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a b s t r a c t

Protonated polyaniline (PANI) is directly polymerized on Nafion 117 (N117), forming a composite mem-
brane, to act as a methanol-blocking layer to reduce the methanol crossover in the direct methanol fuel
cell (DMFC), which is beneficial for the DMFC operating at high methanol concentration. The PANI layer
grown on the N117 with a thickness of 100 nm has an electrical conductivity of 13.2 S cm−1. The methanol
permeability of the PANI/N117 membrane is reduced to 59% of that of the N117 alone, suggesting that
the PANI/N117 can effectively reduce the methanol crossover in the DMFC. Comparison of membrane-
electrode-assemblies (MEA) using the conventional N117 and the newly developed PANI/N117 composite
shows that the PANI/N117-based MEA outputs higher power at high methanol concentration, while the
olyaniline
afion

output power of the N117-based MEA is reduced at high methanol concentration due to the methanol
crossover. The maximum power density of the PANI/N117-based MEA at 60 ◦C is 70 mW cm−2 at 6 M
methanol solution, which is double the N117-based MEA at the same methanol concentration. The resis-
tance of PANI/N117 composite membrane is reduced at elevated methanol concentration, due to the
hydrogen bonding between methanol and PANI pushes the polymer chains apart. It is concluded that

A per
e DM
the PANI/N117-based ME
long-term operation of th

. Introduction

Direct methanol fuel cell (DMFC) is an electrochemical power
ource utilizing methanol solution and air/oxygen at the anode
nd the cathode, respectively. The DMFC with the advantages
f low temperature operation, ease of fuel storage and a simple
esign that requires no reformer is regarded as a promising power
ource for portable applications [1–4]. As shown in Table 1, a high
ethanol concentration, namely, high specific energy density is a

asic requirement in the fabrication of the small-scale DMFC for

ong-term operation.

The Nafion (DuPont) membrane, which is widely used in a
roton exchange membrane (PEM)-based fuel cell, is a good
roton-conducting membrane to connect the anode and cath-
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∗∗ Co-corresponding author.
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forms well at elevated methanol concentration, which is suitable for the
FC.

© 2009 Elsevier B.V. All rights reserved.

ode. However, it is highly permeable for methanol through the
water-filled pores in the membrane [5,6], resulting in low fuel effi-
ciency and reduced cathode activity due to the mixed potential
effect and the mass-transfer effect at the cathode. Accordingly, a
new proton-conducting membrane with low methanol permeabil-
ity is essential to the development of DMFCs. Many approaches
have been proposed to design low methanol-permeable mem-
brane materials, including the modification of Nafion [7–10], the
alternative proton-conducting membranes [11–13], and compos-
ite proton-conducting membranes [12–15]. However, most of them
suffer from major drawbacks such as low proton conductivity, poor
mechanical strength, and inferior chemical and thermal stability at
elevated temperatures [16].

Preparation of a thin methanol-blocking layer on the Nafion is
a direct approach for a stable and mechanically strong compos-
ite membrane with low methanol permeability while maintaining

high proton conductivity. Protonated polyaniline (PANI), which
has an electrical conductivity of 1–10 S cm−1, can act as an
electrical conductor to improve the performance of DMFC. Its
electrochemical stability makes it even more attractive for the cor-
rosive environment in fuel cells [17–20]. Some efforts have been

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:chenlc@ntu.edu.tw
mailto:chenkh@pub.iams.sinica.edu.tw
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Table 1
The methanol concentrations with respect to their energy properties in the DMFC.

