 242 253 40 + 3 1044 + 40 21+1
SKB-10 249 260 46 £5 1187 +£ 22 15+3
SKB-15 259 271 48 +2 911 + 30 12+2
SKB-20 267 282 46 + 1 1032 + 17 10+2

2 Temperature of 5% weight loss.
b Temperature of 10% weight loss.
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Fig. 4. TGA curves of SKB-xx hybrid membranes.

and listed in Table 2. The SKB-xx membranes in dry state had
tensile stress at maximum load of 40-48 MPa, Young’s modulus
of 911-1187 MPa and elongation at break of 10-21%. The hybrid
membranes showed the improved tensile strength and Young’s
modulus compared with the pristine SNPAEK membrane. The elon-
gation at break decreased with the introduction of cross linking
agent due to the cross-linked network restricted the motion of
SNPAEK chain segmental. Compared with the mechanical proper-
ties of Nafion117 which had a tensile stress of 38 MPa, a Young’s
modulus of 180 MPa and a elongation at break 301.5% in the dry
state [31], the SKB-xx series membranes showed higher tensile
strength and Young’s modulus but lower elongation at break, which
was attributed to the rigid aromatic structure of the polymer chain
and the cross-linked network structure. The mechanical properties
of SKB-xx membranes in dry states showed they were strong and
flexible enough to be used as PEMs.

3.3. IEC, water uptake and swelling of the SKB-xx membranes

The IEC value indicates the concentration of sulfonic acid group
in the membrane. To get the proper membranes for DMFCs, there
must be sufficient IEC value to provide suitable proton conductiv-
ity. Table 3 shows the IEC values of SKB-xx membranes. With the
increasing of KH-560 content, the IEC value decreased from 2.17
to 1.89meq.g~! gradually. However, with the same weight ratio
of KH-560, the IEC value of SKB-10 (2.05 meq.g~!) was higher than
that of SK-10(1.92 meq. g~ 1), which could be attributed to the addi-
tional sulfonic acid groups from BDSA. The additional sulfonic acid
groups were also helpful to keep the high proton conductivity in
the SKB-xx membranes.

Table 3
Properties of the SKB-xx hybrid membranes.
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Fig. 5. Water uptake of SKB-xx hybrid membranes.

The hydrophilic property plays an important role in PEMs. For
most of the proton conductive polymer, water acts as the carrier
which transports the proton through the membranes. However
excessive water uptake would decrease the mechanical properties
and increase the methanol permeability of the membranes. Nor-
mally, the water uptake depends strongly on the IEC value. Fig. 5
shows that the introduction of KH-560 and BDSA greatly reduces
the water uptake of the membranes. This may due to the forma-
tion of cross-linked network structure and the slightly reduced IEC
value. For example, the water uptake of pristine SNPAEK is 79% and
the value of SKB-20 is merely 47% at 25 °C. Similarly, the swelling
ratio of the SKB-xx membranes was compressed by the cross-
linked network too. At 25 °C, the swelling ratio decreased from 21%
to 15% with the increasing content of KH-560 (Fig. 6). There are
two aspects by the effect of silica and amine groups: (i) a hygro-
scopic effect due to the silica nodes and inherent amino, which
would increase the content of bound water; (ii) a cross-linking
effect due to silanol sol-gel polymerization and amine/epoxide
linkage, which would reduce the mobility and the free-volume
of polymer chains. Also, it could decrease the water uptake and
swelling ratio [32]. These results indicated that in the SKB-xx hybrid
membranes, the cross-linking effect was more prominent than the
hygroscopic effect. The properties of the Nafion 117 membrane
are also listed in Table 3 for comparison. Though SKB-xx mem-
branes showed higher water uptake and swelling ratio than Nafion,
their values had been much reduced compared with the pristine
membrane and lower than the other kinds of sulfonated aromatic
polymers [33,34].

Samples IEC (meq.g ') Methanol Proton conductivity (1072 Scm™1) Water uptake (%) Swelling ratio (%)

permeability

(cm?s~1)

25°C 80°C 25°C 80°C 25°C 80°C

SNPAEK 2.17 + 0.05 12.11x 1077 10.0 + 0.1 175+ 0.5 79 104 21 37
SK-10 1.92 £ 0.02 5.43 x 1077 73 +03 14.7 £ 0.2 46 78 17 25
SKB-5 2.14 + 0.01 8.20x 1077 93 +£0.1 19.2 £ 0.2 62 96 18 29
SKB-10 2.05 £+ 0.01 491 x1077 9.0 +£0.1 17.9 + 0.1 58 87 17 27
SKB-15 1.93 £ 0.04 4.82x 1077 7.4 +£ 0.1 14.5 +£ 0.2 56 82 16 24
SKB-20 1.89 + 0.06 4.67 x 1077 6.6 £0.1 12.9 £ 0.1 47 79 15 22
Nafion 117[43] 0.90 + 0.03 10.05 x 1077 7.6 £0.1 14.6 £ 0.2 183 279 10.6 17.2
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Fig. 6. Swelling ratio of SKB-xx hybrid membranes.

