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a b s t r a c t

Nafion membrane was modified with polyaniline by electrochemical methods, including constant current,
constant potential and potential cycling. The methanol permeability and the proton conductivity of the
Nafion membranes with and without modification were determined by the electrochemical oxidation
of the permeated methanol and electrochemical impedance spectroscopy, respectively. It is found from
eywords:
ethanol permeability

roton conductivity
afion membrane
olyaniline

FTIR results that the polyaniline formed by electrochemical method is in emeraldine state. With the
modification of polyaniline, the methanol permeability of the Nafion membrane is reduced by one decade
but there is only a slight decrease in proton conductivity. The power density output of direct methanol fuel
cell using polyaniline-modified Nafion membrane is 40% larger than that using pure Nafion membrane.
The modification with polyaniline is better than that with polypyrrole. The methanol permeability of
the polyaniline-modified Nafion is about half of that of the polypyrrole-modified Nafion but the proton
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. Introduction

Direct methanol fuel cell is regarded as one of the most promis-
ng energy technologies in the 21st century [1]. Nevertheless, in
rder to compete with proton-exchange membrane fuel cell with
ydrogen as fuel, direct methanol fuel cell has to overcome some
rawbacks, including lower anode electrocatalytic activity and high
ethanol crossover through membrane [2]. Methanol crossover

esults in the decrease in fuel cell voltage and efficiency due to
he oxidation of methanol at the cathode. Up to now, the Nafion

embrane has been shown the best membrane as electrolyte for
irect methanol fuel cell in chemical stability and proton conduc-
ivity. However, the use of Nafion membrane is associated with a
igh rate methanol permeation [3].

Much effect has been made to reduce methanol crossover in
he membranes. Many researchers focused their work on the
evelopment of new membranes, including modification of Nafion

embrane with organic and/or inorganic compounds and develop-
ent of non-Nafion membranes [4–14]. However, the improvement

n lowering methanol penetrability of the new membranes always
eads to the decrease in the proton conductivity of the membranes.

∗ Corresponding author at: Department of Chemistry, South China Normal Uni-
ersity, Guangzhou 510006, China. Tel.: +86 20 39310256; fax: +86 20 39310256.
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Recently, conductive polymers, polyaniline and polypyrrole,
ere introduced into Nafion to suppress the methanol permeability

15–17], The membrane obtained by the electropolymerization of
niline at Nafion-coated Pt electrode has lower ionic conductivity
nd lower methanol permeability compared with Nafion mem-
rane [15]. Sungpet developed an impure Nafion membrane with
olypyrrole [16]. The membrane was immersed in pyrrole solution
or 18.5 h, then hydrogen peroxide was added to the solution. The
olymerization reaction proceeded for 48 h at room temperature.
he presence of polypyrrole in Nafion membrane resulted in the
ecrease of the percentage of sorption capacity of methanol from
8 to 19 g g−1 and the decrease of the methanol flux to the one third
f that of Nafion. Smit et al. developed a modified Nafion mem-
rane with in situ polymerized polypyrrole [17]. They showed that
he polypyrrole could also reduce the methanol permeability. This
urface modification of Nafion membrane with conductive polymer
eems much simpler than the reconstruction of Nafion membrane
o reduce the methanol permeability.

Polyaniline is a good conductive polymer. It was shown that
olyaniline could improve not only the activity of catalyst toward
ethanol oxidation but also the stability of the catalyst [18,19].
n this paper, a Nafion membrane was modified with polyani-
ine electrochemically and the effect of preparation conditions
n the methanol permeability and ionic conductivity of the
embranes were considered. The results show that a decade

ecreases in methanol permeability of Nafion membrane can be

http://www.sciencedirect.com/science/journal/03787753
mailto:liwsh@scnu.edu.cn
dx.doi.org/10.1016/j.jpowsour.2008.06.013
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eached by the polyaniline modification at the cost of a small
ecrease in ionic conductivity.

. Experimental

.1. Pretreatment of Nafion membrane

Nafion117 membrane (Dupont) was cut into 2.5 cm × 3 cm and
reated by boiling in 3% hydrogen peroxide for 45 min, rinsed in
istilled water, treated by boiling in 1 M sulfuric acid for 45 min,
nd finally rinsed with and immersed in deionized water for
se.

