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a b s t r a c t

The current study aims at simultaneously enhancing the methanol barrier and proton conductive proper-
ties of membranes for direct methanol fuel cell (DMFC) by embedding phosphorylated titanate nanotubes
(PTNTs) into chitosan (CS) membrane. The enhancement is most probably due to the intrinsic interfacial
interactions between PTNTs and CS chains, which are verified by the increased thermal stability and
homogeneous dispersion of the fillers. The influence of PTNTs incorporation conditions including acid
concentration and filler content upon the resulting nanocomposite membrane performance is extensively
investigated. Compared with plain CS membrane, the presence of PTNTs within chitosan matrix will lead
to denser chain packing, thus reduce free volume cavity size and fractional free volume (FFV) according
to positron annihilation lifetime spectroscopy analysis. The reduced FFV and more tortuous pathway sig-
nificantly suppress the methanol crossover through the membranes. Meanwhile, the presence of PTNTs
constructs an uninterrupted channel for proton migration via functionalized P–OH groups and adsorbed

water, and therefore improving the proton conductivity substantially. As a result, the nanocomposite
membranes exhibit desirable comprehensive performance, which is about ten times higher than that of
Nafion 117. We envisage that the current observations hint the encouraging application promises of such
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. Introduction

Direct methanol fuel cell (DMFC) is a strong candidate for
ew portable power devices (e.g. future laptop computers and
ell phones) and has attracted burgeoning interest in the last few
ears [1–3]. One of the important challenges in the current DMFC
esearch is to develop an alternative proton exchange membrane
PEM) to the perfluorinated ionomers, for example, Nafion (Du
ont). At low temperatures and high levels of hydration, these
embranes exhibited high proton conductivities (in the range of

0−2–10−1 S cm−1) owing to their ion-cluster channels formed by
ydrophilic sulfonated side chains for proton continuous migra-
ion [4,5]. Nevertheless, these channels also caused considerable

embrane swelling and serious methanol crossover from anode
o cathode, which reduced the open-circuit potential by as much
s 0.15–0.2 V and poisoned the electrocatalysts at the cathode
6].
To address these issues, significant contributions have been
edicated to constructing new proton transport pathways by
mbedding proton conductive inorganic materials into polymer
atrix which could effectively facilitate proton conductivity as well
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as inhibit methanol crossover by blocking methanol transport path
and/or suppressing membrane swelling [7–10]. Among various
inorganic materials, nanotubes have currently triggered increas-
ing attention as reinforcing materials for polymers due to their high
aspect ratios which allowed to form an uninterrupted trajectory for
proton transport [11–13]. Thomassin et al. [12] prepared carboxylic
acid grafted carbon nanotubes, and noticed an enhancement of
proton conductivity by approximate 5% of the nanotubes impreg-
nated Nafion membrane compared with bare Nafion membrane at
room temperature. Notable enhancement in proton conductivity
was obtained by sulfonic acid functionalized nanotubes. Joo et al.
[13] developed a sulfonated carbon nanotubes–Nafion composite
membrane, which possessed higher proton conductivity (by about
20%) than that of plain Nafion membrane at constant temperature.

Compared with sulfonic acid groups, phosphoric acid groups
possessed lower average zero point energy (37.2 kJ mol−1 for phos-
phoric acid vs. 69.9 kJ mol−1 for sulfonic acid) and higher water
binding energy (47.3 kJ mol−1 for phosphoric acid vs. 44.4 kJ mol−1

for sulfonic acid), and hence displayed lower proton migration
barrier and higher water retention properties [14]. Especially

under intermediate temperature and low relative humidity even
anhydrous conditions, phosphoric acid-bearing membranes exhib-
ited superior proton conductivity to sulfonic acid by Grotthuss
mechanism [15,16]. Based on these findings, phosphoric acid
modification of polymers or inorganic fillers has been widely uti-

http://www.sciencedirect.com/science/journal/03787753
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ized to improve the proton conductivity of the PEM in recent years
17–22]. Compared with the phosphorylation of polymers, chem-
cal modification of inorganic fillers by phosphoric acid has been
emonstrated as an effective, generic, facile approach to introduce
cidic groups [23]. Spherical phosphorylated particles were widely
mployed to enhance the proton conductivity of the composite
embranes [19,20]. In particular, the incorporation of zirconium

ricarboxybutylphosphonate into polybenzimidazole significantly
mproved the proton conductivity by more than one order of mag-
itude compared with plain polybenzimidazole membrane [19].
heet phosphorylated materials were already used as fillers of com-
osite proton exchange membrane [21,22]. Under the optimum
onditions, the proton conductivity of these membranes could be
ncreased up to 10−1 S cm−1. However, despite the numerous inves-
igations on spherical and sheet phosphorylated materials, tubular
hosphorylated materials have seldom been reported as additives
or composite membrane fabrication.