Methanol molarity (M) 1 2 4 6 8 10 Pure

Methanol (wt.%) 3.22 6.47 13.20 19.90 26.81 33.86 100.00
Energy density (Wh g−1) 0.196 0.394 0.803 1.21 1.63 2.06 6.08
R 2.0
T 42.3
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atio of energy density of specific molarity to that of 1 M 1.00
heoretical feeding rate of fuel to generate 1 W (mg min−1)a 85.03

a The cell potential is assumed as 1.2 V.

ade in utilizing PANI composite membrane, e.g., PANI/Nafion,
ANI/PEEK, PANI/SPEEK and PANI/Silica/Nafion, as the methanol-
locking layer for DMFCs [20–26]. Choi et al. [24] and Huang et
l. [25] presented that the PANI/Nafion composite membrane had
ower methanol permeability and performed higher membrane-
lectrode-assemblies (MEA) performance by feeding 2 M methanol
ompared to Nafion membrane. However, they also pointed out that
he PANI/Nafion composite membrane has lower proton conductiv-
ty than Nafion membrane, which limited PANI/Nafion performance
perating at high methanol concentration.

In this work, the performance of a low methanol-permeable
ANI/Nafion composite membrane for DMFC operated at elevated
ethanol concentration has been investigated. Protonated PANI
as directly polymerized on the Nafion 117 (N117) membrane to

orm a PANI/N117 composite membrane. The specific membrane
nd Pt-based electrodes were hot-pressed to form the MEA. Var-
ous performance tests including polarization curves at different

ethanol concentrations and the methanol-crossover rate have
een carried out on the PANI/117-based MEA. Various performance
ests including polarization curves at different methanol concen-
rations and the methanol-crossover rate have been carried out
n the PANI/117-based MEA, showing that PANI/N117 composite
embrane is suitable to operate at high methanol concentration.

. Experimental

The technique reported by Stejskal and Gilbert [27] for the
ynthesis of the protonated PANI is adopted in this study. The
ANI preparation was performed by mixing aniline hydrochloride
ith ammonium persulfate to yield PANI at the ambient tempera-

ure (Fig. 1). A stoichiometric persulfate/aniline ratio of 1.25 has
een used [27–29] to minimize the amount of residual aniline
nd to optimize the yield of PANI. Aniline hydrochloride (1.295 g)
as dissolved in 2 M hydrochloric acid solution containing 4 wt.%
olyvinylpyrrolidone (PVP; type K-30, Fluka) to give 50 ml of the
olution. According to the work of Stejskal and Gilbert, adding
ydrochloric acid to the process will increase the conductivity of
ANI [27]. The added PVP acts not only as a stabilizer but also as an
ccelerator for the polymerization [30–32], and improves the qual-
ty of deposited PANI film [31]. Ammonium persulfate (2.855 g) was
issolved in water to yield 50 ml of the solution. When the aniline
ydrochloride and the ammonium persulfate solutions were mixed

or polymerization, the N117 was rapidly immersed in the mixture
or 30 min. In this approach only one side of the N117 is coated with
ANI while the other side is secluded by an adhesive tape during the
olymerization. In this way, the PANI/N117 composite can reduce
ethanol permeability without undermining the electron and pro-

Fig. 1. Oxidation of aniline hydrochloride with amm
1 4.10 6.17 8.32 10.51 31.02
0 20.76 13.77 10.22 8.09 2.74

ton conduction. Following the PANI polymerization, the PANI/N117
was removed from the mixture, and was then washed in 0.2 M HCl
before being rinsed in acetone to remove residual monomers, oxi-
dants, low-molecular-weight organic intermediates and oligomers
[27].

Two square gold electrodes (each of 1.5 × 10−4 m long and
1 × 10−5 m thick) were coated on an undoped silicon substrate at
a distance of 1 × 10−7 m to measure the electrical conductivity of
the PANI layer. The dual-electrodes were immersed in the reac-
tion mixtures for the polymerization of the PANI layer between
the electrodes followed by conductivity measurement using a
Keithley-4200 multi-functional electrometer. The morphology of
the PANI/N117 was studied using a high-resolution scanning elec-
tron microscopy (HRSEM, JEOL-6700), and the film thickness was
directly estimated from the cross-sectional HRSEM image. The sur-
face roughness of the PANI/N117 was determined by atomic force
microscopy in tapping mode (AFM, JPK nanowizard). In order to
measure the proton conductivity of the membrane, it was placed in
between two gold plates and followed by ac impedance measure-
ment (Solartron 1280Z spectrometer) at the frequency range from
20 kHz to 0.1 Hz, in a humidity of 100% throughout the measure-
ment. The methanol permeability was determined from the flux
of the methanol crossover of the membrane with the PANI/Nafion
membrane placed in between a 2 M aqueous methanol solution and
a de-ionized water. The methanol concentrations in the two solu-
tions were measured using gas chromatography (GC 9800, China
Chromatography Co.) to determine the permeability.