.2. Surface modification of Nafion117 membrane with
olyaniline

The cleaned membranes were dried to a constant weight at
00 ◦C and then immersed in 0.5 M H2SO4 solution with 0.1 M ani-
ine monomer for 30 s. The membranes were removed from this
olution and placed as electrolyte in an electrochemical cell with
wo stainless steel sheets (2 cm × 2 cm) as the electrodes, then were

odified with polyaniline under different conditions. The prepa-
ation conditions and the weight of polyaniline per square of the
afion membrane are listed in Table 1. Samples modified with
olyaniline under constant currents were obtained by electrolyzing
ith a current of 0.4 mA cm−2 for 5, 10 and 20 min, denoted as PA01,

A02 and PA03, respectively. Samples modified with polyaniline
nder constant potential were obtained at 1.6 V for 5, 10 and 20 min,
enoted as PA04, PA05 and PA06, respectively. Samples modified
ith potential cycling were obtained by cycling at 50 mV s−1 for

ne, two and five cycles between 1.2 and 2.4 V, denoted as PA07,
A08 and PA09, respectively. For a comparison, samples modi-
ed with polypyrrole were obtained with a constant current of
.4 mA cm−2 for 5, 10 and 20 min, denoted as PY01, PY02 and PY03,
espectively.

The modified samples were immersed in 1 M H2SO4 solution
o remove residual aniline, cleaned with deionized water, dried at
30 ◦C for 5 min, and kept in a desiccator for performance determi-
ation.

.3. Methanol permeability determination

Methanol permeability of membranes was determined in a two-
ompartment cell by cyclic voltammetry, as shown in Fig. 1. The
ell was setup with two compartments of 4 cm × 4 cm × 4 cm, each
as an open of 2 cm × 2 cm in the center of the counter side. The
ample membrane was fixed in between the two compartments.

he left compartment was filled with 0.5 M H2SO4 solution and the
ight compartment was filled with 0.5 M H2SO4 + 1 M CH3OH solu-
ion. A three-electrode cell was established by placing the working
lectrode (hole 1) and the reference electrode (hole 2) in the left
ompartment and placing the auxiliary electrode (hole 5) in the

2

t

able 1
onditions for the modification of Nafion 117 with polyaniline

amples Methods Conditions

A01 Constant current 0.4 mA cm−2 for 5 m
A02 Constant current 0.4 mA cm−2 for 10
A03 Constant current 0.4 mA cm−2 for 20
A04 Constant potential 1.6 V for 5 min
A05 Constant potential 1.6 V for 10 min
A06 Constant potential 1.6 V for 20 min
A07 Potential cycling Between 1.2 and 2.
A08 Potential cycling Between 1.2 and 2.
A09 Potential cycling Between 1.2 and 2.
ig. 1. Cell for the determination of methanol permeability through membranes,
ith 0.5 M H2SO4 and 1 M CH3OH + 0.5 M H2SO4 in left and right compartment,

espectively.

ight compartment. A platinum disc electrode with an area of
.1963 cm2 was used as the working electrode, the Hg/Hg2SO4 elec-
rode as the reference electrode and a platinum foil as the auxiliary
lectrode. During the experiment, the solutions in two compart-
ents were bubbled with nitrogen through the entrance of holes
and 6 and the exits of holes 4 and 7. The potentials in this paper

re with respect to Hg/Hg2SO4 electrode. Cyclic voltammetry was
erformed every half an hour with a scan rate of 50 mV s−1 from
0.6 to 0.5 V.

.4. Proton conductivity determination

The proton conductivity of membranes was determined by elec-
rochemical impedance spectroscopy. Membranes were immersed
o be saturated with water in distilled water for 24 h before the

easurement. The membrane was cut into 0.7 cm × 0.7 cm and
andwiched with two gold plates that have the same surface area
ith that of the membrane to setup a cell for the measurement

f electrochemical impedance spectroscopy. In the measurement
f ac impedance spectroscopy, the cell was sealed in a plastic bag
ith deionized water in it to maintain the humidity. The frequency

f the AC singer was from 10 mHz to 1 MHz and its potential magni-
ude was 5 mV. The obtained impedance spectra are linear relation
etween real part and imaginary part of the impedance. The resis-
ance of the measured membrane was obtained by the intercept of
he linear line with the real axis.