In this work, we described for the first time the use of
hosphorylated nanotubes as inorganic fillers to enhance the mem-
rane performance for DMFC application. Phosphorylated titanate
anotubes (PTNTs) of varying phosphoric acid contents were syn-
hesized and then impregnated into polymer matrix to fabricate
anocomposite membranes. The objective of this study was to
imultaneously enhance methanol barrier and proton conduc-
ive properties of the membranes. The essence of our discovery
as mainly embodied in the following experiments: systemati-

ally examine the effect of PTNTs on the membrane performance
ncluding water uptake, swelling, methanol permeability and pro-
on conductivity. Moreover, the physiochemical properties of the

embranes in terms of chemical structure, thermal stability, mor-
hology and free volume characteristics were investigated in detail.

. Experimental

.1. Materials and chemicals

Rutile-type titanium dioxide powders were purchased from
hanghai Zhuerna High-tech Powder Material Co., Ltd., and used
ithout further purification. Chitosan (CS) with a degree of
eacetylation of 91% was purchased from Golden-Shell Biochemical
o. (Zhejiang, China) and used as received. Acetic acid, sulfuric acid
nd methanol were of analytical grade and supplied from Tianjin.
hosphoric acid, sodium dihydrogen phosphate, disodium hydro-
en phosphate and sodium phosphate were commercially available
s analytical grade and used without any further purification. De-
onized water was used in all experiments.

.2. Preparation of phosphorylated titanate nanotubes

Titanate nanotubes (TNTs) were synthesized by a hydrothermal
ethod as described by Geng et al. [24]. The titanate nanotubes
ere phosphorylated by chemical absorption according to the pro-

edure in the literatures [25,26]. The TNTs were immersed into
.5 M phosphoric acid solution under stirring for a certain time (3, 6,
or 12 h) at 20 ± 2 ◦C. Thereafter, the resulting suspension mixture
as filtrated to separate the precipitates, which were then washed
ith de-ionized water repeatedly till the pH value of washing solu-

ion reached 7.0 so that the free phosphoric acid was completely
luted. The phosphorylated titanate nanotubes were obtained after
rying at 60 ◦C in oven overnight. These phosphorylated tubes were

esignated as PTNT-3 h, PTNT-6 h, PTNT-9 h and PTNT-12 h, corre-
ponding to the immersing time.

The PTNTs modified by different phosphorylation reagents were
abricated via the similar procedure. The TNTs were immersed in
our different solutions including H3PO4 (0.5 M, pH 1.7), NaH2PO4
urces 195 (2010) 1015–1023

(0.5 M, pH 4.7), Na2HPO4 (0.5 M, pH 9.2) and Na3PO4 (0.5 M, pH
13.2) for 6 h. Different from the sample modified by H3PO4, before
being washed with de-ionized water, the other three samples were
dispersed and immersed in 0.1 M HCl solution for 2 h, followed by
being washed with 0.1 M HCl solution repeatedly to exchange Na+

in tubes with H+. For simplicity, the resulting PTNTs were desig-
nated as PTNT-H3, PTNT-H2, PTNT-H1 and PTNT-H0, corresponding
to H3PO4, NaH2PO4, Na2HPO4 and Na3PO4 as the phosphorylation
reagents.

2.3. Preparation of CS/PTNT nanocomposite membranes

Chitosan (1.5 g) was dissolved in 40 mL of 2 wt% acetic acid aque-
ous solution under stirring at 80 ◦C. Simultaneously, PTNTs (0.225 g,
15 wt% corresponding to chitosan) were 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 result-
ing homogenous solution was cast onto a clear glass plate and dried
at 25 ◦C. The membrane was afterwards immersed and cross-linked
in 2 M H2SO4 for 24 h and then extensively rinsed with de-ionized
water to remove residual H2SO4. Finally the nanocomposite mem-
brane was dried under vacuum at 25 ◦C for 24 h. The resulting
membranes were designated as CS/A, where A (A = PTNT-3 h, PTNT-
H3, etc.) represented the fillers.

The nanocomposite membranes with different filler contents
were fabricated in the similar procedure. Different amounts of
PTNT-6 h were embedded into bulk chitosan, and the obtained
membranes were designated as CS/PTNT-X, where X (X = 5, 10, 15,
20, 25 or 30) was the weight ratio of the tubes to chitosan.

2.4. Characterization

The morphology of the phosphorylated nanotubes was charac-
terized 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 elemental composition of the nanotubes was charac-
terized by X-ray photoelectron spectroscopy (XPS) using a PHI
1600 spectrometer with an Mg K� radiation for excitation. The
Brunauer–Emmett–Teller (BET) surface area and pore volume of
the powder sample were determined by nitrogen adsorption on an
ASAP 2020 nitrogen adsorption apparatus.

Fourier transform infrared spectra (FTIR, 4000–400 cm−1) of
the tubes and membranes were recorded on a Nicolet MAGNA-IR
560 instrument. The thermogravimetric analysis (TGA, PerkinElmer
Pyris) data of the membranes were obtained from 20 to 700 ◦C using
a heating rate of 10 ◦C min−1 at air atmosphere.

