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ABSTRACT

A novel composite membrane has been developed by doping cesium phosphotungstate salt
(CsxH3_xPW12040 (0 <x <3), Cs,-PTA) into chitosan (CTS/Csx-PTA) for application in direct methanol fuel
cells (DMFCs). Uniform distribution of Cs,-PTA nanoparticles has been achieved in the chitosan matrix.
The proton conductivity of the composite membrane is significantly affected by the Cs,-PTA content
in the composite membrane as well as the Cs substitution in PTA. The highest proton conductivity
for the CTS/Cs,-PTA membranes was obtained with x=2 and Cs,-PTA content of 5wt%. The value is
6x103Scm™! and 1.75 x 1072 Scm~! at 298K and 353 K, respectively. The methanol permeability of
CTS/Cs»-PTA membrane is about 5.6 x 10~7, 90% lower than that of Nafion-212 membrane. The high-
est selectivity factor (¢) was obtained on CTS/Cs,-PTA-5wt% composite membrane, 1.1 x 104/Scm~3s.
The present study indicates the promising potential of CTS/Cs,-PTA composite membrane as alternative
proton exchange membranes in direct methanol fuel cells.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Direct methanol fuel cells (DMFCs) have been considered as
attractive alternative energy supply for future portable electronic
devices due to their capability of high energy density, simpli-
fied system design and convenient fuel transportation and storage
(Jiang, Zheng, Wu, Wang, & Wang, 2008; Tang, Wang, Pan, Jiang, &
Ruan, 2007). The most common proton exchange membranes used
in DMFCs are the state-of-the-art perfluorosulfonic acid (PFSA)
based membranes such as Nafion due to their high proton con-
ductivity, high structural and chemical stability and mechanical
strength (Chai et al,, 2010; Tang, Pan, & Wang, 2008). However,

Abbreviations: CTS, chitosan; PTA, phosphotungstate salt; CsyPTA, cesium phos-
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PFSA based membranes such as Nafion exhibit two technical chal-
lenges. One is their high cost (Sancho, Soler, & Pina, 2007), and the
other is methanol crossover from anode to cathode through the
membrane which results in a significant reduction in the electrical
performance of DMFCs (Du, Zhao, & Yang, 2007; Eccarius, Garcia,
Hebling, & Weidner, 2008; Qi & Kaufman, 2002; Tang, Pan, Jiang, &
Yuan, 2005; Yang & Bae, 2008). It has been reported that over 40%
of methanol could be lost in a DMFC due to crossover across the
membrane (Tricoli, Carretta, & Bartolozzi, 2000).

In the past several years, much effort has been made in the
development of polymer electrolyte membrane with inherent
low methanol permeability, high conductivity and lower cost.
Among them, chitosan (CTS) based materials have shown promis-
ing properties for applications as proton exchange membranes
of low temperature fuel cells (Ma & Sahai, 2013; Odeh, Osifo,
& Noemagus, 2013). Chitosan is an abundant natural polymer
with low toxicity, biodegradable and biocompatible properties
(Muzzarelli, 2011) that has been intensely used as a promis-
ing and low cost source of membrane material (Cui et al., 2008;
Ma, Sahai, & Buchheit, 2012; Osifo & Masala, 2012). The wide
application of chitosan on pervaporation membrane revealed its
fine methanol permeability (Ghazali, Nawawi, & Huang, 1997;
Mochizuki, Amiya, Sato, Ogawara, & Yamashita, 1989). Further-
more, chitosan based materials exhibit good thermal/chemical
stability and mechanical properties due to the ring structure of the


dx.doi.org/10.1016/j.carbpol.2013.06.017
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.carbpol.2013.06.017&domain=pdf
mailto:lusf@buaa.edu.cn
dx.doi.org/10.1016/j.carbpol.2013.06.017

