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Abstract A sulfonated poly(ether ether ketone) (SPEEK) membrane with a fairly high degree of sulfonation (DS)
can swell excessively and even dissolve at high temperature. To solve these problems, insolvable functionalized sil-
ica powder with sulfonic acid groups (SiO,-S) was added into the SPEEK matrix (DS = 55.1%) to prepare SPEEK/
SiO,-S composite membranes. The decrease in both the swelling degree and the methanol permeability of the
membranes was a dose-dependent result of addition of the SiO,-S powder. Pure SPEEK membrane swelled 52.6%
at 80°C, whereas the SPEEK/SiO,-S (15%, by mass) membrane swelled only 27.3% at the same temperature. From
room temperature to 80°C, all SPEEK/SPEEK/SlO -S composite membranes had methanol permeability of about
one order of magnitude lower than that of Nafion®115. Compared with pure SPEEK membranes, the addition of the
SiO,-S powder not only leads to higher proton conductivity, but also increases the d1mens10nal stability at higher
temperatures, and greater proton conductivity can be achieved at higher temperature. The SPEEK/SIO,-S (20%, by
mass) membrane could withstand temperature up to 145°C, at which in 100% relative humidity (RH) its proton
conductivity exceeded slightly that of Nafion®115 membrane and reached 0.17 S-cm™', while pure SPEEK mem-
brane dissolved at 90°C. The SPEEK/SiO,-S composite membranes are promising for use in direct methanol fuel

cells because of their good dimensional stability, high proton conductivity, and low methanol permeability.
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1 INTRODUCTION

Development and research on direct methanol
fuel cells (DMFCs) have been an area of active inter-
est since the 1990s [1]. DMFC technology has made
significant progress over the years, but two obstacles
still need to be surmounted before DMFC commer-
cialization [2, 3]. First, the anode catalyst is inactive
and unstable enough causing a high overpotential loss
of the anode. Second, severe methanol crossover of
the commercially available perfluorosulfonic acid
(PFSA) proton-exchange membranes (PEM) (e.g.,
Naﬁon®) from anode to cathode reduces fuel effi-
ciency and increases the mixed electrode potential of
the cathode, resulting in low cell performance [2, 3].
Production of the commercially available PFSA
polymer membranes is costly and time-consuming.
Therefore, there is an urgent need to develop PEM
with improved properties, including high proton con-
ductivity, low methanol permeability, and low cost.

Much effort has been made in recent years to de-
velop an alternative fluorine-free polymer membranes
[4-8] and to modify PFSA polymer membranes [9]. It
is widely recognized that sulfonated poly (ether ether
ketone) (SPEEK) polymers are very promising mate-
rials for membranes in DMFCs [4]. SPEEK polymers
can, in theory, have higher ion-exchange capacity
(IEC) than PFSA polymers, which may compensate
for the demerit of weaker acidity of their own sulfonic
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groups (SOs;H). SPEEK membranes also exhibit lower
methanol crossover and are less costly to produce than
PFSA membranes [5]. The demand for high proton
conductivity calls for SPEEK membranes to have a
high degree of sulfonation (DS) and to function at
high temperatures. However, highly sulfonated
SPEEK membranes tend to swell excessively or even
dissolve at high temperatures. There have been several
attempts to overcome the excessive swelling while
maintaining high proton conductivity, for example, by
synthesizing SPEEK with various hydrophobic block:
hydrophilic block ratios [10], by introducing cross-links
between some of the sulfonic groups in the SPEEK
membrane [11], and by blending the SPEEK polymer
with non-conductive engineering thermoplastics (e.g.,
SPEEK/PEI, SPEEK/PES, SPEEK/PBI) [12-14].
Addition of inorganic particles (e.g., ZrO,) into
the SPEEK matrix is also an important approach in PEM
research [15]. This approach has two objectives: one is
to improve the mechanical properties of the composite
membranes and the other is to physically counteract
methanol crossover [16, 17]. It has also been suggested
that the size of the particles (nano or micro), surface
properties (acid or basic), and the functionalization
determine whether the filler, besides acting as a rein-
forcing components as above mentioned, can impart a
significant improvement in proton conductivity [16-22].
In this study, the functionalized silica with sulfo-
nic acid groups (SiO,-S) was added into the SPEEK
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matrix (DS =55.1%) to prepare SPEEK/SiO,-S com-
posite membranes. The molecular structure of the
filler is shown in Fig. 1. The addition of SiO,-S into
SPEEK matrix is expected to lead to more dimensional
stability membranes with high proton conductivity,
low methanol permeability, and low swelling degree.