A PGSTAT-30 (Autolab) was used for electrochemical mea-
urement. The thickness of membranes was measured with an
nstrument (No. 7301, Mututoyo). The Fourier transform infrared
pectra of membranes were obtained with a PerkinElmer1730
PE). All the experiments were carried out under room tempera-
ure.
.5. Fuel cell performance determination

A single fuel cell was setup to compare the performances of
he cells using pure Nafion and polyaniline-modified Nafion mem-

Content of polyaniline on Nafion (mg cm−2)

in 1.10
min 1.90
min 4.25

1.40
3.00
4.90

4 V for one cycle 0.43
4 V for two cycles 0.5
4 V for five cycles 0.53
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ig. 2. Current responses of platinum electrode in 0.5 M H2SO4 solutions with dif-
erent concentrations of methanol, scan rate: 50 mV s−1.

ranes. Membrane electrode assembles were prepared as reference
20]. Pt–Ru (1:1 in atom, Johnson Mattheys Company) was used as
nodic catalyst with a load of 5 mg cm−2 and Pt (Johnson Mattheys
ompany) was used as cathodic catalyst with a load of 4 mg cm−2.
he effective area of the membrane electrode assembles was 4 cm2.
nodic electrolyte was 2 M CH3OH aqueous solution at a flow rate
f 1 ml min−1 and pure oxygen was used as cathodic reactant with
flow rate of 5 ml s−1. The relations of voltage and power with

urrent were obtained using constant resistance discharge at 35 ◦C.

. Results and discussion

.1. Permeability of methanol and conductivity of proton through
afion117

To obtain the relation of methanol concentration with electro-
hemical response, cyclic voltammograms were recorded for the Pt
lectrode in 0.5 M H2SO4 solutions with methanol concentrations
rom 0.01 to 0.1 M. Fig. 2 shows the current responses at fifth cycle
rom −0.5 to 0.6 V for each methanol concentration. It can be seen
hat the oxidation of methanol takes place at about −0.2 V, and the

xidation current reaches the maximum at about 0.1 V and forms
peak as the potential is scanned. The peak current increases with

he increase of the methanol concentration and this relation is lin-
ar, as shown in Fig. 3. The linear relationship of peak current (Ip

ig. 3. The relation of peak current of methanol oxidation on platinum electrode
ith methanol concentration in 0.5 M H2SO4 solution.

w
c

F
w

ig. 4. Current responses of platinum electrode in the left compartment of Fig. 1 at
ifferent times when Nafion 117 is used, scan rate: 50 mV s−1.

A)) with methanol concentration (C (M)) obtained by fitting is

p = 0.0325 × 10−4 + 26.01537 × 10−4C (1)

herefore, based on the peak current for platinum in the
ethanol-containing solution, it is easy to determine the methanol

oncentration in the solution.
Fig. 4 shows the current responses of platinum electrode in

he left compartment of Fig. 1 at different times when Nafion
17 is used. This compartment is methanol free at the begin-
ing and methanol can be detected with increasing time due to
he permeating of methanol through membrane from the right
ompartment. It can be seen from Fig. 4 that the peak current
f methanol oxidation increases with increasing time, indicating
hat the permeated methanol concentration increases. The perme-
ted methanol concentration can be obtained by the relation of
ethanol concentration with peak current of methanol oxidation in

q. (1). The relation of the permeated methanol concentration with
ime is shown in Fig. 5. The permeated methanol concentration (C
M)) is related linearly to time (T (s)):

= 5.9 × 10−3 + 9.3611 × 10−6T (2)

The permeability of methanol through the membrane can be
xpressed with diffusion coefficient (D (cm2 s−1)), which follows
pproximately the equation [21]:
�X
=