234 Y. Xiao et al. / Carbohydrate Polymers 98 (2013) 233-240

chitosan molecular, which would be beneficial to the fuel cell oper-
ation. However, pristine chitosan has low conductivity and there
are no mobile hydrogen ions in its structure. It has been reported
that the proton conductivity of the dry chitosan film without
cross-linking and modification is very low, ~10~2Scm~! at room
temperature (Suzuki, Saimoto, & Shigemasa, 1999; Wan, Creber,
Peppley, & Bui, 2003a). In order to increase the ionic conductivity
of CTS membranes, structural modification (Chavez, Oviedo-Roa,
Contreras-Pérez, Martinez-Magadan, & Castillo-Alvarado, 2010;
Wan, Creber, Peppley, & Bui, 2003b), blending (Seo, Koh, Roh, &
Kim, 2009; Smitha, Sridhar, & Khan, 2005), proton acid doping (Cui,
Xing, Liu, Liao, & Zhang, 2009; Ma et al., 2012; Smitha, Devi, &
Sridhar, 2008; Yamada & Honma, 2005) and inorganic salts doping
(Khiar, Puteh, & Arof, 2006; Majid & Arof, 2005; Wu, Hou, Wang,
Xiao, & Jiang, 2010) methods have been introduced. These studies
have showed that the proton conductivity of the chitosan mem-
brane could be improved while maintaining its good mechanical
properties, methanol permeability and thermal/chemical stability.

Heteropolyacids (HPAs) are well known as superionic conduc-
tors in their fully hydrated state, particularly those with Keggin
structure (Yang et al., 2005) and have been used to enhance the
proton conductivity, water retention and resistance to methanol
crossover properties of Nafion or other proton exchange mem-
branes (Li, Xu, & Wang, 2003; Yang, Lu, Ly, Jiang, & Xiang, 2010).
Among HPAs, cesium phosphotungstate salt (Csx-PTA, 0 <x<3)
which contains the characteristic structure of phosphotungstic acid
(PTA), has excellent conductive capability and increased stability
in aqueous medium (Matsuda et al., 2007). It has been shown that
addition of Csx-PTA enhances the proton conductivity and reduced
methanol permeability of host matrix materials including sul-
fonated poly (ether-ether ketone) (SPEEK) (Dogan, Inan, Unveren,
& Kaya, 2010; Zhang, Zhang, & Bi, 2008), Nafion (Amirinejad,
Madaeni, & Navarra, 2011; Amirinejad, Madaeni, & Rafiee, 2011),
chitosan-hydroxy ethyl cellulose (CS-HEC) (Mohanapriya et al.,
2009), polybenzimidazole (PBI) (Li, Shao, & Scott, 2008; Oh
et al, 2010), Nafion/polytetrafluoroethylene (PTFE) (Li, Shao,
& Zhang, 2006) and polyethyleneoxide (PEO)/polyvinylidene
fluoride—chlorotetrafluoroethylene  (PVDF-CTFE)  copolymer
(Amirinejad, Madaeni, Navarra, Rafiee, & Scrosati, 2010), etc. As
indicated by Hacer Dogan (Dogan et al.,, 2010), the methanol
permeability was reduced to 4.7 x 10~7 cm?/s for SPEEK/Cs-PTA
membrane with 10wt% Cs-PTA concentration, and acceptable
proton conductivity of 1.3 x 10-1S/cm was achieved at 80°C
under 100% RH.

In the present study, CTS/Csx-PTA composite membrane was
prepared by blending Csx-PTA (0 < x <3) with chitosan/acetic acid
solution for potential application as proton exchange membranes
of DMFCs. The composite membranes were characterized in details
by Fourier transform infrared (FT-IR), X-ray diffraction (XRD), scan-
ning electron microscopy (SEM), energy dispersive X-ray (EDS) and
thermo-gravimetric analysis (TG). Moreover, the effects of Csy-PTA
content on the mechanical property and the proton conductivity at
different temperatures, as well as the selectivity factor of CTS/Csx-
PTA composite membrane has been investigated.

2. Experimental
2.1. Preparation of Csx-PTA and composite membranes

CsyHz_xPW1,04 (0 <x <3) were synthesized according to the
literature method (Ma, Hua, Ren, He, & Gao, 2003). In a typi-
cal synthesis process, an aqueous solution of Cs;CO3 (0.1 mol/l)
was added drop wise to an aqueous solution of H3PW,049 (PTA,
Aldrich) (0.08 mol/l) with Cs/P molar ratios of 0.5, 1.0, 1.5, 2.0, 2.5,
and 3.0, respectively, at room temperature under vigorous stirring.

The resulting white colloidal solution was aged overnight at ambi-
ent temperature and then evaporated at 50 °C till it was dry. The
obtained samples were denoted as Csx-PTA.