SiO+CH,CH,

x O ¥

Figure 1 Molecular structure of the functionalized silica
with sulfonic acid groups (SiOy-S)

2 EXPERIMENTAL
2.1 Materials

Poly(ether ether ketone) (PEEK) pellets (Vic-
trex "PEEK, grade 450P, M, =38300 ) were provided
by Nanjing Yuanbang Englneering Plastics Co., Ltd.
4-ethyl benzenesulfonyl chloride-functionalized silica
(S10,-Cl) was obtained from Sigma-Aldrich Chemis-
try Company. It has a density of 0.46 g-cm >, a load-
ing of CI groups equal to 1 mmol per gram of powder
a pore size of 6 nm, and a surface area of 500 m*g
The nominal size of powder is 40-65 um. Concen—
trated sulfuric acid (95%-98%), dimethylformadide
(DMF), and absolute methanol were purchased from
Kewei Chemistry Co., Ltd.

2.2 Preparation of SiO,-S powder

The SiO,-S gel can be prepared from SiO,-Cl
hydrolyzed for 6 h at 80°C as described in a previous
study [17]. The gel was washed repeatedly with deion-
ized water until pH of the rinse water was 7 and then
dried at 70°C for 24 h to remove water. The resultant
Si0,-S was ground to fine powder by a QM-ISP04
ball mill and finally stored in an airtight bottle before
being used.

The back-titration of sulfonic groups within the
Si0O,-S powder was used to find whether the SiO,-Cl
hydrolyzed into the SiO,-S completely.

2.3 Synthesis of SPEEK

PEEK (10g) was added gradually to 100 ml of
concentrated sulfuric acid in a three-necked flask with
vigorous stirring at 60°C. At a prescribed time point,
the acid polymer solution was added to a large exces-
sive ice-cold water with continuous agitation. The
SPEEK precipitate was rinsed repeatedly with deion-
ized water until the water reached pH 7. Then the
SPEEK was dried at room temperature for 2 days fol-
lowed by drying at 60°C for 24 h under vacuum. The
IEC and DS of the sulfonated polymers were deter-
mined by a classical back-titration method as de-
scribed in a previous study [23].

2.4 Membrane preparation

The membranes were prepared by solution cast-
ing. When the mass content of SiO,-S powder is
higher than 20%, the composite membrane becomes
brittle in dry state at room temperature. Therefore,
SPEEK/SiO,-S (3%—-20%) composite membranes (the
degree of sulfonation for the SPEEK polymer is
55.1%, the mass content of SiO,-S powder in the
composite membranes is from 3% to 20%) were stud-
ied in this article.

SPEEK and SPES-C in prescribed amount were
dissolved separately in DMF (10%, by mass) and then
the two solutions were mixed and stirred for 6 h. The
mixed solution was cast onto a glass plate and dried
overnight at 60°C in a vacuum oven, followed by an-
nealing at 100°C for 4 h. After cooling to room tem-
perature, the membrane was peeled from the glass
plate with deionized water.

SiO,-S powder in prescribed amount was uni-
formly dispersed in DMF solvent with mechanical
stirring. The desired amount of SPEEK was then
added to the solvent to make a 10% (by mass) solution.
After stirring for 6 h and degassing, the solution was
cast onto a glass plate and dried overnight at 60°C in a
vacuum oven, followed by annealing at 100°C for 4 h.
After cooling to room temperature, the membrane was
peeled from the glass plate with deionized water Fi-
nally, the membrane was treated with 1 mol- L' sulfu-
ric acid at room temperature for 24 h and subsequently
rinsed with deionized water several times to remove
acid completely. Membranes were kept in deionized
water before testing. The thickness of the dried mem-
branes was 80-95 pum.

