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a b s t r a c t
This study reports the fabrication and performances of hybrid proton-conducting membranes by dispersing nanosized solid superacid inorganic ﬁllers, TiO2 –SO4 2− (STiO2 ), into chitosan (CS) matrix. Fourier
transform infrared spectra demonstrate intermolecular interactions between STiO2 and chitosan segmental chains. High resolution scanning electron microscope characterization reveals an essentially
homogeneous dispersion of the solid superacid ﬁllers within chitosan matrix. The incorporation of the
superacid ﬁllers leads to a reduced fractional free volume (FFV) of the hybrid membranes as conﬁrmed
by positron annihilation lifetime spectroscopy (PALS) analysis. This reduced FFV and more tortuous
pathway signiﬁcantly enhance the methanol diffusion resistance through the membranes, resulting
in a decreased methanol crossover. Under identical conditions, compared with TiO2 embedded membranes, the STiO2 -ﬁlled hybrid membranes exhibit simultaneously improved methanol barrier and proton
transport properties due to the enhanced interfacial interaction and proton conductive ability. Moreover, compared with Naﬁon 117 membrane, all the STiO2 -ﬁlled hybrid membranes display much lower
methanol crossover whereas the proton conductivity of the membranes remains high enough for DMFC
applications. Meanwhile, due to the interfacial interactions between STiO2 and chitosan chains, the
hybrid membranes exhibit an enhanced mechanical strength and adequate thermal stability as veriﬁed
by mechanical strength characterization and thermogravimetric analysis.
© 2009 Elsevier B.V. All rights reserved.

