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ABSTRACT: This paper presents an evaluation of the ef-
fect of titanium dioxide nanoparticles in sulfonated poly-
ethersulfone with sulfonation degree of 70%. A series of
inorganic–organic hybrid membranes was prepared with a
systematic variation of titanium dioxide nanoparticles con-
tent. Their water uptake, methanol permeability, and proton
conductivity as a function of temperature were investigated.
The results show that the inorganic oxide network decreases
the proton conductivity and water swelling. Increase in in-

organic oxide content leads to decrease of methanol perme-
ability. In terms of morphology, membranes are homoge-
neous and exhibit good adhesion between inorganic do-
mains and the polymer matrix. © 2005 Wiley Periodicals, Inc.
J Appl Polym Sci 98: 1875–1878, 2005
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INTRODUCTION

In the past decade, direct methanol fuel cells (DMFC)
have attracted considerable attraction, since they offer
numerous potential benefits, such as high efficiency,
high power density, low or zero emission, and reli-
ability.1–3 However, the crossover of methanol
through the electrolyte membrane in DMFC still re-
stricts their performance and applications. The meth-
anol crossover to the cathode not only reduces the fuel
efficiency, but also increases the overpotential of the
cathode, thus resulting in lower cell performance.4

Although perfluorinated membranes such as Nafion
or Flemion are very suitable for hydrogen fuel cells,
they are not suitable for DMFC applications due to
their very high cost, loss of conductivity at high tem-
perature (�80 °C), and high methanol and water per-
meability.5,6 Several methods for Nafion modifications
were reported such as substituting a part of H� in
Nafion 117 with Cs� ions7 or treating an ionomer with
plasma etch or palladium sputter.8 Another direction
is the development of polymer/inorganic oxide com-
posite membranes.9,10 In recent work it has been
shown that sulfonated polyethersulfone is very prom-
ising for fuel cell applications;11–14 the single-phase
pure polymer can be modified by the incorporation of

finely dispersed solid oxide component. The present
work aims at the characterization of novel organic–
inorganic nanocomposite membranes with an ex-
tended range of titanium oxide contents (2–10 wt %).

EXPERIMENTAL

Chemicals and materials

Polyethersulfone (Ultrason 6010) was purchased from
BASF; titanium isopropoxide, i.e., Ti(OiPr)4, sulfuric
acid (95–98 wt %), N-methyl pyrrolidone, and ethanol
were supplied by Aldrich Chemical.

Preparation of polymer nanocomposite
membranes

Preparation of nanosized titanium oxide

Nanosized titanium oxide was synthesized by the sol-
gel method according to a procedure reported else-
where.15 Titanium isopropoxide, Ti(OiPr)4 (8 mL 27
mmol) dissolved in absolute ethanol (82 mL) under
nitrogen, added drop by drop to 250 mL of a solution
of ethanol/water 1 : 1 under rapid stirring for 10 min,
and then filtered to obtain a white precipitate, which
was dried in air (100–100 °C) for 15 h.

Preparation of sulfonated poly(phenylene oxide)

Recent reports by Li and Wang14 indicate that sulfonated
polyethersulfone (SPES) polymer with degree of sulfon-
ation (DS) 70% is very good for DMFC application.
Therefore, polyethersulfone was sulfonated up to sulfon-
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ation degree of 70% according to the procedure reported
elsewhere.14 The sulfonated polyethersulfone samples
were prepared according to the following procedure.
Twenty grams of PES was added to 100 mL concentrated
sulfuric acid (98%) in a three-neck reaction flask and
dissolved by stirring for about 2 h at room temperature
to form a homogeneous solution. Chlorosulfonic acid
was transferred into a dropper and then gradually and
slowly added to the PES solution while the solution was
stirred at 800 rpm at 10 °C. The resulting reaction mix-
ture was stirred for one more hour. After a determined
reaction time, the mixture was gradually precipitated
into ice-cold deionized water under agitation, and the
resulting precipitate was recovered by filtration and
washed with deionized water until the pH was 6–7.