2.5 Membrane characterization

Fourier transform infrared spectroscopy (FT-IR)
were measured in absorbance mode by using an FT-IR
spectrometer (Bio-RAD FTS 6000) in the range of
wave numbers 600-4000 cm ' to compare position of
IR bands and to check the presence of functional
groups and their interaction in composite membranes.
Prior to FT-IR measurement, the samples were dried at
80°C for 24 h.

Thermogravimetric analysis (TGA) was used to
estimate the thermal stability of the composite mem-
branes. We used a TGA thermogravimetric analyzer
(TA-50 Instrument Shimadzu TGA) at a heating rate
of 10 K'min ' in mtrogen gas in the temperature range
30-800°C. All specimens were dried overnight at
90°C under vacuum before measurements.

The morphology of the cross-section of samples
was examined with an environment-scanning electron
microscope (PHILIPS XL30 ESEM). The samples
were cryo-fractured in liquid nitrogen to obtain fresh
cross-sections, which were coated with gold before
measurements.

The swelling degree (SD) of the specimens was
obtained by measuring the area difference between the
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dry and the wet states as described in Ref. [23]. The
membranes were cut into 3 cmx4 cm rectangles and
dried overnight at 90°C under vacuum before meas-
uring the area (Sq). The drled membranes were im-
mersed for 48 h in 1 mol-'L ™' methanol to reach equi-
librium at the desired temperature. The wet mem-
branes were wiped dry with tissue paper and the area
was measured again (Sy). SD was calculated (in area
percent) as follows:

SW_delOO,

SD(%) =
d

where S4 and S, are the areas of dry and correspond-
ing wet membrane sheets, respectively. Three sheets
of each membrane composition were measured by the
above method, and the average was calculated.

The methanol permeability was determined using
a diaphragm diffusion cell [24]. A glass cell (V'=16.8
ml) containing solutions A and B in two identical
compartments separated by the test membrane was
used for the permeability tests. The membranes were
held in place between the two compartments by a
screw clamp. Solution A was 1 mol'L ' methanol so-
lution and solution B was deionized water. Both com-
partments were stirred by a magnetic follower during
the experiment. The concentration of methanol in so-
lution B was estimated using a differential refracto-
meter (WINOPAL LCD 201). The refractometer is
highly sensitive to methanol, which can be measured
continuously during the test. The methanol permeabil-
ity was calculated from the slope of the straight line
plot of methanol concentration versus time. The
measurement temperature was controlled from room
temperature to 80°C.

The proton conductivity of samples in the lateral
direction was measured with a measurement cell and a
frequency response analyzer (FRA) (Autolab
PG-STAT20). Two stainless steel electrodes connected
to the FRA were pressed against the membrane to be
tested. The measurement temperature was controlled
from room temperature to 160°C. The conductivity, o,
was calculated from the impedance data, using the
relation o= //(R-S), where / and S are the distance be-
tween the electrodes and the cross-section area of the
membrane, respectively, and R was derived from the
low intersection of the high-frequency semi circle on a
complex impedance plane with the Re(z) axis. For
membranes that dissolved below 160°C, their dissolu-
tion was tested by measuring the weight before and
after the proton conductivity measurement. Besides,
the proton conductivity of SiO,-S powder was ob-
tained as described in a previous study [23]. The pow-
der needs to be pressed into a slice before testing.

3 RESULTS AND DISCUSSION
3.1 Preparation of the SiO4-S

The water suspension of the SiO,-Cl (5%, by
mass) needs to hydrolyze for 6 h at 80°C with me-

chanical stirring, otherwise the chemical groups of
Si0,-Cl could not transform into sulfonic acid groups
completely. This can be confirmed from Table 1. It
could be found that the back-titration results of the
resultant SiO,-S from SiO,-Cl hydrolyzed for 6 h at
80°C, are in a good agreement with the loading of Cl
groups of SiO,-Cl powder and approaches 1 mmol g
In this study, the SiO,-S (IEC=1 mmol-g ', 1 mmol
loading of SO;H groups per gram of the Si0 -S) was
used as the filler to make composite membrane.