The Cs,-PTA powders with 1, 5 and 10 wt% proportions were
added to a 2% (w/v) chitosan-acetic acid solution. After complete
dispersion, the solution was cast on a glass plate and dried at 333K
for 24 h. The dry membranes on the plates were striped from the
plate and then immersed in the absolute methanol (Sigma-Aldrich)
for 2 h to remove the acetic acid. Finally, the prepared membranes
were used for analysis without further treatment. CTS with 1, 5 and
10 wt% Cs,-PTA was denoted as CTS/Cs,-PTA-1 wt%, CTS/Cs,-PTA-
5 wt%, CTS/Cs,-PTA-10 wt¥%, respectively.

2.2. Characterization of CTS/Cs,-PTA membranes

Both the surface and cross section morphology of CTS/Cs,-PTA
membranes were examined under a scanning electron microscope
equipped with energy dispersive X-ray spectrometer (EDS) detec-
tor (SEM, Oxford, Camscan3400; Oxford Instruments). Elemental
mapping analysis was used to study the distribution of typical
elements tungsten (W) of PTA in the structure of composite mem-
brane.

Fourier transform infrared (FT-IR) spectroscopy of the mem-
branes was recorded with a Nicolet (Madison, WI, USA) AVATAR
470 Fourier transform infrared spectrometer in the wavelength
range from 4000 to 500 cm~!. X-ray diffraction (XRD) patterns
for polymeric membrane and Csx-PTA powder were obtained on
a D/max 2200PC X-ray diffract meter using Cu Ko radiation source
operating at 40 kV and 30 mA. The scanning rate was 4°/min in the
angular range of 5-60°.

Thermal stability of the polymer electrolyte membranes was
tested by TG analysis. Membrane samples for TG analysis were cut
to small pieces before the test. Then the samples were encapsu-
lated in hermetically sealed aluminum pans. The thermal analysis
was performed by Shimadzu TGA-50 thermal analysis system with
heating rate of 10 °C/min under N, atmosphere.

To investigate the swelling behaviors of the composite elec-
trolyte membrane, the membrane samples were cut and stored in
a hydration-controlled container. To determine the water uptake
(WU) at each state of hydration, the membranes were removed
from the container using a filter paper to remove excess surface
water, and quickly weighed to give the initial wet weight, Myset.
The dry weight of the membrane samples, Mg, was obtained after
drying at oven. Meanwhile, the areas, S of wet and dry samples was
measured. The changes in water uptake and areas were calculated
with the following equations (Tang, Wang, Pan, & Wang, 2007).

Mywet — M,
Wateruptake (%) = Zwet 7Y L 100 (M
Mary
Swet — S
AS (%)= 2224y 100 2)
Sdry

where Syet is the area of wet membrane sample, and Sdry is the area
of the dry membrane sample.

The tensile strength and elongation of the composite mem-
branes were evaluated by a tensile test instrument (INSTRON 3365).
The test was carried out at a strain rate of 5 mm/min at 293 Kand a
relative humidity of ~10%. The membrane samples were prepared
in rectangular shape with a gauge length of 40 mm and a width
of 8 mm. The data of tensile strength elongation were determined
according to the stress-strain curve. Each data was the average of
at least three parallel experiments.
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Fig. 1. (a) X-ray diffraction patterns of Cs,-PTA with different x value (x=0, 0.5, 1, 1.5, 2, 2.5,) and (b) TEM image of Cs,-TPA particles.

2.3. Proton conductivity (o) and methanol permeability
measurement

The membrane proton conductivities were measured using the
four-point probe technique (in plane) which used four equally
spaced probes in contact with the measured material. The CTS/Cs;-
PTA membranes were cut into 10 mm x 30 mm strips and placed
across four platinum foils with equal spacing of 5mm. AC
impedance measurements were carried out between frequencies
of 0.1 and 100 kHz. The membrane conductivity was measured at
100% RH in the temperature range of 303-353 K. The samples were
held for 30 min for each measurement conditions.