Positron annihilation lifetime spectroscopy (PALS) experiment
was performed by using an EG&GORTEC fast–fast coincidence sys-
tem (resolution, 201 ps) at room temperature. The resource of 22Na
(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 spheri-
cal 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 [27,28]:

� = 1
2

[
1 − �

� + ��
+ 1

2�
sin

(
2��

� + ��

)]−1
(1)
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The volume of the equivalent sphere can be calculated by Eq.
2):

f = 4�

3
�3 (2)

Further, the fractional free volume (FFV) may be estimated from
q. (3):

FV = Vf 3I3 (3)

here Vf and I are free volume of the sphere and intensity of o-Ps,
espectively.

.5. Water uptake and swelling

The water uptake of the membranes was determined as fol-
ows. The dry membrane was weighed (Wdry) and immersed in
e-ionized water for 24 h at room temperature. Then the mem-
rane was re-weighed (Wwet) quickly after removing the surface
ater. The surface swelling was determined in a similar method,

y soaking the dry rectangular membrane (about 4.0 cm × 4.0 cm)
ith the area of Adry in de-ionized water for 24 h, then re-measuring

o obtain the wetted membrane area (Awet). The final values of
ater uptake and swelling were the average of the three measure-
ents with an error within ±5.0% and calculated by Eqs. (4) and

5), respectively:

ater uptake (%) = Wwet − Wdry

Wdry
× 100 (4)

welling (%) = Awet − Adry

Adry
× 100 (5)

.6. Methanol permeability

The methanol permeability was measured with a glass diffu-
ion cell as described in the literature [29], which consisted of two
ompartments with identical volume separated by a membrane
heet. The membrane was hydrated in de-ionized water for 24 h
efore being clamped tightly between the two compartments, one
f which was initially filled with water and the other filled with
.0 M methanol solution. The methanol concentration in the receipt
ompartment was determined using a gas chromatography (Agi-
ent 6820) equipped with a TCD detector and a DB624 column. The

ethanol permeability (P, cm2 s−1) was calculated from Eq. (6):

= S
VBl

ACA0
(6)

here S is the slope of the straight line of concentration versus time,
B is the volume of the receipt compartment, l, A, and CA0 are the
embrane thickness, effective membrane area, and feed concen-

ration, respectively. The measurement error was within ±4.0%.

.7. Proton conductivity

The proton conductivity of the membranes in the horizon-
al direction was measured in two-point-probe conductivity cells
y the AC impedance spectroscopy method. The membrane

mpedance was measured with a frequency response analyzer (FRA,
ompactstat, IVIUM Tech.) over a frequency range of 1–106 Hz with
scillating voltage of 20 mV. The test temperature was controlled
y the water vapor from room temperature to 80 ◦C. All the mem-
rane samples were immersed in de-ionized for 48 h prior to the

easurement. The proton conductivity (�, S cm−1) of the sample

n transverse direction was calculated by Eq. (7):

= l

AR
(7)
rces 195 (2010) 1015–1023 1017

where l is the distance between the two probes, A is the cross-
sectional area of testing sample, and R is the membrane resistance
obtained from the FRA.

3. Results and discussion

3.1. Characterization of phosphorylated titanate nanotubes

Phosphoric acid is known to be adsorbed strongly on the surface
of TiO2 by chemical adsorption [25,30,31]. Phosphorylated TiO2
materials are reported to be very stable over a wide pH range values,
mainly due to Coulombic interaction [30]. The chemical structure
of PTNTs was determined by FTIR and XPS. For titanate nanotubes,
the FTIR spectrum in Fig. 1a had a strong peak at around 498 cm−1

corresponding to the stretching vibration of Ti–O together with
the peaks at 1635 and 3384 cm−1 assigning to the deformation
and stretching vibration of the adsorbed water. The introduction
of phosphoric acid groups on the tube segments was verified by
the appearance of the new sharp peak at 1045 cm−1 that attributed
to the stretching vibration of the P–OH [32]. Meanwhile, due to the
high water retention ability of phosphoric acid groups, the inten-
sity of the two characteristic peaks of water became stronger after
the phosphorylation, which may facilitate the proton transport.
XPS analysis was employed to examine the oxidation state and
content of P on the TiO2 surface. As shown in Fig. 1b, the XPS spec-
trum of pure TNTs exhibited the peak of binding energy at 462.5 eV
corresponding to the Ti 2p. After the phosphorylation, the PTNTs
exhibited a binding energy of P 2p located at around 134.0 eV, indi-
cating that the P in our samples was in pentavalent-oxidation state
(P5+) and presented in the form of P–O bond [31]. The O 1s spec-
trum at 532.7 eV for TNTs (the lower in Fig. 1c) was corresponding
to the Ti–O–Ti state. While this peak for PTNTs moved to 533.6 eV
(the upper in Fig. 1c), which was related to oxygen in the P O and
Ti–O–P environments [26].