Table 1 The back-titration results of sulfonic groups
within the SiO,-S hydrolyzed at different time

Sample Hyd;olyzation The back-titra.ti(irll results/
ime/h mmol-g
1 4 0.725
2 5 0.869
3 6 0.997
4 7 1.003
5 8 0.999

3.2 Sulfonation

SPEEK polymers with various DS values were
obtained by adjusting the reaction time. The dissolva-
bility and the swelling degree of SPEEK polymers
were found to depend strongly on their DS. When DS
was>38%, the SPEEK polymers were soluble at room
temperature in strong polar aprotic solvents, including
dimethylformadide (DMF), N,N-dimethylacetamide
(DMAC), dimethyl sulfoxide (DMSO), and N-methyl-2-
pyrrolidinone (NMP). The SPEEK polymers become
soluble in methanol at >70% DS and are soluble in
hot water at >90% DS. Polymers with >55% DS
are greatly swollen and even dissolve in 1 mol'L
methanol at 90°C. The SPEEK polymers with <<40%
DS cannot be chosen because of their very low proton
conductivity, although they have high temperature
tolerance. Therefore, the SPEEK polymer with a rela-
tive high DS (DS=55.1%, 0.551 SOs;H groups per
repeat unit) and IEC (IEC = 1.70 mmol-g ', 1.70
mmol loading of SOsH groups per gram of the poly-
mer) was used as the basic material of the membrane.
It was prepared by sulfonating PEEK at 60°C for 2.5 h.

3.3 FT-IR spectra

The FT-IR spectra of the SiO,-S, SPEEK (DS =
55.1%) and SPEEK/Si0,-S(20%) are shown in Fig. 2.
The SIO -S sample shows characteristic bands at 467
cm ' (characteristic of Si—O—Si bending), at 806 cm '
(characteristic of symmetric Si—O—Si stretching), at
1099 c¢cm ™' (characterlstlc of asymmetric Si—O—Si
stretching), at 937 cm (characterlsnc of Si—O—C—C
stretching), at 1600 cm (characterlstlc of aromatic
C—CH quadrant stretching), at 1004 cm ! (character-
istic of S=O stretching), and at 694 cm ' (charateristic
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SPEEK(DS=55.1%)
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Figure 2 FT-IR spectra of SiO,-S, SPEEK (DS =55.1%)
and SPEEK/SiOy-S (20%) composite membranes

of symmetric S—O stretching). The SPEEK sample
shows characteristic band at 1640 cm (characterlstlc
absorption band of —Ar—C(=0)—Ar—), at 1230 cm '
(characteristic absorption band of —Ar—O—), at 1080
cm ! (characterlstlc of symmetric O=S=O0 stretching),
at 1080 cm ~ (characteristic of symmetric O=S=0
stretchmg) at 1252 cm ' (characterlstlc of asymmet-
ric 0=S=0 stretching), at 1004 cm ' (characteristic of
S=0 stretching), and at 709 cm ' (characteristic of
symmetric S— O stretching). Compared with the
SiO,-S and SPEEK membranes, the SPEEK/SiO,-S
(20%) composite membrane presents two new weak
absorptlon bands at 3235 cm ' and 986 cm '. The
3235 cm ' band results from developing a intermo-
lecular hydrogen bond between the hydroxyl of the
Si0O,-S and the SOs;H groups of the SPEEK polymer.
The intermolecular hydrogen bond also makes the
absorption band at 1004 cm ' (characteristic of S=O
of stretching of the SiO,-S) drift to 986 cm “"in the
composite membrane.

3.4 Thermal stability

The TGA curves for SiO,-S powder, the SPEEK
membrane, and the SPEEK/SiO,-S (18%) composite
membrane are shown in Fig. 3. Both SPEEK and
SiO,-S are thermally stable and hence their compos-
ites. The initial mass loss of all the membranes is
about 2%-3% at 40-160°C, which is caused by the
gradual desorption of residual water bonded to the
hydrophilic sulfonic groups. The second stage of the

mass loss/%

L L L 1 1
150 300 450 600 750
temperature/°C

Figure 3 TGA curves of SiO-S powder, SPEEK/SIO,-S
(18%) composite membrane and pure SPEEK membrane
1—Si0,-S; 2—SPEEK/SiO,-S (18%); 3—SPEEK (DS = 55.1%)