The DS (the fraction of repeat units bearing a –SO3H
groups as shown in Fig. 1) of SPES was determined by
titration: 1–2 g of SPES was kept in 0.5M aqueous
NaOH for 1 day and then was back titrated with 1M
HCl using phenolphthalein as an indicator.

Membrane preparation

Dried SPES powder was mixed with N-methylpyrro-
lidone to make 10 wt % solution in an ultrasonic bath
to which the desired weight percentage of TiO2 pow-
der was added. The slurry was cast over a glass sub-
strate heated to 70 °C for solvent evaporation. Then,
the membranes were stored in a vacuum oven for 24 h
at 90 °C. The thickness of the prepared membranes
with 0.0, 2.5, 5.0, 7.5, 10.0, and 12.5 wt % was 150, 125,
133, 146, 117, and 128 �m, respectively.

Characterization methods

Water uptake

Water uptake measurements were performed in batch
process at room temperature. Before measurements,
the membranes were dried in a vacuum oven at 120 °C
for 24 h. Weighed films with an area of 20 � 20 mm
were immersed in demonized water at room temper-
ature for 24 h. The membranes were saturated with
water until no further weight gain was observed. The
liquid water on the surface of wetted membranes was
removed using tissue paper before weighing. The
change in weight of films was recorded. The percent-

age weight gain with respect to the original membrane
weight was taken as water uptake. Each sample was
tested with three specimens and the average of three
test results was tabulated.

Conductivity measurement

The proton conductivity of the samples was measured
by AC impedance spectroscopy over a frequency
range 10–107 Hz with 50–500 mV oscillating voltage,
using a Solatron analyzer. Films having 13 mm diam-
eter, sandwiched between two stainless-steel elec-
trodes with a contacting area of 25 mm2, were con-
nected from the FRA, horizontally pressed the mem-
brane to be tested. The measured temperature was
controlled from room temperature to 80 °C.

The conductivity (�) was calculated from the im-
pedance data, using the relation

� � l/RS,
where l and S are the thickness and area of the

membrane, respectively, and R was derived from the
low intersect of the high-frequency semicircle on a
complex impedance plane with the Re(z) axis.

Water and methanol pervaparation measurements

Water and methanol permeability coefficients were
evaluated from pervaparation measurements using a
differential refractometer at room temperature with a
1M methanol solution. The permeability P was calcu-
lated from the slope of the straight-line plot of meth-
anol concentration versus permeation time. The water
methanol selectivity of the composite membranes was
obtained as the ratio between water and methanol
permeability coefficients. Prior to all measurements,
samples were immersed in deionized water at room
temperature for 3 days.

Membrane morphology

The membrane morphology was investigated by field
emission scanning electron microscopy using Jeol
6400F equipment. The samples were coated with car-
bon for observation in the microscope.

RESULTS AND DISCUSSION

Water uptake

The water content of the SPES/TiO2 composite mem-
branes decreases with increase in filler content (Fig. 2),
presumably due to the higher sulfonic acid content
with its strong affinity to water. The water content of
the composite membranes decreased with increasing
titanium dioxide nanoparticles incorporation, because
inorganic nanoparticles reduce the membrane free
volume and swelling ability. These results indicate

Figure 1 Chemical structure and atom numbering of SPES,
x � DS.
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that the water content, which greatly influences the
methanol crossover, can be controlled by the addition
of nano TiO2 particles. Comparing the water uptake
studies and the corresponding proton conductivity
(Fig. 2), higher water uptake leads to higher proton
conductivity, showing the importance of sorbed water
in the proton conductivity of sulfonated membranes,
in agreement with previous studies.16