In the preparation of the MEAs, electrodes of a 80 wt.%
4.0 mg cm−2-Pt–Ru on carbon cloth and a 5.0 mg cm−2-Pt black on
carbon cloth were used as the anode and cathode, respectively.
They underwent the same hot-pressed condition at 130 ◦C and
130 kg cm−2 for 2 min. Fig. 2a and b present the schematic structures
of the N117-based MEA and PANI/N117-based MEA, respectively, in
which a PANI layer is sandwiched between the N117 and the anodic
catalyst layer with PANI facing the anode. In the polarization curve
measurement, methanol solutions of various concentrations were
pumped into the anode chamber at a rate of 20 ml cm−3 and the oxy-
gen flowed into the cathode chamber at a rate of 200 sccm. The cell
temperature was maintained at 60 ◦C during all the measurements.

Electrochemical technique was employed in the fuel cell to
determine the methanol-crossover rate of the MEA [33,34]. The
nitrogen flowed into the cathode at a rate of 200 sccm, and a

positive voltage was applied to the cathode using a potentiostat
(SI 1280Z, Solartron). Therefore, the methanol at the cathode was
oxidized to CO2 under the applied voltage. When the applied volt-
age was high enough to oxidize all methanol molecules quickly at
the cathode, the methanol-crossover limiting current was reached.

onium persulfate yielding polyaniline (PANI).
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ig. 2. The prepared structures of (a) the N117-based MEA and (b) the PANI/N117-
ased MEA.

he methanol-crossover limiting current was associated with the
ethanol-crossover rate at the open circuit [33,34], and is given by

he following equation,

xover = nF × vxover, (1)

here jxover denotes the methanol-crossover limiting current den-
ity; n is the number of electrons that are involved in the oxidation
f methanol, F is the Faraday constant, and vxover is the methanol-
rossover rate. The vxover can be expressed as,

∂C

xover = −DM

M

∂xm
, (2)

here DM and ∂CM/∂xm are the methanol permeability constant
nd the methanol concentration gradient through the thickness of
he membrane, respectively.

ig. 3. The cross-sectional HRSEM images of the PANI deposited on (a) the silicon substr
ecorded by AFM.
Sources 190 (2009) 279–284 281

3. Results and discussion

Fig. 3a shows the cross-sectional HRSEM image of a PANI layer
coated on the silicon substrate, indicating a 30 nm thickness of a
PANI layer. Fig. 3b shows the cross-sectional HRSEM image of a PANI
layer on the N117 with a PANI thickness of about 100 nm. The PANI
is preferentially coated on the N117 during polymerization, which
is in agreement with the results of Barthet and Guglielmi [35,36].
It indicates that the PANI was compatible with the Nafion perhaps
because of the formation of ionic bonds between the sulfonated
acid of the N117 and the imine groups of the PANI. Fig. 3c depicts
the AFM profile of the PANI/N117 in the 3-D image, showing a root-
mean-square roughness of 37.9 nm.

From the dual-electrodes measurement, the electrical conduc-
tivity of a protonated PANI layer is 13.2 S cm−1, which is of the
same order of magnitude as the earlier report in the literature
[27]. It should be pointed out that the electrical conductivity of
the PANI layer exceeds 0.20 S cm−1, the conductivity of the Vulcan
XC-72 activated carbon support. With subsequent hot-pressing of
the catalyst layer on the PANI/N117, the PANI layer can enhance the
electrical conductivity of the anode.

On the other hand, the proton conductivity of the membrane, �,
can be expressed as

� = L

R × A
, (3)

where R, L and A are the measured resistance, the membrane thick-

ness and the membrane area, respectively, under the assumption
that PANI is deposited only on the surface of the membrane and does
not short-circuit the membrane. In the calculation of the methanol
permeability, the gradient of the methanol concentration through
the membrane is assumed to be linear and to follow the Fick law

ate and (b) the N117; the 3-D image of (c) the surface roughness of the PANI/N117
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Table 2
The proton conductivity and the methanol permeability of the specific membrane.