mass losses is at 300-400°C due to the decomposition
of sulfonic groups [23, 25]. The last stage of the mass
losses for all these samples is at 500-600°C, which
can be attributed to the degradation of the polymer
backbones of SPEEK and the organic segments of
SiO,-S [23, 25]. Compared with the pure SPEEK
membrane, the amount of mass lost from the compos-
ite membranes at the second stage is less. Adding the
SiO,-S (IEC=1 mmolg ") to the SPEEK matrix
(IEC=1.70 mmol-g ") decreased the composite mem-
branes’ IEC [e.g., IEC = 1.56 mmol-g ' for the
SPEEK/SiO,-S (20%) composite membrane], thus
decreasing the content of sulfonic groups within the
composite membranes. The mass losses for both the
SPEEK and composite membranes are due to the de-
composition of sulfonic groups at this stage [23, 25].
Therefore, the mass lost from the composite mem-
branes at this stage are less than that of from pure
SPEEK membrane.

3.5 Morphology

The basic homogeneous distribution of SiO,-S
powder within the SPEEK matrix and no sign of evi-
dent aggregation can be observed from the SEM im-
ages of the SPEEK/SiO,-S composite membranes at
magnification of up to 10000x (Fig. 4) although the
SiO,-S content reaches 20%. The nominal powder size
is less than 500 nm as indicated by the SEM images.

(b) SPEEK/SiO, S (20%) compos1te membrane

Figure 4 Cross-section images of SPEEK/SIO,-S (5%)
composite membrane and SPEEK/SiO-S (20%) composite
membrane

3.6 Swelling behavior

The membranes swelled to different extents in
1 mol-L™" methanol as the temperature increased. The
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swelling degree of the membranes, however, de-
creased markedly with the addition of SiO,-S, espe-
cially at high temperatures (Fig. 5). The pure SPEEK
membrane swelled 52.6% at 80°C, whereas the mem-
brane with 20% SiO,-S swelled only 27.3% at the
same temperature. This helps to keep good dimen-
sional stability of the membranes. Generally, there are
two reasons for the decrease in swelling of the com-
posite membranes. First, the hydrophilicity of the
composite membrane was lower than the SPEEK
membrane (IEC=1.70 mmol-g 1) which results from
the lower IEC (IEC =1 mmol-g ") of the SiO,-S com-
ponent. Second, the hydrogen bonds between sulfonic
acid groups of SPEEK and SiO,-S molecules will
hinder the stretch of SPEEK molecular chains to some
extent. Note that we give only the swelling degree of
the membranes below 80°C here, which reflects the
membranes’ swelling in liquid feed DMFC. When the
membranes are applied at temperatures above 100°C,
methanol fuel is fed in the form of gas, thus the
swelling degree of the membranes cannot use this
above method to measure. The swelling degree at
higher temperature is given in Section 3.9.

50 [

40 -

30 -

swelling degree/%

20

20 30 40 50 60 70 80
temperature/°C

Figure 5 Swelling degree of Nafion®115, SPEEK membrane
and SPEEK/SiO4-S composite membranes in 1 mol-L™
methanol solutlon at different temperatures

O SPEEK(DS = 55.1%); A SPEEK/SiO,-S(5%);

v SPEEK/Si0,-S(10%); ¢ SPEEK/SiO.-S(15%);

0O SPEEK/SiO,-S(20%); # Nafion® 115

3.7 Methanol permeability

Methanol fuel is fed in the form of liquid below
80°C, thus the methanol crossover is more serious
than in the form of gas at higher temperatures [2]. We
analyze the methanol permeability of the membranes
below 80°C here. Fig. 6 shows the methanol perme-
ability as a function of temperature for Nafion®115,
pure SPEEK and SPEEK/SiO,-S comp051te mem-
branes. The methanol permeablllty of Nafion®115 at
room temperature is 1.02x10 ® cm?*s ™, which is very
close to the value reported by Tricoli et al. [24, 26, 27],
while that of SPEEK and SPEEK/ SiO,-S membranes
are approx1mately an order of magnitude lower than
Nafion®115.