A
(3)

here �C is the difference of methanol concentration between two
ompartments at the beginning (M), �X the thickness of the mem-

ig. 5. The variation of methanol concentration in the left compartment of Fig. 1
ith time when Nafion 117 is used.
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ig. 6. Potential response for the formation of polyaniline on Nafion 117 saturated
ith 0.5 M H2SO4 + 0.1 M aniline at 0.4 mA cm−2.

rane (cm), k the slope of the linear line of Fig. 5 (M s−1), V the
olume of solution of the compartment (cm3), and A is the mem-
rane area (cm2). With the results of Fig. 5 and the calculation of
q. (3), the permeability of methanol through Nafion 117 in 0.5 M
2SO4 solution can be obtained, it is 1.092 × 10−6 cm2 s−1.

The conductivity (K) of proton in Nafion can be obtained by

= �X

AR
(4)

here �X is the thickness of the Nafion membrane, R the resis-
ance obtained from electrochemical impedance spectrum and A
s the area of the Nafion. The obtained conductivity of Nafion 117
s 2.301 × 10−2 S cm−1. The membrane is wet, thus its conductivity
s larger than the dry Nafion 117, which is usually in the order of
0−3 S cm−1 [14].

.2. Modification of Nafion with polyaniline

Fig. 6 shows the potential responses for the polyaniline modi-
cation on Nafion with a constant current density of 0.4 mA cm−2.

t can be seen that the potential hardly changes with time, indi-
ating that the reaction for the formation of polyaniline proceeds

ncessantly and no other reaction takes place.

Fig. 7 shows the FTIR spectra of Nafion and the Nafion modified
ith polyaniline. The peaks at 1200, 1147, 1056, 981, and 969 cm−1

re ascribed to Nafion [22], as shown by the curve A of Fig. 7. Besides
hese peaks, the modified Nafion shows its FTIR peaks at 3236,

Fig. 7. FTIR spectra of Nafion (A) and Nafion modified with polyaniline (B).
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582, 1489, 1304, 708, 804, and 883 cm−1, as shown by the curve
of Fig. 7. Polyaniline have three kinds of structures and can be

xpressed by

The polyaniline is in a completely reductive state correspond-
ng to leucoemeraldine (LM) when y = 1, in a completely oxidative
tate corresponding to pernigranline (PG) when y = 0, and in mid-
le oxidation state corresponding to emeraldine (EM) when y = 0.5.
nly EM is conductive electronically. The peaks at 1582 cm−1 is
scribed to the stretching vibration of N B N, 1489 cm−1 to C C,
304 cm−1 to C–N, and peaks at 708, 804 and 883 cm−1 to the
–H [23]. Thus, the polyaniline on Nafion belongs to EM and is
onductive.

.3. Effect of modification on methanol permeability and proton
onductivity

To get the Nafion membrane modified with different amounts
f polyaniline, samples, PA01, PA02 and PA03, were prepared by
lectrolyzing with a constant current of 0.4 mA cm−2 for 5, 10
nd 20 min. The samples contain polyaniline, in electric quantity
er square centimeter, 0.12, 0.24 and 0.48 C cm−2, respectively.
heir methanol permeability and proton conductivity were deter-
ined by the methods developed in Section 3.1. Table 2 shows

he obtained results. The permeability of methanol in pure Nafion
17 membrane was far higher, with a value of 1.09 × 10−6 cm2 s−1

,

han that of polyaniline-modified Nafion 117 (1.78 × 10−7 to
.41 × 10−7 cm2 s−1). This indicates that the methanol permeabil-

ty of Nafion can be reduced significantly by the polyaniline
odification. This reduction is better than or as good as the reduc-

ions by other methods reported in the literatures. For example,
he permeability of methanol in Pd-impregnated membrane is
.3 × 10−7 cm2 s−1 [14]. On the other hand, proton conductivity of
he membranes has less changed due to the polyaniline modifi-
ation. This suggests that polyaniline-modified membrane allows
elective permeability to the water molecules or hydrogen ions.