3.4. Oxidative stability

Radical species such as HO®* and HOO® can arise from reactant
diffusion through the membrane and incomplete oxygen reduc-
tion. It is known that oxidative attack by HO* and HOO* radicals
occurs mainly within the hydrophilic domain to cause the degrada-
tion of polymer chain [35]. The mechanical degradation in Fenton’s
reagent is strongly affected by the amount of sulfonation of the
membranes, in general, a higher IEC value leads to lower oxidation
stability [36]. The oxidative stability of the SKB-xx membranes was
calculated in Fenton’s reagent at 80°C. This method is regarded
as one of the standard tests to gauge relative oxidative stability
and to simulate accelerated fuel cell operating conditions [37].
Fig. 7 shows the residual weight of the hybrid and pristine mem-
branes after immersing in the Fenton’s reagent as a function of
time. It was found that the SNPAEK membrane began to break into
piece by shaking after 35 min. While the SKB-xx hybrid membranes
showed better oxidation stability than the pristine SNPAEK mem-
brane, which did not break until 156 min. Though the SKB-xx series
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Fig. 7. Oxidative stability of SKB-xx hybrid membranes.
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Fig. 8. Proton conductivity of SKB-xx hybrid membranes.

membranes show poorer oxidative stability than Nafion, the oxida-
tive stability of the SKB-xx series membranes was increased with
the amount of Si-O-Si and epoxy cross-linking structures. There
are two reasons: (1) The Si-O-Si structure shows good oxidation
stability. (2) The cross-linked network restricts the swelling of the
membrane, decreasing the attack opportunity of free radicals in
absorbed water.

3.5. Proton conductivities

The proton conductivities of SKB-xx membranes were measured
at 100% RH and plotted as functions of temperature (Fig. 8). As
expected, the proton conductivities increased with the increas-
ing temperature. All the membranes showed comparable proton
conductivity to Nafion 117. For SKB-5, its proton conductivity was
0.192Scm~! at 80°C, which was higher than the 0.146Scm™!
of Nafion 117. The results showed that after introducing cross-
linked network structure into the SNPAEK membranes, the proton
conductivity of the resulting SK-10 membrane decreased to
0.147Scm! at 80°C. This may be due to the introduction of the
cross-linker (KH-560), which not only diluted the ion concen-
tration but also hindered the proton transport process since the
enhanced compact nature of the membrane. In order to reduce
the effect of the cross-linker on decreasing the proton conduc-
tivity, BDSA was added into the cross-linked system, which acted
as a robust scaffold and also provided the sulfonated groups for
conducting protons. As a result, the proton conductivity of SKB-
10 still remained 0.179Scm~! at 80°C, which was higher than
the 0.147Scm™! of SK-10. From Table 3, we can find that the
proton conductivities of SKB-xx membranes decreased with the
increasing KH-560 content. However, it should be noticed that
the proton conductivity of SKB-5 and SKB-10 reached to 0.192
and 0.179Scm™! at 80°C, respectively, which was higher than the
0.175Scm~! of SNPAEK. Actually, the proton conductivity of PEM
depended on the proton concentration in membranes [38]. The
pristine SNPAEK membrane possessed much higher water content,
which may dilute the concentration of the sulfonic acid groups.
However, the cross-linked network of SKB-xx membranes can tol-
erate much higher ionic contents without excessive swelling at
high temperature. As a result, the SKB-xx hybrid membranes exhib-
ited higher concentration of sulfonic acid groups than the pristine
SNPAEK membrane with the similar IEC, which may be responsible
for their high proton conductivity at high temperature [39,40].
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SNPAEK SK-10 SKB-5 SKB-10 SKB-15 SKB-20
Membranes

Fig. 9. Relative selectivity of SKB-xx hybrid membranes.
Relative selectivity =SKB-xx selectivity/SNPAEK selectivity (selectivity=[proton
conductivity]/[methanol permeability])

3.6. Methanol permeability and relative selectivity

Membranes used for DMFC must act as an effective barrier
to stop methanol permeability from anode to cathode. It has
been concluded that methanol is transported by diffusion in
the membrane and by convection with the water [41]. So, the
methanol permeability increases with the increasing water con-
tent, therefore with the Ds. But the influence of the membrane
dimensional stability on the methanol permeability should also
be taken into account [42]. Table 3 shows the methanol per-
meability of the SKB-xx membranes at room temperature. After
cross-linking reaction, the methanol permeability of SKB-xx mem-
branes were 4.67 x 10~7-8.20 x 107 cm? s~!, which were much
lower than that of the SNPAEK (12.11 x 10~7 cm? s~!). The results
indicated that the formation of cross-linked network can reduce the
vacant space where the free water molecules absorbed and intro-
duce a denser structure to act as a methanol barrier. Compared
with the Nafion 117(10.05x 107 cm?s~1), the rigid aromatic
structure and the cross-linked network structure in SKB-xx mem-
branes exhibited their advantages in the resistance of methanol
Crossover.

The selectivity is the ratio of proton conductivity to the
methanol permeability, which is often used to evaluate the poten-
tial performance of DMFC membranes. Fig. 9 shows that the
selectivity of all the hybrid membranes was higher than the pristine
SNPAEK membrane. SKB-10 showed the highest selectivity which
was as much as 2.5 times than the SNPAEK. The results suggested
that the SKB-xx hybrid membranes could be applied as potential
PEM materials for DMFCs.

4. Conclusion

A novel type of organic-inorganic hybrid PEMs containing
sulfonated cross-linked polysiloxanes was successfully prepared
by sol-gel and cross-linking reaction. The SNPAEK/KH-560/BDSA
hybrid membranes showed excellent solvent resistance, thermal
and mechanical stability. The oxidative stability of the hybrid mem-
branes was much improved by the cross-linked network structure.
The water uptake and swelling ratio were also reduced by the
cross-linking effect. Furthermore, the SKB-xx membranes showed
excellent proton conductivities. For example, both of the SKB-5
(0.192Scm™1) and SKB-10 (0.179Scm™1!) showed higher proton
conductivities than the pristine SNPAEK (0.175Scm~1!) at 80°C.

Meanwhile, the methanol permeability was also much reduced by
introducing the cross-linked network structure in the membrane.
All the results indicated the introduction of sulfonated cross-linked
polysiloxanes network can significantly improve the performance
of the SNPAEK materials in DMFCs.
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