1. Introduction
Referred as the next generation materials, hybrid materials have
been widely used in the ﬁelds of molecular recognition, biomimetics, molecular sieve, catalytic materials, membrane materials, etc.
Recently, organic–inorganic hybrid membranes have been proposed as promising electrolytes for direct methanol fuel cell (DMFC)
application. The rationale for incorporating the inorganic additives is manifold: (1) improving thermal, mechanical, and chemical
stabilities by intrinsic organic–inorganic interfacial interactions
[1,2]; (2) reducing methanol crossover through blocking methanol
transport path and/or suppressing membrane swelling [3–5]; (3)
enhancing proton conductivity by constructing new proton transport pathway and/or by improving water retention property of the
membranes, especially, at high temperatures [6,7].
Among numerous inorganic materials, solid superacids have
triggered increasing attention because of their ﬁne hygroscopic and
proton conductive properties as well as good mechanical property when incorporated into polymers, which are advantageous
for high performance proton exchange membrane. To date, the
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commonly-utilized solid superacids can be categorized into metal
oxide supported sulfate (Mx Oy –SO4 2− ), heteropoly acid (HPA) and
zeolite solid superacid [8–12]. Navarra et al. developed a high temperature superacid zirconia-doped Naﬁon composite membrane,
and the presence of superacid promoted the hydration degree and
acidity, which in turn reﬂected in enhanced proton conductivity
(1.5 × 10−2 S cm−1 ) compared with plain Naﬁon (3.0 × 10−6 S cm−1 )
at 140 ◦ C and low relative humidity [8]. Cui et al. prepared a
series of cithosan-heteropoly acids (phosphomolybdic acid, phosphotungstic acid and silicotungstic acid) hybrid membranes. They
found that incorporating HPA improved both the methanol barrier and proton conductive properties [10]. Kim et al. incorporated
MCM-41 supported heteropoly acid and tungstophosphoric acid
(TPA) into Naﬁon matrix. The resulting hybrid membranes displayed higher proton selectivity and thus better DMFC performance
[12].
It is well known that the solid superacid TiO2 –SO4 2− (STiO2 )
has an acid strength stronger than that of 100% H2 SO4 due to the
presence of the promoted oxide of Lewis and Brønsted acidic sites
at the surface [13–15]. Strong Lewis acidity could be attributed to
the existence of unsaturated Ti4+ cations which bear a high electron accepting ability. It has also been proposed that the O atom
in the S O bond in SO4 2− exerts pronounced inductive effects
on S atom, leading to the increase of electrostatic ﬁeld of Ti. As
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for the Brønsted acidity, it could be assumed that the protonated
titanium hydroxyls are rendered more acidic owing to the charge
withdrawing effect of the adjacent sulfate group. In virtue of its
strong acidity, TiO2 –SO4 2− has been widely utilized as an acid catalyst in isomerization, cracking, alkylation, acylation, esteriﬁcation,
etc. To our knowledge, TiO2 –SO4 2− has scarcely been exploited as
an active inorganic ﬁller in hybrid proton exchange membranes till
now. Recently, Wu et al. have evaluated the performances of Naﬁon
composite membranes embedded by TiO2 –SO4 2− and noted that
in DMFC single cell performance test, the composite membrane
with 6% TiO2 –SO4 2− content achieved similar performance at 1 M
methanol feed, and a higher performance at 5 M methanol feed
compared with pure Naﬁon membrane [16]. They also observed
that the methanol crossover ﬁrst decreased and then gradually
increased with the ﬁller content, in particular, these membranes
displayed obvious methanol crossover (above 2.7 × 10−6 cm2 s−1 ).
Furthermore, the inﬂuence of the solid superacid particle on physicochemical properties of the composite membranes was seldom
investigated. These have prompted us to extend the investigation
of such inorganic material in hybrid proton exchange membrane.
In this study, chitosan (CS) was employed as a promising
polymeric matrix for DMFC application considering its low cost,
desirable alcohol barrier property and proton conductivity as
well as adequate thermal stability after crosslinking [17–19].
Meanwhile, nanosized solid superacid TiO2 –SO4 2− , prepared via
chemical adsorption, was chosen as inorganic ﬁller embedded into
chitosan matrix to fabricate a series of hybrid proton exchange
membranes for the ﬁrst time. The objective was to systematically
investigate the inﬂuence exerted by TiO2 –SO4 2− on the physicochemical properties of membrane including mechanical strength,
thermal stability, microstructure, crystallization and free volume
characteristics, along with the water uptake, swelling, methanol
permeability and proton conductivity of the membrane.
2. Experimental
2.1. Materials and chemicals
TiO2 powder with 12 nm average particle diameter was supplied by zhuerna High-Tech Powder Material Co. (Shanghai, China).
Chitosan (CS) with a degree of deacetylation of 91% was purchased from Golden-Shell Biochemical Co. (Zhejiang, China) and
used as received. Acetic acid, sulfuric acid and methanol were of
analytical grade and supplied from Tianjin. All the reagents were
commercially available and used without any further puriﬁcation.
De-ionized water was used in all experiments.
2.2. Preparation of TiO2 –SO4 2−
The TiO2 nanoparticles were sulfated by chemical absorption
according to the procedure in the literatures [20,21]. TiO2 powder
(10 g) was dispersed into 100 mL of 1 M H2 SO4 aqueous solution
under stirring for 4 h, then was ﬁltrated, washed and dried in vacuum at 40 ◦ C. Thereafter, the resultant powder was calcined at
450 ◦ C for 4 h, and the white TiO2 –SO4 2− solid superacid powder
was thus obtained.
2.3. Fabrication of the membranes
Chitosan (1.5 g) was dissolved in 40 mL of 2 wt.% acetic acid
aqueous solution under stirring at 80 ◦ C. Simultaneously, certain
amount of TiO2 or TiO2 –SO4 2− powder was dispersed into 35 mL of
2 wt.% acetic acid aqueous solution with ultrasonic treatment for
30 min. These two parts of solution were then mixed and stirred
vigorously at 80 ◦ C for another 2 h. After degasiﬁcation, the resulting homogenous solution was cast onto a clear glass plate and dried
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at 25 ◦ C. The membrane was afterwards immersed and cross-linked
in 2 M H2 SO4 for 24 h and then extensively rinsed with de-ionized
water to remove residual H2 SO4 . Finally the hybrid membrane was
dried under vacuum at 25 ◦ C for 48 h. The resulting membranes
were designated as CS/TiO2 -X or CS/STiO2 -X representing TiO2 or
TiO2 –SO4 2− as the ﬁllers, where X (X = 5, 10, 15, 20, 25 or 30) was
the weight ratio of the inorganic ﬁller to chitosan. Control CS membrane was fabricated in exactly the same way as above without
incorporating inorganic ﬁller and designated as CS. It should be
pointed that membrane thickness was in range of 60–70 m.