Methanol permeability was determined by using a diffusion
cell method at room temperature. Methanol solution (2 mol/L)
and water were placed on two different compartments of the
diffusion cell, separated by the membrane. Magnetic stirrers were
used in each compartment to ensure uniformity. A Shimadzu GC-
2014C with a FID detector and a Agilent HP-INNOWAX column
(30 mm x 0.25 mm) was used for methanol analysis, and the peak
areas were converted to methanol concentration by using a cali-
bration curve. The methanol diffusion coefficient was obtained by
analyzing the methanol flux with time and calculated as shown
below:

APCx(t — ¢
Co(e) = A1)

where Cg and Cp are the methanol concentration of permeated
and feed side through the membrane, respectively, A, L and Vg are
the effective area of membrane, the thickness and the volume of
permeated compartment, respectively. P is the methanol diffusion
coefficient. The CTS/Cs,-PTA membrane was immersed in Milli-Q
water before methanol diffusion coefficient measurement.

3)

3. Results and discussions
3.1. XRD, SEM and EDS analysis

It is known that the H3PW{,049 and their corresponding cesium
salts have crystal structure of cubic Pn3m symmetry. As shown
in Fig. 1a, three characteristic diffraction peaks of typical Keggin
structure can be found in XRD patterns for all Csx-PTA samples
(Matachowski et al., 2011; Sasca et al., 2011; Xu et al., 2010). With
the increasing amount of Cs content, the diffraction peaks at 26°

became wider, indicating the decreased gain sizes and change from
long-range order to short-range order. The results confirmed the
formation of Csx-PTA single phase (Matachowski et al., 2011). TEM
analysis shows the uniform distribution of Cs,-TPA particles with
average particle size of ~120 nm as shown in Fig. 1b.

Fig. 2 is the SEM images of the CTS and CTS/Cs,-PTA compos-
ite membranes and the distribution of the Csx-PTA particles in the
membranes. All the membranes show uniform and dense surface.
The submicron particles of cesium phosphotungstate salt became
increasingly visible with the increasing content of Csy-PTA in mem-
brane (Fig. 2b-d). The cross-section of typical CTS/Cs,-PTA-5 wt%
shows a dense and homogeneous structure without obvious phase
separation or structure defects (Fig. 2e), indicating the good phase
compatibility between Csx-PTA and CTS. Since Csx-PTA contained
special Keggin structure which mainly provides proton channel, its
distribution not only affects the physical properties of the mem-
brane but also the proton conductivity. In order to verify the
distribution of Csyx-PTA inside the membrane, the cross-section
was analyzed by tungsten (W) mapping EDS. The result indicates
that the element W (green spot) is homogeneously dispersed in
the membrane (Fig. 2f). The uniformly distributed Cs,-PTA is criti-
cal for the continuous proton conducting channel and high proton
conductivity of the composite membranes.

3.2. FT-IR and X-ray diffractometry

The characteristic functional groups of Cs,-PTA, CTS and
CTS/Cs,-PTA-5wt% were investigated by FTIR and the results are
shown in Fig. 3(a). The absorption peaks observed at 1029 cm™!
and 1153 cm~! which is characteristic of the saccharide structure
of CTS are observed in both CTS and CTS/Cs,-PTA-5wt% mem-
branes. For cesium salt, four characteristic peaks of its Keggin
anion were observed at 1079cm~! (P-O, in central tetrahe-
dral), 987 cm~! (W=0, terminal oxygen in the Keggin structure),
889cm~! (W-0,-W) and 802cm~! (W-O.-W). These character-
istic vibration bands were also shown in the infrared spectra of
CTS/Cs-PTA-5 wt% membrane.

The effect of Cs,-PTA fillers on the crystalline structures of
chitosan matrix was also studied by the XRD (Fig. 3b). In agree-
ment with that reported in the literature (Wang et al., 2008), the
pristine CTS membrane (curve a in Fig. 3b) exhibits three charac-
teristic peaks at 260=11.8°, 18.8°, 21.6° and some other diffraction
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Fig. 2. The SEM morphology images and EDS of CTS/Cs,-PTA composite membranes. The SEM images of the surface of CTS (a), CTS/Cs,-PTA-1 wt% (b), CTS/Cs,-PTA-5 wt%
(c), CTS/Cs,-PTA-10 wt% (d) membranes and the cross-section of CTS/Cs,-PTA-5 wt% membrane (e). And the corresponding tungsten element (W) mapping EDS of CTS/Cs;-

PTA-5 wt% membrane is shown in (f).

peaks due to the semi-crystalline nature of chitosan. For the hybrid
membranes, the incorporation of fillers interfered with the ordered
packing of the chitosan chains by steric effects, thus destroying the
crystalline domain of chitosan matrix. Accordingly, the peak inten-
sity of the chitosan became weaker (curve b in Fig. 3b). In addition,
the new peaks in XRD patterns of CTS/Cs,-PTA-5 wt% membranes
were attributed to the crystalline structure of Cs,-PTA (Volkova
et al., 2002).