It can be seen from Table 2 that there is a decrease of one
ecade in the methanol permeability for the Nafion modified with
olyaniline. The proton conductivity of the Nafion also decreases
ue to the modification but its decrease is minor compared with
he large increase in methanol permeability. The methanol perme-
bility and the proton conductivity of the Nafion membranes are
ffected by the amount of polyaniline. Among three samples, the
ample PA02 shows its lowest methanol permeability. The modifi-
ation of Nafion with polyaniline blocks the channel for methanol
ermeability and the modification with increasing the amount of
olyaniline results in the decrease of the permeability to a greater
xtent. As the polyaniline on Nafion increases further, the methanol
ermeability increases further again. This might be caused by the

oorer cohesion of polyaniline onto the Nafion due to the increase of
eposited polyaniline. In fact, polyaniline separated from the Nafion
an been observed when the time for the modification under con-
tant current lasts too long. It seems that the proton conductivity

able 2
omparison of methanol permeability (D) and proton conductivity (K) of
olyaniline-modified Nafion under constant current

amples D (cm2 s−1) K (S cm−1) K/D (s S cm−3)

afion 1.09 × 10−6 2.30 × 10−2 2.11 × 104

A01 1.78 × 10−7 1.74 × 10−2 9.74 × 104

A02 1.06 × 10−7 1.79 × 10−2 1.69 × 105

A03 2.41 × 10−7 1.62 × 10−2 6.73 × 104
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Table 3
Comparison of methanol permeability (D) and proton conductivity (K) of
polyaniline-modified Nafion under constant potential

Sample D (cm2 s−1) K (S cm−1) K/D (s S cm−3)

Nafion 1.09 × 10−6 2.30 × 10−2 2.11 × 104
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Table 5
Comparison of the methanol permeability (D) and proton conductivity (K) of
polypyrrole-modified Nafion under constant current

Samples Sample modification
condition

D (cm2 s−1) K (S cm−1) K/D (s S cm−3)

Nafion 1.09 × 10−6 2.30 × 10−2 2.11 × 104

PY01 0.4 mA cm−2 for 5 min 3.89 × 10−7 0.86 × 10−2 2.20 × 104

PY02 0.4 mA cm−2 for 10 min 5.83 × 10−7 1.65 × 10−2 2.28 × 104

PY03 0.4 mA cm−2 for 20 min 7.49 × 10−7 1.67 × 10−2 2.21 × 104
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A04 1.69 × 10−7 1.70 × 10−2 1.01 × 105

A05 1.60 × 10−7 1.37 × 10−2 8.57 × 104

A06 7.20 × 10−8 1.26 × 10−2 1.75 × 105

ardly depends on the amount of polyaniline for the modification
nder constant current.

Samples, PA04, PA05 and PA06, were prepared under constant
otential for different times. The methanol permeability and proton
onductivity of these samples are shown in Table 3. It can be seen
rom Table 3 that the modification of Nafion under constant poten-
ial is similar to that under constant current: about a decrease of
ne decade in methanol permeability. Different from the modifica-
ion under constant current, the proton conductivity of the Nafion

odified under constant potential depends to a greater extent on
he amount of polyaniline, decreasing with increasing amount of
olyaniline. This might be ascribed to the more uniform modifica-
ion of polyaniline under constant potential than under constant
urrent.

Samples, PA07, PA08 and PA09, were prepared with potential
ycling at a scan rate of 50 mV s−1 for one, two and five cycles.
he methanol permeability and proton conductivity of these sam-
les are shown in Table 4. It can be seen from Table 4 that the
odification of Nafion with potential cycling is similar to those

nder constant current and constant potential, resulting in about
decrease of one decade in methanol permeability. It is noted

hat the methanol permeability and the proton conductivity of the
embranes is hardly affected by cyclic number.
Apparently, the reduction of methanol permeability due to

he modification is always accompanied by the decrease in pro-
on conductivity. It is expected that larger reduction of methanol
ermeability is reached at the cost of small decrease in proton con-
uctivity for a modification. Thus, the ratio of proton conductivity
o methanol permeability (K/D) can be used to compare different

odifications. The calculated results are shown in the Tables. It can
e seen that samples PA02 and PA06 have the best modification
esults, but the amount of polyaniline in the sample PA02 is about
ne third of that in the sample PA06.