2.4. Characterization
The morphology of the TiO2 before and after sulfation was characterized by transmission electron microscopy (TEM, Tecnai G2 20
S-TWIN). The cross-section of the membranes was observed using
ﬁeld emission scanning electron microscope (FESEM, Nanosem
430) operated at 5 kV after being freeze-fractured in liquid nitrogen and then sputtered with gold. The crystalline structure of the
membranes was investigated with a RigakuD/max2500 v/Pc X-ray
diffractometer (XRD, CuK 40 Kv, 200 mV, 2◦ min−1 ) in the range
3–60◦ . The peak position was extracted with MDIjade5 software.
The Brunauer–Emmett–Teller (BET) surface area of the powder
sample was determined by nitrogen adsorption on a ASAP 2020
nitrogen adsorption apparatus.
The elemental composition of the solid superacid particles was
characterized by X-ray photoelectron spectroscopy (XPS) using a
PHI 1600 spectrometer with an Mg K␣ radiation for excitation.
Fourier transform infrared spectra (FTIR, 4000–400 cm−1 ) of the
ﬁllers and membranes were recorded on a Nicolet MAGNA-IR
560 instrument. The thermogravimetric analysis (TGA, PerkinElmer Pyris) data of the membranes were obtained from 30 to
700 ◦ C using a heating rate of 10 ◦ C min−1 at nitrogen atmosphere.
The mechanical strength of the membranes was carried out by
using 350 AX overall drawing Testometric. The membranes were
cut into 1.0 × 5.0 cm for each sample and then examined with a
10 mm min−1 scan rate at room temperature.
Positron annihilation lifetime spectroscopy (PALS) experiment
was performed by using an EG&G ORTEC fast–fast coincidence system (resolution 201 ps) at room temperature. The resource of 22 Na
(5 × 105 Bq) was sandwiched between two pieces of sample, each
of which with an overall thickness of about 1.0 mm. The integral
statistics for each spectrum was more than 2 × 106 coincidences.
In this technique, assuming that o-Ps was localized in a spherical potential well surrounded by an electron layer of thickness r
equal to 0.1656 nm, the radius of free volume cavity (r) is obtained
from pick-off annihilation lifetime () of o-Ps in the free volume
elements by a semiempirical equation [22,23]:
=
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The volume of the equivalent sphere can be calculated by Eq.
(2):
Vf =

4 3

3

(2)

Further, the fractional free volume (FFV) may be estimated from
Eq. (3):
FFV = Vf3 I3

(3)

where Vf and I are free volume of the sphere and intensity of o-Ps,
respectively.
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Fig. 1. Characterization of the inorganic ﬁllers: (a) FTIR spectra, (b) XPS spectrum, (c and d) TEM images of TiO2 and TiO2 –SO4 2− .

2.5. Water uptake and swelling
The water uptake of the membranes was determined as follows. The dry membrane was weighed (Wdry ) and immersed in
de-ionized water for 24 h at room temperature. Then the membrane
was re-weighed (Wwet ) quickly after removing the surface water.
The surface swelling was determined in a similar method, by soaking the dry rectangular membrane (about 4.0 × 4.0 cm) with area

of Adry in de-ionized water for 24 h, then re-measuring to obtain
the wetted membrane area (Awet ). The ﬁnal values of water uptake
and swelling were the average of the three measurements with an
error within ±5.0% and calculated by Eqs. (4) and (5), respectively:

Water uptake(%) =

Wwet − Wdry
Wdry

× 100

(4)
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Fig. 2. FESEM images of the cross-section of the representative hybrid membranes: (a) CS/TiO2 -15 and (b) CS/STiO2 -15.

Swelling (%) =

Awet − Adry
Adry

× 100

(5)

3.1. Characterization of TiO2 –SO4 2−

2.6. Methanol permeability
The methanol permeability was measured with a glass diffusion cell as described in the literature [24], which consisted of two
compartments with identical volume separated by a membrane
sheet. The membrane was hydrated in de-ionized water for 24 h
before being clamped tightly between the two compartments, one
of which was initially ﬁlled with water and the other ﬁlled with
2.0 M methanol solution. The methanol concentration in the receipt
compartment was determined using a gas chromatography (Agilent 6820) equipped with a TCD detector and a DB624 column. The
methanol permeability (P, cm2 s−1 ) was calculated from Eq. (6):
P=S

VB l
ACA0

(6)

where S is the slope of the straight line of concentration versus
time, VB is the volume of the receipt compartment, l, A, and CA0
are the membrane thickness, effective membrane area, and feed
concentration, respectively. The measurement error was within
±4.0%.
2.7. Proton conductivity
The proton conductivity of the membranes in the transverse
direction was measured in two-point-probe conductivity cells by
the ac impedance spectroscopy method over a frequency range
of 1–106 Hz with oscillating voltage of 20 mV, using a frequency
response analyzer (FRA, Compactstat, IVIUM Tech.) at 20 ± 1 ◦ C. All
the membrane samples were immersed in 0.2 M H2 SO4 for 24 h
prior to measurement in order to eliminate the contact resistance
between 316L electrode and membrane surface, which was similar
to the treatment in the literature [1,24]. The proton conductivity (,
S cm−1 ) of the sample in transverse direction was the average of the
three measurements with an error within ±4.5% and calculated by
Eq. (7):
=

l
AR

3. Results and discussion

(7)

where l and A are membrane thickness and membrane area, respectively, and R is the membrane resistance obtained from the FRA.