3.3. The thermal stability and mechanical properties of
CTS/Cs,-PTA composite membranes

Fig. 4 is the TGA curves of CTS and CTS/Cs,-PTA composite
membranes. The CTS/Cs,-PTA membranes maintain a good ther-
mal stability, similar to that of the pure chitosan. The CTS-based
membranes show three major weight loss stages around 40-120°C,

220-320°C, and 350-500°C in the tested temperature range. In
the first stage of 40-120°C, the weight loss is ~10% and the lost
is mainly due to the physically absorbed water (Cui et al., 2008).
The thermal degradation of membranes took place at a maximum
rate in the temperature range from 220 °C to 320 °C. More than 35%
weight loss can be due to the cleavage of CTS chains and removal
of bound water molecules from Csyx-PTA. In the third stage, above
350°C, the weight loss is assigned to structure collapse of Csx-PTA
and the thermal decomposition of glucosamine residues present in
CTS. So it can be concluded that the composite membrane is stable
at desired operating temperatures (<100 °C) for DMFCs.

It is generally known that the water content has great influence
on the proton conductivity as well as the stability of polymer elec-
trolyte membrane. The existence of water molecular which was
required for the proton transport also resulted in the dimensional
change of the membranes. The results of measured water uptake

A
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Fig. 3. The segment FT-IR spectra (a) and XRD patterns (b) of Cs,-PTA powder, CTS and CTS/Cs,-PTA-5 wt% membranes.



Y. Xiao et al. / Carbohydrate Polymers 98 (2013) 233-240 237

— CTS
100 - —— CTS(Cs,-PTA-1Wt%
S CTSICsz-PTA-Swt%
—— CTS/Cs,-PTA-10wt%
X 804
=
=
=
2
()]
; 60 -
40 -
T 5 T L) T b T )
0 100 200 300 400 500

Temperature / (°C)

Fig. 4. TGA results of CTS/Cs,-PTA membranes with different Cs,-PTA doping con-
tent (0 wt%, 1 wt%, 5wt%, 10 wt).

and swelling ratio for the composite membranes were showed in
Table S1 (see in supplementary data). For the purpose of compari-
son, data for Nafion 212 membrane is also included in the Table S1.
The water uptake of CTS membrane is 60.1%, significantly higher
than that of Nafion-212. The high hydrophilicity of CTS membrane
is attributed to the active groups in chitosan molecular backbone.
By blending with Csy-PTA, the water uptake and the swelling ratio
of the membranes are further increased and the high Cs,-PTA con-
tent in the composite membrane leads to a higher water uptake
and higher swelling ratio. This phenomenon can be explained by the
existence of heteropoly anions which could contain water molecule
through weak hydrogen bond.

CTS membrane that prepared by traditional process presented
strong elasticity and high moisture content under wet state,
thus resulted in weak tensile strength (7.3 MPa, black line in
Fig. 5). Meanwhile, the CTS membrane will lose most elastic-
ity and turn into brittle material in the dehydration state. These
mechanical behaviors suggested the CTS membrane by tradi-
tional process might be easily destroyed in the hot-pressing
process of the membrane electrode assembly (MEA). Fig. 5 depicts
mechanical properties of all the membranes studied here by
determining the tensile strength. The data suggest that the ten-
sile strength for the CTS/Csx-PTA composite membranes increases

—cTs
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©
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=
-
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o 30
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Fig. 5. The strain-stress curves of CTS/Cs;-PTA-1 wt%, CTS/Cs2-PTA-5 wt%, CTS/Cs2-
PTA-10 wt% and CTS membranes.

Table 1
The proton conductivity of CTS/Cs,-PTA membranes with different Cs salt doping
content at 25°C (x10-3Scm1).

Value of x Content of CsyH3_xPW12040

1wt% 5wt% 10wt%
1 2.52 417 1.78
1.5 2.70 2.96 2.09
2 4.51 6.00 3.92
2.5 3.13 5.11 3.15

obviously (~50 MPa), which much higher than that of Nafion-212
(23.6 MPa). The reason may be that the introduction of Csy-PTA
to CTS restricts the chain segmental mobility and increases the
membrane strength. In addition, the Keggin structure of Csx-
PTA cross-linked with the amino of CTS in a certain extent,
which enhanced the mechanical properties of composite mem-
branes. Thus, CTS/Csx-PTA composite membranes could completely
achieve the requirements of fuel cell in the application of proton
exchange membrane.