Conductivity measurements

Figure 3 shows the effects of the titanium oxide incorpo-
ration in the SPES polymer. The conductivity of the
composite membranes decreases continuously with in-
crease in inorganic content. It can be observed that pro-
ton transport resistance increases with the amount of
inorganic filler. It is worth noting that for the membrane
with the highest content of inorganic incorporation (12.5

wt % TiO2), the resistance becomes very high. It would
thus be useful to explore experimentally how much each
membrane can absorb water and how the proton con-
ductivity in the composite membranes is affected by the
amount of water uptake. It was reported that the proton
conductivity is related to the ion cluster formation and
water uptake content.17 Therefore, low conductivity in
SPES/12.5 wt % TiO2 composite membrane can be re-
lated to insufficient water content. However, lower wa-
ter uptake content in composite membranes can also
decrease methanol crossover. As expected, proton con-
ductivity of the composite membranes increases with
temperature, relating to high thermal stability in the
structure and sulfonic group. This can lead us to the
tentative conclusion that incorporation of high thermal
stable TiO2 particles increased thermal stability in the
main backbone, suppressing transformation from the
unassociated sulfonic groups and obstructing dehydra-
tion of water even at high temperatures in the composite
membranes.

However, the decrease of the proton conductivity
with increase in filler content is believed to derive mainly
from the increased barrier properties of the membranes
due to the incorporation of inorganic fillers.18

Water and methanol pervaparation measurements

Pervaparation measurements at room temperature
showed that the membrane’s permeability toward meth-
anol decreases with the amount of titanium oxide (Fig.
4). As observed previously for the water uptake and
proton conductivity properties, at lower TiO2 contents
the effects in the permeability coefficients of water and
methanol are much more pronounced. Moreover, from
Figure 4 it can be observed that the titanium oxide con-
tent leads to an increase in water/methanol selectivity.
The reduced permeability toward DMFC species of the
TiO2 filled composite membranes is believed to derive

Figure 2 Water uptake of SPPO composite membranes as
a function of the TiO2 weight percentage.

Figure 3 Proton conductivity of the membranes as a func-
tion of the TiO2 weight percentage.

Figure 4 Water and methanol pervaparation measurement
as a function of the TiO2 weight percentage.
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from the weaker hydrophilicity of the polymer, higher
concentration of rigid back scattering sites, and increased
tortuous pathways that molecules encounter during per-
meation due to the presence of inorganic particles.18

Consequently, the barrier properties increase with the
TiO2 content, which can be assumed to be an advantage
for DMFC applications because it reduces the reactant
loss and increases the overall fuel cell efficiency. Never-
theless, it should also be taken into account that the
verified proton conductivity decreases with increase in
inorganic content.

Microscopy

The morphological changes in the membranes are pre-
sented in Figure 5. Figure 5(a) shows membranes
without TiO2 nanoparticles and Figure 5(b) shows the
composite membrane with 2.5 wt % TiO2. From the
SEM micrographs it can be considered homogeneous
and dense. A higher magnification electron micro-
scope shows good adhesion between inorganic fillers

and polymer matrix. No cavities are present and that
TiO2 particles have dimension smaller than �100 nm.

CONCLUSIONS

The results showed that increasing the titanium oxide
content in the SPES composite membranes leads to a
decrease of the reactants permeability coefficients and an
increase of the water/methanol selectivity. The reason
for these results is related to the increasing amount of
inorganic filler in the membranes, which increases the
membrane barrier properties in terms of mass transport.
These features are advantageous for direct methanol fuel
cell performance because they prevent reactants loss and
increase the PEM long-term stability. However, results
showed that titanium oxide incorporation has the detri-
mental effect of decreasing proton conductivity. The mi-
crographs obtained by scanning electron microscopy
showed good adhesion between inorganic particle do-
mains and the polymer matrix (no cavities) and also
demonstrated that the particles have dimensions smaller
than 100 nm.

Furthermore, the different contents of titanium ox-
ide in the SPES polymer organic matrix enabled the
preparation of composite membranes with a wide
range of properties concerning proton conductivity,
water uptake, and methanol and water permeation.
Therefore, these membranes can be used in the future
to perform a critical evaluation of the relationship
between proton electrolyte membrane properties and
DMFC performance.
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Figure 5 Scanning electron micrograph of (a) cross section
of SPES membrane and (b) SPES with 2.5% TiO2.
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