The FTIR spectrum was utilized to determine the chemical
structure of the inorganic ﬁllers qualitatively as shown in Fig. 1a.
According to the spectra, a strong peak at around 500 cm−1 was
observed due to the vibration of the bonding of Ti–O together with
the two peaks around 3402 and 1635 cm−1 were mainly attributed
to stretching and deformation vibration of the adsorbed water,
respectively [20]. After sulfation, the introduction of the sulfate
groups was deﬁnitely veriﬁed by the appearance of four new peaks
around 1237, 1142, 1047 and 975 cm−1 that were attributed to the
stretching vibration of the S O bond or S–O bond. Based on the
previous studies, the three peaks at 1237, 1142 and 1047 cm−1
were characteristic of chelating bidentate SO4 2− , and unidentate
SO4 2− exhibited two bands at 1142 and 975 cm−1 [20,25]. Accordingly, both chelating ligand structure and bridged coordination
were formed between TiO2 and sulfate group. In general, the high
wave number was the characteristic of superacidic property of
Mx Oy –SO4 2− mode and accordingly, the appearance of the peak
at 1237 cm−1 indicated that the solid superacid TiO2 –SO4 2− was
acquired successfully. Meanwhile, the intensity of water peak at
3402 cm−1 became stronger after sulfation due to its hygroscopic
property, implying an enhanced hydrophilicity of the particles,
which may facilitate the proton transport. For further quantitative characterization, the XPS spectrum as presented in Fig. 1b
exhibited the peak of binding energy around 247.5 and 168.7 eV
corresponding to the S 2s and S 2p, respectively, indicating the S
atom was in typical hexed-oxidation state (S6+ ) of sulfate [20,26].
In addition, according to the spectrum, the atomic percentages of
Ti and S were 9.2% and 1.6%, respectively and it could be calculated
that the surface content of SO4 2− in particle was about 7.15% in
weight.
Meanwhile, the microstructure of the TiO2 before and after sulfation was determined by TEM and BET analysis. TEM image shown
in Fig. 1c revealed that the particle size of TiO2 powder was about
12 nm. After sulfation, the crystalline size was reduced to about
10 nm (Fig. 1d), suggesting that the addition of sulfate ions into TiO2
particles might retard the crystallization during the calcination
procedure, which was in agreement with the literature [27]. This
can also be conﬁrmed by BET analysis. An increasing BET surface
area from 110.6 m2 g−1 for TiO2 particles to 127.8 m2 g−1 for STiO2
particles was observed after acid modiﬁcation. Collectively, these
data conﬁrmed that the solid superacid STiO2 particles with 10 nm
diameter were successfully prepared, which endowed the possi-
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bility to tailor the membrane performance by embedding these
inorganic particles into polymer matrix.
3.2. Characterization of CS/STiO2 hybrid membranes
The internal morphologies and the miscibility of organic and
inorganic phase were investigated by FESEM and Fig. 2a and b
exhibited the representative cross-section images of the hybrid
membranes containing 15% TiO2 and STiO2 ﬁllers, respectively.
According to Fig. 2a, obvious TiO2 aggregation (around 2.0 m
aggregate size) could be observed, which was reasonably attributed
to their high surface tension and poor interfacial compatibility with
bulk polymer. After sulfation, the interfacial compatibility would
be improved owing to the enhanced hydrophilicity and interfacial
interaction between STiO2 and chitosan chains. The aggregation of
STiO2 particles became less (around 1.0 m aggregate size), and
therefore the particles displayed better dispersion within bulk chitosan compared with TiO2 particles, as shown in Fig. 2b. The better
dispersion would produce more effective polymer/particle interfacial area, and offer more possibility of surface-induced tailoring of
the structure, hence potentially improving the membrane performance.
To systematically investigate the inﬂuence of the solid superacid
ﬁllers on the physicochemical properties of the hybrid membranes, FTIR, XRD, TGA and mechanical strength characterizations
were utilized and the results were illustrated in Figs. 3–6,
respectively. FTIR spectra have been employed to get a better
understanding of the interfacial interaction between the ﬁllers
and chitosan matrix. According to the spectra in Fig. 3, all the
samples possessed three characteristic peaks at 3247, 1642 and
1536 cm−1 , which were assigned to the vibration of the hydroxyl,
amide I and amide II groups on the chitosan chains, respectively. After STiO2 incorporation, the absorption intensities of
these characteristic peaks became weaker and followed the order
of CS > CS/STiO2 -10 > CS/STiO2 -20 > CS/STiO2 -30. Such observations
were reasonably originated from the formation of interfacial interactions including: (i) hydrogen-bonding interactions between S O
of inorganic ﬁllers and the amide or hydroxyl groups of chitosan
chains; (ii) electrostatic interactions between SO4 2− of TiO2 –SO4 2−
and + H3 N– from amino groups protonation in acetic acid solution
during membrane preparation. Consequently, the free hydroxyl
and amide groups of chitosan decreased, hence weakening the
intensities of the characteristic peaks.