3.4. Proton conductivity (o) of CTS/Cs,-PTA composite
membranes

For a polymer electrolyte membrane to be a good proton
exchange membrane, it should contained fixed charged sites sur-
rounded by water molecules, which facilitate the transport of
protons (Amirinejad, Madaeni, & Navarra, 2011). Proton transport
in CTS/Csx-PTA membrane is the result of a complex process dom-
inated by the surface and chemical properties of both chitosan
and Csx-PTA additive. Thus, the molecule structure, surface area
and acid site density on Csx-PTA surface and water content of
the membrane may have influence on conductivity of compos-
ite membranes (Matachowski et al., 2011; Okuhara, Watanabe,
Nishimura, [numaru, & Misono, 2000). We firstly investigated the
effect of Cs content (x from 0.5 to 2.5) on proton conductivity of
CTS/Csx-PTA membranes with 1wt%, 5wt% and 10wt% Csy-PTA
doping amount and the results are shown in Table 1. The con-
ductivity was measured under 100% relative humidity at 25°C.
The measured conductivity is in the range of 2-6 x 1073 Scm™!
and varies with both the Csx-PTA content in the composite mem-
brane and the Cs content in PTA. Csy-PTA at x=2 produced the
highest proton conductivity for the CTS/Csx-PTA composite mem-
branes prepared in this study, which was consistent with Shukla’s
result (Mohanapriya et al., 2009). Thus, in this study, Cs,-PTA was
used as standard filler in the composite membrane. The best results
were obtained on CTS/Cs,-PTA-5 wt% composite membrane, reach-
ing 6 x 103 Scm~1. Since chitosan itself has disordered structure,
the results that CTS/Cs,-PTA membranes displayed better perfor-
mance might related to the excellent surface acidity of Csx-PTA at
x =2, numbers of sorption water and the surface area of particles as
well as the interaction between the active groups of chitosan and
Keggin structure (Okuhara et al., 2000; Yu, Guo, Xu, Yang, & Guo,
2008).

To evaluate the stability of Csx-PTA NPs in CTS, the sample was
soaked in Milli-Q water, and the proton conductivity was measured
as a function of time. Fig. S1 shows the conductivity stability of
the Cs,-PTA/CTS membrane. In cases where HPW molecules leaked
from the Csx-PTA/CTS, the conductivity of composite membrane
would decrease. However, the stability of proton conductivity indi-
cated that Csy-PTA/CTS composite membrane was rather stable in
a water system and that the Csx-PTA did not leach out, which also
indicated that the interaction between the active groups of chitosan
and Keggin structure of CsxPTA NPs.

Fig. 6 showed the proton conductivity of the CTS and CTS/Cs;-
PTA composite membranes under different temperature. The
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Fig.6. Arrhenius plots of the proton conductivity of CTS membrane and CTS/Cs,-PTA
composite membranes.

conductivity for all the membranes increases with the increas-
ing in temperature. The maximum proton conductivity observed
for the CTS membrane is 3.63 x 10-3Scm~! at 353K. The pro-
ton conductivity of the CTS/Cs,-PTA composite membrane is
1.75x1072Scm~! at 353K, which is higher than that for the
membrane without Cs,-PTA. It is noteworthy that the CTS/Cs,-PTA-
5wt% composite membrane exhibits higher proton conductivity
than that of CTS/Cs,-PTA-1wt% and CTS/Cs,-PTA-10 wt% mem-
branes in the temperature range studied. This indicates that
Cs,-PTA nanoparticles within the CTS matrix act as proton carrier
for the proton transfer through the composite membrane. The acti-
vation energy for proton transfer is 16.04, 18.97, 18.81 kJ/mol for
CTS/Csy-PTA-1 wt%, CTS/Cs,-PTA-5wt% and CTS/Cs,-PTA-10 wt%,
respectively, close to 15.41 kJ/mol observed on pristine CTS mem-
branes. The similarity in the activation energy for CTS and
CTS/Cs,-PTA composite membranes indicates that the proton
transfer is most likely though the diffusion or vehicular pathway
(Kreuer, Dippel, Meyer, & Maier, 1992). The vehicular mechanism
for proton transfer is most likely due to the high water uptake of the
membrane (see Table S1) as high water content facilitates proton
transport through the membrane. In the case of CTS/Cs,-PTA-1 wt%
composite membrane, the number of Cs,-PTA is low, leading to
the low number of protons available within the membrane struc-
ture and thus relatively low proton conductivity. As the Cs,-PTA
filler content increases, the proton conductivity of the CTS/Cs,-PTA
composite membrane increases due to the increased number of
proton carrier. However presence of excess Cs,-PTA nanoparticles
may inhibit the proton transfer probably due to the interface or
boundary effect. This appears to explain the observation of the best
proton conductivity on CTS/Cs,-PTA composite membrane with
5wt% Csy-PTA.