The microstructure of the PTNTs was determined by TEM
and BET analysis as shown in Fig. 1d and e, respectively. TEM
image demonstrated that homogenous phosphorylated titanate
nanotubes with 11 nm tube diameter and 200–500 nm tube length
were prepared. Fig. 1e shows the nitrogen adsorption–desorption
isotherm of PTNTs, which indicated a hysteresis loop characteris-
tic of open end mesoporous structures. BET results implied that
the inner diameter with narrow size distribution of PTNTs was
around 6.2 nm (Fig. 1e, inset). The PTNTs possessed typically large
BET surface area about 264 cm2 g−1, which might render high water
retention ability. Collectively, these data confirmed that the PTNTs
with 6.2 nm inner diameter, 200–500 nm tube length and large
surface area were successfully prepared, which endowed the pos-
sibility to tailor the membrane performance by embedding these
PTNTs into polymer matrix.

3.2. Characterization of CS/PTNT membranes

The influence of the PTNTs on physicochemical properties of
the membranes was investigated using FTIR and TGA as shown
in Figs. 2 and 3, respectively. FTIR spectra have been utilized to
gain a better understanding of the interfacial interaction between
the nanotubes and CS chains. According to the spectra, the major
vibrational fingerprints associated with the CS membrane could
be found in all the samples. O–H stretching vibrations could be
observed at 3256 cm−1, and the peaks at 1637 and 1535 cm−1 arose

from the vibration of amide I band and amide II band, respec-
tively. After PTNTs incorporation, the absorption intensities of
the three characteristic peaks became weaker (Fig. 2b–d). These
observations indicated that the interfacial interactions including
hydrogen-bonding and electrostatic interactions between chitosan
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ig. 1. Characterization of PTNTs: (a) FTIR spectra, (b and c) XPS spectra of P 2p a
istribution (inset).

nd the additives were formed, which reduced the amounts of free
ydroxy and amide groups of chitosan. Since more interactions
ere formed with the filler content, the intensities of these peaks
ecreased further (from Fig. 2b–d).
Thermal stability of CS/PTNT samples could be referred from
heir TGA thermograms (Fig. 3). In consistence with the results in
he literature [33], all the membranes exhibited three-step weight
oss character, comprising of water evaporation (loose and bound)
rom the membrane phase (step I, around 50–100 ◦C), degradation
1s, (d) TEM image and (e) N2 adsorption–desorption isotherm and BJH pore size

of chitosan chains (step II, around 220–310 ◦C), and final membrane
matrix degradation (step III, around 480–650 ◦C). After the addition
of PTNTs, an enhancement on thermal stability (steps II and III) and
a retardation on the oxidative degradation were observed for these

CS/PTNT samples. The enhancement was reasonably owing to the
strong interactions at organic–inorganic interface, which inhibited
the mobility of CS chains and therefore suppressed the decompo-
sition of CS molecules. High filler content of the nanocomposite
membranes resulted in high char yields at 700 ◦C. It was note-
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Fig. 2. FTIR spectra of CS and nanocomposite membranes: (a) CS, (b) CS/PTNT-5, (c)
CS/PTNT-15 and (d) CS/PTNT-25.

Fig. 3. TGA thermodiagram of CS and nanocomposite membranes: (a) CS, (b)
CS/PTNT-5, (c) CS/PTNT-15 and (d) CS/PTNT-25.

Table 1
Free volume parameters of the as-prepared membranes.

Entry Membrane �3 (ns) I3 (%

1 CS 2.022 16.4
2 CS/PTNT-H3 2.002 15.3
3 CS/PTNT-H2 2.015 15.2
4 CS/PTNT-H1 2.026 15.6
5 CS/PTNT-H0 2.045 15.6
6 CS/PTNT-3 h 2.010 16.0
7 CS/PTNT-6 h 1.982 15.8
8 CS/PTNT-9 h 1.978 15.6
9 CS/PTNT-12 h 1.962 15.7

10 CS/PTNT-5 2.010 15.6
11 CS/PTNT-10 2.012 15.4
12 CS/PTNT-15 2.009 15.4
13 CS/PTNT-20 2.005 15.2
14 CS/PTNT-25 2.002 15.3
15 CS/PTNT-30 1.970 15.1
Fig. 4. FESEM image of the cross section of the nanocomposite membrane.

worthy that the values of char yields (2.57% for CS/PTNT-5, 6.85%
for CS/PTNT-15 and 12.57% for CS/PTNT-25) were almost 60% of
the amounts of the PTNTs additives originated from the loss of
phosphoric acid groups and adsorbed water. Such phenomena also
indicated that the increased char ratios were mainly resulted from
the nonvolatile tubes and not from the chitosan matrix. Accord-
ingly, the thermal degradation mechanism of chitosan might not
be altered by the embedded additives. Similar results were also
reported for other nanocomposite membranes [34]. It should be
pointed out that the CS/PTNT membranes were stable at operating
temperatures (<100 ◦C) for DMFC.

Since the transport of methanol within DMFC membrane can be
described by solution-diffusion mechanism, in which the process
is dominated by the diffusivity of methanol in most cases [35,36],
the nanoscale morphology would strongly influence the membrane
performance. The internal morphologies of the as-prepared mem-
branes were determined by FESEM and PALS, the results of which
are shown in Fig. 4 and Table 1, respectively. FESEM observations
of the representative membrane (CS/PTNT-15) demonstrated that
the nanotubes still kept the intact tubular structure during the
membrane preparation. The nanotubes associated around 100 nm
in diameter and dispersed homogeneously in chitosan matrix with-

out obvious agglomeration. It could be seen that the interfacial
interactions improved the interfacial compatibility between the
nanotubes and polymer matrix, and thus avoiding micro-phase
separation as well as non-selective voids at the interface.