Fig. 3. FTIR spectra of CS and hybrid membranes: (a) CS, (b) CS/STiO2 -10, (c)
CS/STiO2 -20 and (d) CS/STiO2 -30.

Fig. 4. XRD patterns of (a) CS, (b) CS/STiO2 -10, (c) CS/STiO2 -20 and (d) CS/STiO2 -30
membranes.

Fig. 5. TGA thermodiagram of CS and hybrid membranes: (a) CS, (b) CS/STiO2 -10,
(c) CS/STiO2 -20 and (d) CS/STiO2 -30.

Fig. 6. Stress–strain curves of (a) CS, (b) CS/STiO2 -10, (c) CS/STiO2 -20 and (d)
CS/STiO2 -30 membranes.
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The XRD patterns of control membrane and CS/STiO2 hybrid
membranes were presented in Fig. 4 to evaluate the inﬂuence of
inorganic ﬁllers on crystalline structures of chitosan matrix. In
agreement with the observation in the literature [28], the control membrane (Fig. 4a) exhibited three characteristic peaks at
2 = 11.8◦ , 18.8◦ , 21.6◦ and some other diffraction peaks due to the
semicrystalline character of chitosan. For the hybrid membranes,
the incorporation of inorganic ﬁllers interfered with the ordered
packing of the chitosan chains by steric effects and the interfacial interactions, thus destroying the crystalline domain of chitosan
matrix. Accordingly, as shown in Fig. 4b–d, the peak intensity of
the chitosan became weaker with the increase of the STiO2 content. In addition, the new peaks in XRD patterns of the hybrid
membranes at around 2 = 25.1◦ , 27.4◦ , 37.8◦ , 47.9◦ and 54.8◦ were
attributed to the crystalline structure of inorganic ﬁller [29], the
intensities of which increased with the ﬁller content as shown in
Fig. 4b–d.
Thermal stability of the control and hybrid membrane samples could be referred from their TGA thermograms as presented
in Fig. 5. In consistence with previous study [30], all the membranes would undergo three-step weight loss stage as follows: (i)
water evaporation from membrane phase around 50–100 ◦ C; (ii)
degradation of chitosan chains around 220–310 ◦ C; (iii) ﬁnal membrane matrix degradation around 480–650 ◦ C. It could be calculated
that the values of char yields (5.46% for CS/STiO2 -10, 11.28% for
CS/STiO2 -20 and 16.04% for CS/STiO2 -30) were around 65% of the
amount of the STiO2 ﬁllers arising from the loss of sulfate acid
groups and adsorbed water. These observations suggested that the
increased char ratios were mainly ascribed to the nonvolatile inorganic ﬁllers and not to the chitosan matrix. Accordingly, it can be
conjectured that the thermal degradation mechanism of chitosan
might remain unchanged by the embedded ﬁllers. Similar results
were also reported for other composite membranes [30,31]. Moreover, it should be noted that the membrane matrix began to degrade
at about 220 ◦ C, indicating that the membrane could retain its thermal stability at practical operating temperature (<100 ◦ C) for DMFC
application.
Fig. 6 presented the mechanical strength characterization of the
control chitosan and hybrid membranes with different STiO2 content. Compared to control membrane (Fig. 6a), an improvement in
mechanical strength was probed for hybrid membranes (Fig. 6b–d),
exhibiting tensile strength values of 78.80 MPa for CS/STiO2 -10,
85.77 MPa for CS/STiO2 -20 and 81.83 MPa for CS/STiO2 -30, which
were 14.1%, 24.2% and 18.5% higher than that of the control membrane (69.06 MPa), respectively. However, when the loading of
ﬁllers exceeded to a certain amount, reduction (decreasing from
85.77 MPa for CS/STiO2 -20 to 81.83 MPa for CS/STiO2 -30) in tensile strength was observed owing to the formation of unexpected
non-ideal voids caused by the aggregation of the inorganic ﬁllers.
In addition, the hybrid membrane displayed an increasing elongation (above 9.0%) compared with control chitosan membrane
(6.6%), indicating that the addition of STiO2 particles signiﬁcantly
enhanced the ﬂexibility of the membrane.
3.3. Free volume characteristics analysis and methanol
permeability evaluation of the membrane
3.3.1. Free volume characteristics
Free volume characteristics, as an effective direct parameter
for describing the morphology of the membrane, could reﬂect the
mobility and packing of polymer chains. Since the transport of
methanol within DMFC membrane can be described by solutiondiffusion mechanism, in which the process is dominated by the
diffusivity of methanol in most cases [32,33], the nanoscale morphology would strongly determine the transport properties of a
DMFC membrane. So it is necessary to gain a deeper understand-
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Table 1
Free volume parameters of the as-prepared membranes.
Entry