As indicated by Kozhevnikov, proton transport would most
likely occur on the surface of the crystalline PTA (Kozhevnikov,
1998). Thus, it may be considered that Csy-TPA nanoparticles
provide additional surface functional sites for proton transfer in
CTS/Csx-TPA composite membranes. The schematic of the proton
transfer mechanism through the CTS/Csx-PTA composite mem-
branes was shown in Fig. S2. The proton transport can occur from
the H30* as proton donor to the H,0O as acceptor on the Csy-TPA
surface. Uniform distribution and optimum number of Csy-TPA
nanoparticles within the composite membrane is critical for the
continuous proton transfer pathway with minimum resistance, as
shown above.

8.4 I Nafion212
;; I cTs
L B CTS/Cs,-PTA-1wt%
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Fig. 7. The methanol permeability of Nafion-212 and CTS/Cs,-PTA composite mem-
branes with different Cs,-PTA mixing ratios at 303 K.

3.5. Methanol permeability of CTS/Cs,-PTA and selectivity factors

Fig. 7 is the methanol permeability of Nafion-212, CTS and
CTS/Cs,-PTA composite membranes measured at room temper-
ature. CTS and CTS/Cs,-PTA composite membranes have much
lower methanol permeability as compared to that of Nafion-212.
For example, the methanol permeability of the CTS/Cs,-PTA-
5wt% composite membrane is 5.6 x 10~7 cm2s~! which is 90%
lower than that of Nafion-212 membrane, demonstrating its excel-
lent methanol crossover resistance. The introduction of Cs,-PTA
nanoparticles has no significant effect on the methanol permeabil-
ity of chitosan membrane. Nevertheless, the methanol permeability
slightly decreased with increased doping amount of Cs,-PTA.

To achieve better cell performance of DMFC, it is important
to obtain higher proton conductivity and lower methanol perme-
ability simultaneously. The ratio of the proton conductivity to the
methanol permeability can be defined as the membrane selectiv-
ity factor (¢) and may be used as an indicator of the suitability
of a given membrane for DMFC applications (Xu et al., 2010). As
shown in Table S2, the CTS/Cs,-PTA with 5wt% Cs,-PTA exhibits
the highest selectivity factor. This indicates that CTS/Cs,-PTA-5 wt%
composite membrane is most suitable for the PEM application of
direct methanol fuel cells.

4. Conclusion

A novel CTS/Csx-PTA composite membrane was successfully
prepared and characterized for potential application as proton
exchange membranes of DMFCs. The proton conductivity of the
composite membranes is a function of both the Csy-PTA con-
tent in the composite membrane and the Cs substitution in PTA.
Csx-PTA at x=2 produced the highest proton conductivity for
the CTS/Csx-PTA composite membranes with Cs,-PTA content of
5 wt%. The proton conductivity of CTS/Cs,-PTA membrane reached
1.75x1072Scm™! at 353K. The FT-IR, TG, EDS elemental map-
ping examination indicated that the Cs,-PTA nanoparticles were
uniformly distributed in the chitosan matrix. In addition, the
mechanical properties of the composite membrane are much better
than that of the conventional Nafion membrane. The methanol per-
meability of CTS/Cs,-PTA membrane is about 5.6 x 10~7 cm? s~ 1,
90% lower than that of Nafion-212 membrane. The highest
selectivity factor was obtained on CTS/Cs,-PTA-5wt% composite
membrane, indicating its promising potential as alternative PEMs
of DMFCs.
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