The difference in methanol permeability between
Nafion®115 and the SPEEK membrane can be ex-
plained qualitatively by the differences in their micro-
structures and the acidity of their sulfonic acid func-

temperature/°C
90 80 70 60 SO0 40 30
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Flgure 6 Arrehenius plots of methanol permeability for
Nafion®115, pure SPEEK membrane, and SPEEK/SiO,-S
comp05|te membranes

O Nafion® 115; o SPEEK(DS = 55.1%); A SPEEK/SiO,-S(5%);
vSPEEK/Slo -S(10%); < SPEEK/SiO.-S(15%);

N SPEEIUSiOX-S(ZO%)

tional groups [4]. Nafion®115 macromolecules consist
of very hydrophobic perfluorinated backbones and
very hydrophilic side chains with sulfonic acid func-
tional groups. The very different components lead to
relatively large microphase separation in Nafion®115,
which results in the low resistance to methanol per-
meation. The situation for SPEEK polymer is rather
different. The carbon-hydrogen main chains with ether
links, phenyl rings, and carbonyl groups in SPEEK
make it less hydrophobic and more rigid compared
with Nafion®115. Furthermore, the acidity of sulfonic
acid functional groups of the SPEEK polymer is
weaker than that of Nafion®115. Therefore, the mi-
crophase separation in the SPEEK membrane is not
obvious and the hydrophilic ion channels are narrower,
which results in low methanol permeability. This can
also be proved by the results of schematlc representa-
tion of the microstructure of Nafion®115 and SPEEK
reported by Kreuer et al [4].

As can be seen in Fig. 6, the methanol perme-
ability of the SPEEK/SiO,-S composite membranes is
even lower and decreases with the increased SiO,-S
content in the membrane. The addition of SiO,-S inhib-
its effectively the swelling of SPEEK matrix (Fig. 5)
and thus imposes higher resistance to methanol
crossover. The higher resistance to methanol crossover
of the SPEEK/SiO,-S composite membranes is bene-
ficial to improve open circuit voltage (OCV) of
DMEFCs [2].

3.8 Proton conductivity

The relation between the conductivity and the re-
ciprocal of the temperature for all the SPEEK and
SPEEK/SiO,-S membranes, before they dissolve, can
be described by the Arrhenius equation and exhibits
straight lines in a semilogarithmic graph (Fig. 7). The
apparent activation energy of proton transfer, which is
equal to the slope of the corresponding lines of dif-
ferent membranes, is obtained from the Arrhenius plot.
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Figure 7 Arrehenius plots of proton conductivity at

100%RH for Nafion®115, SiO.-S powder, pure SPEEK
membrane and SPEEK/SlO S (15%, 20%) composite
membranes under 100% RH

4 Nafion® 115; A SPEEK/SIO,-S(20%); 0SPEEK/SiO,-S(15%);
v SPEEK(DS = 55.1%); 0SiO,-S

It is noteworthy that the apparent activation energy of
the SPEEK membrane has approx1mately 38 kJ-mol '

in contrast to 9 kJ-mol ' for Nafion®115. The very hlgh
apparent activation energy of the SPEEK membrane is
believed to be a consequence of its low swelling de-
gree and slow variation with temperature (as shown in
Fig. 7). Narrow ion channels and rich branches with
dead-end “pockets” in the membrane will contribute
to the high barrier to proton transfer [4].

SPEEK and SiO,-S materials are weakly acidic
compared with Nafion®115. The dissociation of sulfo-
nic acid functional groups in these materials i increases
at high temperatures [5, 23], whereas that of Nafion®115
approaches 100% at room temperature. Therefore, the
elevation of temperature increases both the proton
mobility and the proton content in the SPEEK and
SPEEK/SiO,-S membranes, which results in a much
faster increase of proton conductivity with temperature.