Membrane

 3 (ns)

I3 (%)

r3 (nm)

Vf (nm3 )

FFV (%)

1
2
3
4
5
6
7
8
9
10
11
12
13

CS
CS/STiO2 -5
CS/STiO2 -10
CS/STiO2 -15
CS/STiO2 -20
CS/STiO2 -25
CS/STiO2 -30
CS/TiO2 -5
CS/TiO2 -10
CS/TiO2 -15
CS/TiO2 -20
CS/TiO2 -25
CS/TiO2 -30

1.985
1.968
1.952
1.947
1.940
1.943
1.966
1.976
1.962
1.950
2.022
2.035
2.054

15.55
15.46
15.39
15.43
15.22
15.31
15.20
15.60
15.42
15.30
14.68
14.91
14.81

0.2835
0.2819
0.2804
0.2799
0.2792
0.2795
0.2817
0.2826
0.2814
0.2802
0.2868
0.2880
0.2897

0.0954
0.0938
0.0923
0.0918
0.0911
0.0914
0.0936
0.0945
0.0933
0.0921
0.0988
0.1001
0.1018

1.483
1.450
1.420
1.417
1.389
1.399
1.423
1.474
1.439
1.409
1.449
1.491
1.508

ing of the inﬂuence exerted by inorganic ﬁllers on the free volume
characteristics in hybrid membranes.
PALS technique was employed to measure the free volume characteristics and the corresponding parameters of the as-prepared
membranes were tabulated in Table 1. According to the  3 parameter, free volume cavities in control chitosan membrane possessed
(Entry 1) an average radius about 0.284 nm, which was consistent
with our previous study [28]. Compared with control membrane,
the addition of TiO2 reduced the average radius of free volume cavities when ﬁller content was less than 15% (Entries 8–10), which
was due to the hydrogen-bonding interactions between chitosan
and particles, inhibiting the matrix chains mobility and promoting
the stress at the interface and rigidiﬁcation of chitosan chains near
the interfacial regions. However, when excessive ﬁllers (above 15%,
entries 11–13) were impregnated, the average cavity size in hybrid
membranes increased from 0.280 to 0.290 nm. The increase of
radius should be attributed to the formation of non-selective voids,
and similar results were also reported for other hybrid membranes
[34]. The similar changing trend (the cavities ﬁrst became smaller
and then larger with the increase of ﬁllers content) was observed
for CS/STiO2 membrane (Entries 2–7). Meanwhile, under the same
amount of ﬁllers, STiO2 ﬁlled membrane displayed smaller average
cavity size than TiO2 ﬁlled membrane as a result of the enhanced
interfacial interactions between the inorganic ﬁllers and chitosan
chains. The fractional free volume (FFV parameter in Table 1), which
inﬂuenced the mass diffusion through the free volume cavities, of
the hybrid membranes (Entries 2–11) was smaller than that of control chitosan membrane (Entry 1), which might therefore facilitate
to suppress methanol crossover of the membranes according to
Fujita free volume theory [35]. The results of free volume characteristics were in good agreement with FTIR, TGA and mechanical
strength characterizations.
3.3.2. Water uptake, swelling and methanol permeability
Table 2 summarized the data of water uptake, swelling and
methanol permeability of a Naﬁon 117, control CS membrane,
CS/STiO2 and CS/TiO2 membranes. Water uptake, inﬂuencing proton conductivity and membrane-catalyst interface directly, was
an important parameter in view of fuel cell applications [36]. It
is well known that the adsorbed water mainly located surrounding the hydrophilic groups of chitosan chains whereas the dense
inorganic ﬁllers made a negligible contribution to the total water
uptake. Therefore, the hybrid membranes (Water uptake parameter
in Table 2, entries 3–14) exhibited lower water uptake than control CS membrane (Entry 2), and it decreased further with the ﬁller
content owing to the reduction of chitosan mass percentage in per
unit weight. In addition, compared with CS/TiO2 membranes, the
TiO2 –SO4 2− embedded hybrid membranes displayed lower fractional free volume and less non-selective voids for accommodating
water molecules as testiﬁed by PALS and FESEM characterizations,
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Table 2
Water uptake, swelling and methanol permeability of a Naﬁon 117, CS and the hybrid
membranes.
Entry