) r3 (nm) Vf (nm3) FFV (%)

0 0.2868 0.0988 1.620
2 0.2850 0.0969 1.485
6 0.2862 0.0981 1.498
7 0.2872 0.0992 1.554
0 0.2889 0.1010 1.575
2 0.2857 0.0976 1.564
9 0.2832 0.0951 1.511
3 0.2828 0.0947 1.480
1 0.2813 0.0932 1.464
7 0.2857 0.0976 1.530
6 0.2859 0.0978 1.513
1 0.2857 0.0976 1.505
4 0.2853 0.0972 1.482
5 0.2850 0.0969 1.488
3 0.2820 0.0939 1.421
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Free volume characteristics of the prepared membranes were
lso investigated to get a deeper understanding of the material
icrostructure, which were reported as an effective direct datum

or describing membrane morphology [37]. PALS technique, as a
nique and direct way, was employed to probe the free volume
arameters of chitosan and nanocomposite membranes, and the
esults are tabulated in Table 1. The free volume parameters indi-
ated that pure CS membrane (Entry 1) possessed free volume
avities with an average radius of about 0.287 nm, which was in
greement with the results in the literature [38]. This kind of cavity
elonged to network pores (in the range of 0.20–0.30 nm), which
eant the small spaces between polymer segments constituting

he polymer aggregate [37]. After the PTNTs incorporation, the
verage radius of the free volume cavity of the membranes reduced
r3 parameter, Entries 2–15). The reduction of radius should be
ttributed to the strong interactions between the fillers and chi-
osan chains, which generated stress at the organic–inorganic
nterface during solution evaporation. The strong stress would
nhibit the mobility of polymer chains and hence lead to dense chain
acking near the interfacial domains [29,39]. The results of free
olume characteristics were in good agreement with the character-
zation of FTIR and TGA. According to Fujita free volume theory, the
ractional free volume would directly determine the diffusivity of
he methanol though the membrane [40]. As shown in Table 1, the
ractional free volume of the nanocomposite membranes (Entries
–15) was lower than that of pure CS membrane (Entry 1), which
as advantageous to suppress methanol crossover (as discussed
ereafter).

.3. Elucidation of the modification conditions upon the
embrane performance

.3.1. Effect of phosphorylation reagent
The effect of phosphorylation reagent on the phosphorylated

amples was investigated by FTIR and XPS analysis. It can be clearly
een from the FTIR results as shown in Fig. 5, the intensity of the
and that corresponded to P–OH (1045 cm−1) followed the order
f PTNT-H0 < PTNT-H1 < PTNT-H2 < PTNT-H3, which indicated an
ncrease in the amount of phosphoric acid groups. This could also
e confirmed by the XPS characterization: the P atom contents for
TNT-H0, PTNT-H1, PTNT-H2 and PTNT-H3 were 0.9%, 1.1%, 1.5%
nd 3.6%, respectively. Such phenomena were reasonably ascribed
o the enhancing degree of Coulombic interactions between phos-
hate ions and the TNTs with the decrease of pH value from 13.2
o 1.7, resulting in an obvious increase of the amount of absorbed
hosphoric acid on the surface of the nanotubes. Similar phenom-
na were observed for phosphorylated TiO2 nanoparticles [30,32].
n addition, as phosphoric acid groups increased, the absorption
ands at 1635 and 3384 cm−1 attributed to the absorbed water

ncreased as shown in Fig. 5b–e.

The membrane performance including water uptake, swelling,

ethanol permeability, proton conductivity and selectivity of CS,
S/PTNT-H3, CS/PTNT-H2, CS/PTNT-H1, CS/PTNT-H0 and a Nafion
17 membrane is summarized in Table 2. The water uptake in a
roton-conducting membrane is an important factor that strongly

able 2
he water uptake, swelling, methanol permeability, proton conductivity and selectivity of N

Entry Membrane Water uptake (%) Swelling (%) Methanol pe
(10−7 cm2 s−

1 Nafion 117 30.55 37.56 31.42
2 CS 58.24 40.07 13.51
3 CS/PTNT-H3 55.46 34.47 7.43
4 CS/PTNT-H2 51.53 34.78 7.83
5 CS/PTNT-H1 48.22 36.4 7.92
6 CS/PTNT-H0 45.98 39.19 8.52
Fig. 5. FTIR spectra of TNTs and PTNTs modified by different phosphorylation
reagents: (a) TNTs, (b) PTNT-H0, (c) PTNT-H1, (d) PTNT-H2 and (e) PTNT-H3.

affects the proton transport. For these composite membranes, the
total water uptake mainly consisted of two parts, the first part was
the water uptake in bulk polymer depended on its fractional free
volume, and the other was the water uptake in tubes determined
by the amount of acid groups. Table 2 suggests that the nanocom-
posite membranes exhibited lower water uptake than pure CS
membrane. This observation indicated that the water uptake in
bulk polymer contributed more than that in nanotubes to the total
water uptake. For nanocomposite membranes, the water uptake
decreased (Entries 3–6) with the decrease of phosphoric acid. Such
phenomena should be originated from the decrease of water uptake
in bulk chitosan but remarkable increase in the fillers, as testified by
PALS and FTIR analysis. The swelling of the membrane was mainly
caused by the water adsorption in bulk polymer, and hence the
addition of PTNTs reduced the swelling of the membrane as a result
of the reduction of water uptake in bulk polymer.