To compare the polyaniline modification with the polypyrrole
odification, samples, PY01, PY02 and PY03, were prepared under
constant current of 0.4 mA cm−2 for 5, 10 and 20 min. It can be

een from Table 5 that the modification of Nafion with polypyrrole
as similar effect to that with polyaniline: the methanol perme-
bility is reduced and the proton conductivity decreases. However,
he methanol permeability of Nafion modified with polyaniline is
educed to a greater extent but its proton conductivity decreases to
slighter extent than the Nafion modified with polypyrrole under
he same condition. For example, with the modification under a
onstant current of 0.4 mA cm−2 for 10 min, the methanol perme-
bility of Nafion changes from 1.09 × 10−6 to 1.06 × 10−7 cm2 s−1

or the polyaniline modification but to 5.83 × 10−7 cm2 s−1 for the

able 4
omparison of the methanol permeability (D) and proton conductivity (K) of
olyaniline-modified Nafion under cycling potential

amples D (cm2 s−1) K (S cm−1) K/D (s S cm−3)

afion 1.09 × 10−6 2.30 × 10−2 2.11 × 104

A07 2.29 × 10−7 1.27 × 10−2 5.53 × 104

A08 2.26 × 10−7 1.25 × 10−2 5.53 × 104

A09 1.71 × 10−7 1.18 × 10−2 6.87 × 104

t
p
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ig. 8. Performances of direct methanol fuel cells using the pure Nafion and the
olyaniline-modified Nafion (Nafion/PAn) at 35 ◦C. Anodic electrolyte was 2 M
H3OH aqueous solution at a flow rate of 1 ml min−1 and pure oxygen was used
s cathodic reactant with a flow rate of 5 ml s−1.

olypyrrole modification, and the proton conductivity of Nafion
hanges from 2.30 × 10−2 to 1.79 × 10−2 S cm−1 for polyaniline
odification but to 1.65 × 10−2 S cm−1 for the polypyrrole mod-

fication. This indicates that the modification of Nafion with
olyaniline is better than that with polypyrrole.

.4. Performance improvement of direct methanol fuel cell using
he polyaniline-modified Nafion

Fig. 8 presents the relations of voltage and power density with
urrent density of the direct methanol fuel cells using pure Nafion
17 membrane and polyaniline-modified Nafion 117 membrane
repared under a constant current of 0.4 mA cm−2 for 10 min (sam-
le PA02). It can be seen from Fig. 8 that the fuel cell using the
olyaniline-modified membrane has higher voltage and power
ensity output than the fuel cell using the pure membrane at the
ame current density. The performance of the fuel cell is improved
ignificantly due to the polyaniline modification of the Nafion
embrane. At 35 ◦C, the maximum power density output of the

uel cell is 38 mW cm−2 for the polyaniline-modified membrane,
ut only 27 mW cm−2 for the pure Nafion membrane. Apparently,
his improvement is ascribed to the large reduction of methanol
ermeability of the Nafion membrane due to the polyaniline mod-

fication.

. Conclusion

The electrochemical modification of Nafion membrane with
olyaniline results in the reduction of one decade in methanol per-
eability of the membrane at the cost of a slight decrease of its
roton conductivity. This contribution improves significantly the
erformances of direct methanol fuel cell. The modification with
onstant current shows larger reduction in methanol permeability
nd less decrease in proton conductivity than that with constant
otential or with potential cycling. The Nafion membrane modified



Power

w
a

A

k
P

R

[

[

[

[

[
[

[
[

[
[

Q.M. Huang et al. / Journal of

ith polyaniline shows its better methanol-resistant permeability
nd proton conductivity than that with polypyrrole.

cknowledgements

This work was financially supported by NNSFC (20573039),
ey project of CISTC (2005DFA60580), key project of Guangdong
rovince (20042B08 and 2005B50101003).

eferences

[1] C. Lamy, J.M. Leger, S. Srinivasan, Direct Methanol Fuel Cells: From a Twentieth
Century Electrochemist’s Dream to a Twenty-First Century Emerging Technol-
ogy, Kluwer Academic Publishers/Plenum Press, New York, 2001, pp. 53–118.