Membrane

Water uptake
(%)

Swelling
(%)

Methanol permeability
(10−7 cm2 s−1 )

1
2
3
4
5
6
7
8
9
10
11
12
13
14

Naﬁon 117
CS
CS/STiO2 -5
CS/STiO2 -10
CS/STiO2 -15
CS/STiO2 -20
CS/STiO2 -25
CS/STiO2 -30
CS/TiO2 -5
CS/TiO2 -10
CS/TiO2 -15
CS/TiO2 -20
CS/TiO2 -25
CS/TiO2 -30

30.55
64.94
57.44
55.43
52.90
49.27
48.16
47.38
59.14
56.88
56.07
54.26
53.36
50.64

37.56
46.91
41.70
39.93
37.24
36.77
36.26
34.86
44.47
43.64
41.03
38.17
37.63
35.93

31.54
11.64
7.62
6.48
5.97
5.68
5.56
5.69
8.09
8.04
7.76
6.80
7.35
8.12

and hence exhibited a reducing water uptake under the same ﬁller
content. Since both swelling and water uptake of these membranes
were mainly caused by the water adsorption in bulk polymer, the
results of swelling were quite consistent with that of water uptake.
In other words, the high swelling degree of the membrane was
acquired via a high water uptake.
Previous studies have demonstrated that the free volume cavities could provide diffusing molecules with a low-resistance path
for transport, and penetrant-transporting through a dense membrane is mainly determined by diffusing in the free volume cavities
[37]. According to Table 1, the average radius of free volume
cavities in the control chitosan and hybrid membranes (about
0.28 nm) were larger than the kinetic radius of methanol molecule
(0.19 nm), indicating that the methanol transporting through the
membrane would occur in these cavities. Naﬁon 117, commonly
used in the DMFC for its high proton conductivity, showed serious
methanol crossover (3.15 × 10−6 cm2 s−1 ) under identical conditions. By comparison, the as-prepared membranes displayed ﬁne
methanol barrier property according to the methanol permeability
parameter in Table 2. It was clear that after incorporation of inorganic ﬁllers, the methanol resistance property of the membrane
was obviously improved originating from the non-permeable particles which reduced the fractional free volume (FFV parameter
in Table 1) as well as obstructed the methanol transport hence
inducing tortuous pathway for methanol. Table 2 revealed that
the CS/STiO2 membranes exhibited lower methanol crossover than
CS/TiO2 membranes. Such phenomena were ascribed to the facts as
follows: (i) inorganic ﬁllers were dispersed more homogenously in
the polymer matrix after sulfation as testiﬁed by FESEM analysis,
which more effectively lengthened the methanol diffusion pathway; (ii) TiO2 –SO4 2− exhibited better interfacial compatibility with
chitosan matrix to reduce the non-selective voids; (iii) CS/STiO2
membrane possessed lower fractional free volume as shown in
Table 1, which all increased the diffusion resistance for methanol
molecules through the membrane. It was pointed out that excessive
loading of inorganic ﬁllers would lead to the increase of methanol
permeability (Entries 8, 13 and 14) caused by the formation of too
many non-selective voids as mentioned above.
3.4. Proton conductivity and comprehensive performance
evaluation
The proton conductivity of the membrane is of particular importance and plays a signiﬁcant role for the performance of a DMFC.
Higher levels of proton conductivity result in higher operational
fuel cell voltage and power densities. Proton migration in polymer electrolyte membrane is well studied and discussed in the