The free volume cavities could provide diffusing molecules
with a low-resistance path for transport, thus the larger and
more numerous free volume elements are, the faster molecules
migrate through a membrane [27,28,38]. The methanol crossover
of Nafion 117 in 2 M methanol solution was 3.14 × 10−6 cm2 s−1,
which was consistent with the literature [29]. By comparison,
CS based membrane displayed excellent methanol barrier prop-
erty and the methanol crossover was less than 40% of that of
Nafion membrane. Since the average free volume cavity radius
(about 0.28 nm) of these membranes was larger than the kinetic
radius of methanol molecule (0.19 nm), methanol transporting
through the membrane would occur in these free volume cavi-
ties. For CS/PTNT membranes, the presence of nanotubes within

chitosan matrix on the one hand reduced the FFV for methanol
transport, on the other hand induced a tortuous pathway, both of
which enhanced the diffusion resistance for methanol and con-
sequently inhibited the methanol crossover. FFV parameter in

afion 117, CS, CS/PTNT-H3, CS/PTNT-H2, CS/PTNT-H1 and CS/PTNT-H0 membranes.

rmeability
1)

Proton conductivity (S cm−1)
20 ± 2 ◦C

Selectivity (105 S s cm−3)

0.0696 0.221
0.0123 0.904
0.0164 2.207
0.0140 1.788
0.0121 1.528
0.0115 1.349
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ig. 6. Proton conductivity of CS, CS/PTNT-H3, CS/PTNT-H2, CS/PTNT-H1, CS/PTNT-
0 and a Nafion 117 membrane as a function of temperature at 100% RH.

able 1 revealed that the reducing phosphoric acid groups in fillers
esulted in an increasing FFV of the composite membranes under

certain filler content. Accordingly, the methanol permeability
f PTNTs embedded membranes followed the order of CS/PTNT-
0 > CS/PTNT-H1 > CS/PTNT-H2 > CS/PTNT-H3.

The proton conductivity results listed in Table 2 indicated that
ure chitosan membrane exhibited desirable proton conductivity
about 0.012 S cm−1) for the application in DMFC (>0.01 S cm−1)
41]. To elucidate the effect of phosphorylated nanotubes on pro-
on conductivity of the membrane, equal amounts of phosphoric
cid (0.039 g) and TNTs (0.186 g) to CS/PTNT-H3 were separately
ncorporated into CS membrane. Under the same measuring condi-
ions, the proton conductivity of these two membranes was 0.0142
nd 0.0081 S cm−1, respectively, which were both lower than that
f CS/PTNT-H3 (0.0164 S cm−1). Such observations suggested that
he incorporation of the phosphorylated nanotubes could immo-
ilize acid groups and construct a continuous proton conductive
hannel with the aid of P–OH groups and adsorbed water. As a
esult, an enhancement in proton conductivity of the membrane
as observed after embedding PTNTs (Entries 3 and 4). On the

ther hand, as phosphoric acid groups decreased, the facilitation
f PTNTs in proton transport became weaker, and consequently
ecreased the proton conductivity (from 0.0164 to 0.0115 S cm−1)
f the nanocomposite membranes.

Further study on the proton conductivity at elevated tempera-
ures up to 80 ◦C at 100% RH was carried out and the results are
resented as Arrhenius plots in Fig. 6. The proton conductivities
f all membranes increased with increasing the operation tem-
eratures and agreed with the Arrhenius law. The values of the

ctivation energy (Ea) for the samples (shown in Fig. 6) were cal-
ulated using the Arrhenius equation � = �o exp(−Ea/kT), where
o is a pre-exponential factor, k is the Boltzmann’s constant, and

he temperature T is in kelvin. In consistent with the results
n the literature [42], the activation energy for Nafion 117 was

able 3
he water uptake, swelling, methanol permeability, proton conductivity and selectivity o

Entry Membrane Water uptake (%) Swelling (%) Methan
(10−7 c

1 CS 58.24 40.07 13.51
2 CS/PTNT-3 h 54.11 35.71 8.64
3 CS/PTNT-6 h 55.30 34.50 7.50
4 CS/PTNT-9 h 55.89 33.29 6.68
5 CS/PTNT-12 h 56.90 32.66 6.42
Fig. 7. FTIR spectra of TNTs and PTNTs modified with different immersing times:
(a) TNTs, (b) PTNT-3 h, (c) PTNT-6 h, (d) PTNT-9 h and (e) PTNT-12 h.

calculated to be 0.079 eV. The activation energy for CS based mem-
branes was in the range of 0.088–0.142 eV, which was higher than
that for Nafion but lower than that for only Grotthuss mecha-
nism (0.150–0.418 eV) [43]. These results implied that both the
Grotthuss mechanism (protons hoped from one site to a neighbor-
ing one) and vehicle mechanism (protons diffused accompanying
water molecules) existed in CS based membranes. Furthermore, it
could be seen that an increase in phosphoric acid content resulted
in a decrease of activation energy ranging from 0.142 to 0.111 eV
for the nanocomposite membranes, which suggested a reduction
of proton migration barrier.