The proton conductivity of SiO,-S powder is
0.018 S-cm ' at room temperature and 100% RH, and
reaches 0.086 S-cm ' at 120°C. The proton conductlv—
ity of composite membranes increases slightly as mass
content of SiO,-S powder increases, although SiO,-S
powder has lower proton conductivity than the pure
SPEEK membrane. The increase in conductivity upon
addition of SiO,-S can be rationalized based on pre-
vious studies [16-22, 28]. This phenomenon has been
observed by Kim et al. [29] in composite PEMs based
on heteropolyacid in sulfonated polysulfones. The
presence of the additive was found to enhance the
proton conductivity, while at the same time decrease
the water uptake. In this case, it is not completely un-
derstood whether the filler participates actively in the
proton conduction by enhancing proton dissociation or
by providing favorable pathways for the proton along
polymer-particle interfaces [16-18, 22]. The conductiv-
ity results obtained in this study are very similar to
that of previous studies above, and it is likely that a
similar mechanism is in place. The lower apparent
activation energy of proton transfer through the com-
posite membranes than through the pure SPEEK

membrane also shows that the similar mechanism exists.
The apparent activation energy of the SPEEIQSlO -S
(20%) composite membrane is 33.09 kJ-mol '. The
conductivity of SPEEK/SiO,-S (20%) exceeds shghtly
that of Nafion®115 at 145°C and 100% RH and ap-
proaches 0.17S-cm '

3.9 Working temperature

It has been reported that the proton conductivity
of some polyaryl ether membranes does not increase
monotonically with temperature but reaches a maxi-
mum value [27]. The apparent decrease of conductivity
beyond a certain point is actually due to the dissolu-
tion and loss of mechanical stability of the membrane.
The dissolution of the membranes was verified by
measuring the mass change before and after the con-
ductivity measurement. For instance, the SPEEK
(DS =55.1%) membrane at 90°C and 100% RH for
0.5 h in the measurement cell lost 26.79% of its mass.
The temperature at which the conductivity reaches a
maximum is denoted 7", which is used to reflect ap-
proximately the highest working temperature of the
membranes in DMFC.

Figure 8 shows 7" as a function of the mass con-
tent of SiO,-S in the composite membranes. SPEEK
membranes of 55.1% DS is useful only below 90°C.
The 7° of the composite membranes is, however,
markedly increased as the mass content of SiO,-S
powder increases. As discussed in Section 3.6, the
addition of SiO,-S to SPEEK matrix inhibits effec-
tively the swelling and dissolution of the membranes
below 80°C. The membranes’ swelling at temperature
above 100°C was quickly measured by measuring the
area changes after their conductivity was tested at the
temperature. It can be found that the content of SiO,-S
increased from 10% to 20%, the swelling degree of
composite membranes decreased from 67.8% to
30.4% at 110°C and the content of SiO,-S increased
from 15% to 20%, the swelling degree of composite
membranes decreased from 72.3% to 35.8% at 130°C.
The increase of 7 with the increased content of
SiO,-S in the composite membrane should be attrib-
uted to the depressed swelling and dissolution of the
composite membranes at high temperatures.

160

140

7/°C
N
(=]
T

80 1 1 1 1 1
0 5 10 15 20 25

Si0O,-S mass content/%

Figure 8 T  of the SPEEK/SiO-S composite membranes
with different SiO,-S mass contents
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The extension of the working temperature of the
membrane is beneficial for DMFC in many aspects.
Working at higher temperature, the membrane exhibits
higher proton conductivity, which leads to lower oh-
mic losses in DMFC. The electrocatalysts are also
more active and more tolerant to carbon monoxide
poisoning [30] at high temperatures. When methanol
fuel is fed in the form of gas at high temperature, the
methanol crossover and its negative effects can be
reduced markedly. Operating at high temperature also
simplifies the management of water and heat in the
DMEFC systems [30].

4 CONCLUSIONS

The results of this study indicate a strong poten-
tial of these composite membranes for use in DMFCs.
SPEEK/SiO,-S composite membranes with high levels
of dimensional stability were prepared. The methanol
permeability of the membranes was shown to be about
one order of magnitude lower than that of Nafion®115,
and to decrease with the increase of SiO,-S content.
The addition of the SiO,-S into the membranes not only
increases slightly the proton conductivity of composite
membranes but also effectively inhibits their swelling,
which enables them to be used at higher temperature,
thus presenting higher proton conductivity. The results
of this study indicate a strong potential of these com-
posite membranes for use in DMFCs.
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