Fig. 7. Proton conductivity and selectivity of control CS and hybrid membranes as
a function of ﬁller content.

view of a vehicle mechanism (protons diffuse accompanying water
molecules) and a Grotthuss mechanism (protons hop from one site
to a neighboring one), which both exist in chitosan-based membranes [17,38]. The proton conductivity results in the transverse
direction listed in Fig. 7 indicated that control chitosan membrane
exhibited desirable proton conductivity (0.0183 S cm−1 ) owing to
its proton-conducting groups as well as the high water uptake. For
CS/TiO2 hybrid membranes, the incorporation of the ﬁllers for one
thing reduced the water content (testiﬁed by water uptake analysis) which was disadvantageous to proton transport by vehicle
mechanism, and for another, it lengthened the transport pathway and increased the conductive resistance due to the presence
of the less-conductive particles. Accordingly, compared with control membrane, lower proton conductivity was observed after
embedding TiO2 ﬁllers, which decreased gradually from 0.0145 to
0.008 S cm−1 as the ﬁller content increased from 5% to 30%. After
sulfation, the hydrophilicity of the inorganic ﬁllers was enhanced
due to the presence of acid groups on the particle surface which
would facilitate to form more hydrogen-bonded network, meanwhile it possessed proton carriers including –SO4 2− and –SOH
groups. Both of these were advantageous to proton migration,
and an enhancement in proton conductivity was correspondingly
observed compared with TiO2 incorporated membranes under
the same ﬁller content. It should be pointed out that the proton conductivity of CS and CS/STiO2 membranes (in range of
0.0114–0.0186 S cm−1 ), although much lower than that of Naﬁon
117 (0.064 S cm−1 ), was still high enough (>0.01 S cm−1 ) to serve as
the proton exchange membrane for DMFC applications [39].
The comprehensive performance of the membrane was
reﬂected by selectivity S, where S = /P with the proton conductivity
 and methanol permeability P [40]. It was found that the methanol
permeability of the membranes immersed in 0.2 M sulfuric acid was
quite close to (within 3.5%) that in water, and therefore, the data
of methanol permeability obtained by immersing in water were
employed to calculate the selectivity data. As shown in Fig. 7, the
incorporation of moderate loading TiO2 ﬁllers could enhance comprehensive performance of chitosan membrane. While excessive
addition of TiO2 particles (above 10%) would reduce the selectivity of the hybrid membrane as a result of the serious reduction of
proton conductive property. Due to the simultaneously enhanced
methanol barrier and proton conductive properties, CS/STiO2 membranes exhibited higher comprehensive performance than CS/TiO2
membranes. It should be pointed out that the selectivity of all the
CS/STiO2 membranes was higher than that of control CS membrane
and the selectivity of CS/STiO2 -10 (2.40 × 104 S s cm−3 ) was 49.1%
higher than that of control CS membrane (1.61 × 104 S s cm−3 ).
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4. Conclusions
Nanosized solid superacid TiO2 –SO4 2− was synthesized via
chemical absorption of commercial TiO2 particles and then incorporated into chitosan matrix to fabricate hybrid membranes for
direct methanol fuel cell application. The inﬂuence exerted by
TiO2 –SO4 2− on the physicochemical properties of the hybrid
membranes was investigated by FTIR, FESEM, XRD, TGA, PALS
and mechanical strength characterizations. The presence of solid
superacid ﬁllers inhibited the chitosan chain mobility through the
interfacial interactions between the ﬁllers and chitosan chains, and
thus led to enhanced mechanical strength and thermal stability.
Meanwhile, the presence of the TiO2 or STiO2 particles within chitosan matrix induced a reduction of fractional free volume as well as
a more tortuous diffusion pathway for methanol molecules, which
both enhanced the methanol diffusion resistance and therefore
signiﬁcantly reduced methanol crossover through the membrane.
The proton conductivity of the membrane decreased with the
incorporation of TiO2 particles due to the presence of the lessconductive particles, which prolonged the transport pathway and
increased the conductive resistance. Upon sulfation, due to the
ameliorative hygroscopic and proton conductive properties, the
STiO2 embedded hybrid membranes displayed a higher proton
conductivity compared with TiO2 embedded membranes. Consequently, CS/STiO2 hybrid membranes acquired higher selectivity
compared with control chitosan membrane.
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