The comprehensive performance of the membrane was
reflected by selectivity S, where S = �/P with the proton conductivity
� and methanol permeability P [44]. As shown in Table 2 (selectiv-
ity parameter), the CS based membranes exhibited obviously higher
selectivity as a result of their excellent methanol impermeable abil-
ity and relative high proton conductive property, when compared
with Nafion 117. In particular, the selectivity of CS/PTNT-H3 (Entry
3) was about ten times of that of Nafion 117 (Entry 1).

3.3.2. Effect of immersing time
In order to optimize the comprehensive performance of the

membrane, the phosphorylated tubes with different immersing
times from 3 to 12 h were prepared in phosphoric acid solution.
The amount of phosphoric acid in PTNTs was determined by FTIR
and XPS analysis. FTIR spectra (Fig. 7) revealed a slightly increas-
ing intensity of the strong peak at around 1045 cm−1 (P–OH group)
with the immersing time, which indicated an increasing amount
of acid groups in the functionalized tubes. This could be confirmed

by the XPS results: the contents of P atom for PTNT-3 h, PTNT-6 h,
PTNT-9 h and PTNT-12 h were 3.4%, 3.6%, 3.9% and 4.1%, respec-
tively. Accordingly, the adsorbed water (vibrational fingerprints at
1635 and 3384 cm−1) in the PTNTs increased as shown in Fig. 5b–e.

f CS, CS/PTNT-3 h, CS/PTNT-6 h, CS/PTNT-9 h and CS/PTNT-12 h membranes.

ol permeability
m2 s−1)

Proton conductivity
(S cm−1) 20 ± 2 ◦C

Selectivity (105 S s cm−3)

0.0123 0.904
0.0158 1.829
0.0165 2.200
0.0168 2.515
0.0175 2.726
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For the nanocomposite membranes, the fractional free volume
ecreased from 1.564% for CS/PTNT-3 h to 1.464% for CS/PTNT-12 h
FFV parameter in Table 1, Entries 6–9) as phosphoric acid groups
ncreased and the water uptake in bulk chitosan was therefore
ecreased. This could be confirmed by the reduction (from 35.71%
o 32.66%) of the membrane swelling, which was mainly caused
y the adsorption of water in polymer phase. On the other hand,
he increasing acid groups in PTNT resulted in an enhancing water
ptake within the nanotubes, as testified by FTIR results. The total
ater uptake of the membranes consisting of these two sections
as therefore changed only slightly by less than 5.2% (water uptake
arameter in Table 3, Entries 2–5).

The methanol permeability listed in Table 3 suggested a sig-
ificant enhancement of methanol barrier property (Entries 2–5)
fter embedding PTNTs into chitosan matrix. For the nanocom-
osite membranes, the PALS characterization revealed a reduction

n both average free volume cavity radius (from 0.2857 nm for
S/PTNT-3 h to 0.2813 nm for CS/PTNT-12 h) and fractional free vol-
me (from 1.564% to 1.464%) with the acid groups, both of which

ncreased the diffusion resistance for methanol molecules. The
ethanol crossover of the membrane was consequently reduced

rom 8.64 × 10−7 to 6.42 × 10−7 cm2 s−1.
Proton conductivity results indicated that the addition of

he phosphorylated fillers into chitosan membrane obviously
mproved the proton conductivity from 0.0123 to 0.0158 S cm−1 at
0 ± 2 ◦C. FTIR and XPS analysis revealed an increase of phospho-
ic acid groups and absorbed water in nanotubes with immersing

ime. Both of these would facilitate the proton transport through
he uninterrupted channels constructed by the nanotubes, and
onsequently improved the proton conductivity from 0.0158 to
.0175 S cm−1. Fig. 8 illustrates the temperature dependence of

able 4
he water uptake, swelling, methanol permeability, proton conductivity and selectivity o

Entry Membrane Water uptake (%) Swelling (%) Methanol pe
(10−7 cm2 s−

1 CS 58.24 40.07 13.51
2 CS/PTNT-5 56.68 38.73 8.93
3 CS/PTNT-10 53.42 34.30 8.26
4 CS/PTNT-15 48.12 33.27 7.48
5 CS/PTNT-20 46.73 31.42 7.26
6 CS/PTNT-25 45.65 29.52 6.98
7 CS/PTNT-30 43.16 28.80 6.87
urces 195 (2010) 1015–1023

proton conductivity of these membranes at 100% RH as Arrhe-
nius plots. The calculated activation energy for the membranes was
in the range of 0.088–0.120 eV. Accordingly, the proton transfer
through these membranes was in the view of Grotthuss mecha-
nism and vehicle mechanism. For the nanocomposite membrane,
the increasing acid groups would induce a decreasing resistance for
proton transfer within the channels, and thus reduced the activa-
tion energy (from 0.12 to 0.11 eV).