[2] W.S. Li, L.P. Tian, Q.M. Huang, H. Li, H.Y. Chen, X.P. Lian, J. Power Source 104
(2002) 281–288.

[3] D.H. Jung, Y.-B. Myoung, S.-Y. Cho, Int. J. Hydrogen Energy 26 (2001)

1263–1269.

[4] Y. Woo, S.Y. Oh, Y.S. Kang, B. Jung, J. Membr. Sci. 220 (2003) 31–45.
[5] S.P. Jiang, L. Li, Z.C. Liu, M. Pan, H.L. Tang, Electrochem. Solid-State Lett. 8 (2005)

A574–A576.
[6] Z.Q. Ma, P. Cheng, T.S. Zhao, J. Membr. Sci. 215 (2003) 327–336.
[7] Z.M. Cui, C.P. Liu, T.H. Lu, W. Xing, J. Power Sources 167 (2007) 94–98.

[
[

[
[

Sources 184 (2008) 338–343 343

[8] S.Z. Ren, C.N. Li, X.S. Zhao, Z.M. Wu, S.L. Wang, G.Q. Sun, Q. Xin, X.F. Yang, J.
Membr. Sci. 247 (2005) 59–63.

[9] M. Shen, S. Roy, J.W. Kuhlmann, K. Scott, K. Lovell, J.A. Horsfall, J. Membr. Sci.
251 (2005) 121–130.

10] X.F. Li, C.P. Liu, H. Lu, C.J. Zhao, Z. Wang, W. Xing, H. Na, J. Membr. Sci. 255 (2005)
149–155.

11] W.L. Xu, C.P. Liu, X.Z. Xue, Y. Su, Y.Z. Lv, W. Xing, T.H. Lu, Solid State Ionics 171
(2004) 121–127.

12] L. Gubler, M. Slaski, A. Wokaun, G.G. Scherer, Electrochem. Commun. 8 (2006)
1215–1219.

13] N.F. Crespilho, F. Huguenin, V. Zucolotto, P. Olivi, F.C. Nart Jr., O.N. Oliveira Jr.,
Electrochem. Commun. 8 (2006) 348–352.

14] Y.-M. Kim, K.-W. Park, J.-H. Choi, Electrochem. Commun. 5 (2003) 571–574.
15] T. Shimizu, T. Naruhashi, T. Momma, T. Osaka, Electrochemistry 70 (2002)

991–993.
16] A. Sungpet, J. Membr. Sci. 226 (2003) 131–134.
17] M.A. Smit, A.L. Ocampo, M.A. Espinosa-Medina, J. Power Sources 124 (2003)

59–64.
18] J. Lu, W.S. Li, J.H. Du, J.M. Fu, J. New Mater. Electrochem. Syst. 8 (2005) 5–14.
19] W.S. Li, J. Lu, J.H. Du, Electrochem. Commun. 7 (2005) 406–410.

20] W.S. Li, D.S. Lu, J.L. Luo, K.T. Chuang, J. Power Sources 145 (2005) 376–438.
21] H.L. Huang, W.S. Li, Y.M. Wu, H.Y. Chen, Battery Bimonthly 35 (2005)

355–453.
22] M. Ludvigsson, J. Lindgren, Electrochim. Acta 45 (2000) 2267–2271.
23] L.K. Werake, J.G. Story, M.F. Bertino, S.K. Pillalamarri, F.D. Blum, Nanotechnology

16 (2005) 2833–2837.


	Methanol permeability and proton conductivity of Nafion membranes modified electrochemically with polyaniline
	Introduction
	Experimental
	Pretreatment of Nafion membrane
	Surface modification of Nafion117 membrane with polyaniline
	Methanol permeability determination
	Proton conductivity determination
	Fuel cell performance determination

	Results and discussion
	Permeability of methanol and conductivity of proton through Nafion117
	Modification of Nafion with polyaniline
	Effect of modification on methanol permeability and proton conductivity
	Performance improvement of direct methanol fuel cell using the polyaniline-modified Nafion

	Conclusion
	Acknowledgements
	References