Selectivity results presented in Table 3 suggested an obvi-
ous enhancement of comprehensive performance after PTNTs
incorporation. For nanocomposite membranes (Entries 2–5), the
comprehensive performance improved from 1.829 × 105 S s cm−3

for CS/PTNT-3 h to 2.726 × 105 S s cm−3 for CS/PTNT-12 h owing
to their enhanced methanol impermeable and proton conductive
properties. It should be pointed out that titanate nanotubes were
unstable in acid solution as a result of a neutralization reaction, and
the tubular structure would be destructed slowly to granular struc-
ture [45]. Therefore, the treatment time of titanate nanotubes by
phosphoric acid was limited to avoid their structure destruction.

3.4. Effect of PTNTs content upon membrane performance

The influence of PTNTs content on the membrane performance
was also evaluated and the results are presented in Table 4. Since
water uptake in bulk chitosan was higher than that in the tubes as
mentioned above, a reduction in water uptake of the membrane
was observed after the addition of nanotubes, and it decreased fur-
ther from 56.68% to 43.16% with the increase of filler content from
5% to 30% for nanocomposite membranes. As a result, the swelling
of the membranes decreased from 38.73% for CS/PTNT-5 to 28.80%
for CS/PTNT-30.

Methanol permeability test implied decreased methanol
crossover of the membrane by embedding phosphorylated nan-
otubes, as shown in Table 4. As the filler content increased from
5% to 30%, the methanol crossover reduced from 8.93 × 10−7

to 6.87 × 10−7 cm2 s−1, which was possibly originated from the
decreasing fractional free volume as well as the lengthening
methanol pathway.

The proton conductivity of the membranes summarized in
Table 4 and Fig. 9 revealed that the nanocomposite membranes
(Entries 2–7) displayed higher proton conductivities compared
with pure CS membrane (Entry 1). Meanwhile, the proton con-
ductivity improved from 0.0128 to 0.0202 S cm−1 with the filler
content at 20 ± 2 ◦C. The observations indicated that more continue
channels with high proton conductive ability were formed within
the nanocomposite membranes for protons transfer. Fig. 9 shows
that all the membranes exhibited increasing proton conductivity
with the temperature at 100% RH. Previous studies found that the
proton conduction mechanism of phosphorylated materials was
cle mechanism [46]. Accordingly, as the filler content increased,
more protons would transport according to Grotthuss mechanism
via the constructed pathway, and this mechanism became predom-
inant in the nanocomposite membranes. The activation energy of

f CS and CS/PTNT-X membranes.

rmeability
1)

Proton conductivity (S cm−1)
at 20 ± 2 ◦C

Selectivity (105 S s cm−3)

0.0123 0.904
0.0128 1.433
0.0150 1.816
0.0164 2.193
0.0173 2.383
0.0182 2.607
0.0202 2.940
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ig. 9. Proton conductivity of CS, CS/PTNT-5, CS/PTNT-15 and CS/PTNT-25 as a func-
ion of temperature at 100% RH.

he membrane (shown in Fig. 9) was therefore increased close to the
a for Grotthuss mechanism (0.150–0.418 eV). Similar observations
ere reported for other organic–inorganic composite membrane

47,48].
According to the selectivity parameter in Table 4, the com-

rehensive performance of the membranes improved with the
ncrease of filler content as a result of the enhancing methanol
arrier and proton conductive properties. In particular, the selec-
ivity of the nanocomposite membranes improved by 50% from
.43 × 105 to 2.94 × 105 S s cm−3 as the filler content increased from
% to 30%.

. Conclusions

A series of nanocomposite membranes were fabricated by
mbedding phosphorylated titanate nanotubes of varying phos-
horic acid contents into chitosan matrix. The incorporation of
hosphorylated nanotubes played the dual roles in enhancing the
embrane performances: (1) suppressing the methanol crossover

y reducing the fractional free volume of the membrane due to
trong interfacial interactions and (2) facilitating the proton trans-
er by constructing continue conductive channels with the aid of
–OH groups and adsorbed water molecules. By prolonging the
reatment time or decreasing the pH value of the phosphoryla-
ion reagent, the phosphoric acid groups in the functionalized tubes
ncreased obviously. For nanocomposite membranes, the increas-
ng acid groups of PTNTs would further decrease their FFV, and
herefore, an improved methanol barrier property was acquired.

eanwhile, the increasing acid groups would facilitate the proton
ransport through the membranes as testified by the decreased acti-
ation energy for proton transfer, and thus resulting in enhanced
roton conductivity. Furthermore, the enhancement of membrane
erformances became greater with the increase of PTNTs content.

n particular, the incorporation of 30% PTNT-6 h simultaneously
educed the methanol crossover by 50% and increased the proton
onductivity by 64% in comparison with the plain CS membrane.
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