P
M

[

l

w
c
i
t
V
b
p
o
t
m
o
l
a
r

b
m
N
s
i
H

F
o
m

when using the PANI/N117-based MEA.
Fig. 5a and b plot the applied voltages as functions of the

methanol-crossover current densities of the N117-based and the
PANI/N117-based MEAs, respectively, operated at various methanol
N117 PANI/N117

roton conductivity (S cm−1) 0.0143 0.0099
ethanol permeability (cm2 s−1) 2.83 × 10−6 1.66 × 10−6

37],

n
Cm − Cw

Cm,0 − Cw
= −DA

lV
t, (4)

here Cm is the transient methanol concentration of the methanol
hamber, Cw is the transient methanol concentration of the de-
onized water chamber, Cm,0 is the initial methanol concentration of
he methanol solution, D is the methanol permeability, and A, l and
are the cross-sectional area of membrane, the thickness of mem-
rane and the volume of the sample solution, respectively. Table 2
resents the proton conductivity and the methanol permeability
f the PANI/N117 composite membrane and of the N117 membrane
hus obtained. The proton conductivity of the PANI/N117 is approxi-

ately 70% that of the N117 alone while the methanol permeability
f the PANI/N117 is 59% that of N117. It clearly indicates that the PANI
ayer coated on the N117 membrane surface can act as a pore-filling
gent to reduce the methanol permeability without significantly
educing the proton conductivity.

Fig. 4a and b depict the polarization curves of the PANI/N117-
ased and the N117-based MEAs, respectively, at different feeding

ethanol concentrations. The maximum power densities of the
117-based MEA were 85, 60, 55, 35 and 30 mW cm−2 at methanol

olution concentrations of 1, 2, 4, 6 and 8 M, respectively, indicat-
ng that poorer performances at higher methanol concentrations.
owever, the maximum power densities of the PANI/N117-based

ig. 4. The polarization curves of (a) N117-based MEA and (b) PANI/N117-based MEA
perated at various methanol concentrations; the oxygen flow rate of 200 sccm, the
ethanol flow rate of 20 ml min−1 and the cell temperature of 60 ◦C.
Sources 190 (2009) 279–284

MEA were 20, 40, 55, 70 and 53 mW cm−2 at methanol solu-
tion concentrations of 1, 2, 4, 6 and 8 M, respectively. The output
power increases with increasing methanol concentration, to a max-
imum at 6 M methanol. Compared with the N117-based MEA,
the PANI/N117-based MEAs is superior to the N117-based MEA at
methanol concentrations above 4 M. Fig. 4 also compares the open
circuit voltages (OCVs) of the two MEAs, and reveals that the OCV
of the PANI/N117-based MEA has always exceeded that of the N117-
based MEA. Based on the results of Qi and Kaufman [33] that the
open circuit voltage is related to the activation of the electrocata-
lysts and the concentration of methanol at the cathode, the OCV
results clearly indicate the reduction of the methanol crossover
Fig. 5. The methanol-crossover current densities of (a) the N117-based MEA and (b)
the PANI/N117-based MEAs operated at various methanol concentrations; (c) the
methanol-crossover limiting current densities determined by the applied voltage of
1 V from (a) and (b).
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Fig. 6. The cross-sectional HRSEM image of the PANI/N117-based MEA.

oncentrations. Figures demonstrate that all current densities
lmost reach a steady-state when a voltage over 0.9 V is applied.
ccordingly, the methanol-crossover limiting current densities are
etermined by the applied voltage of 1 V (Fig. 5c). According to
ig. 5c, the methanol-crossover limiting currents of the PANI/N117-
ased MEA are approximately 60.0, 58.4, 60.6, 55.5 and 37.9% those
f the N117-based MEA at 1, 2, 4, 6, and 8 M methanol solutions,
espectively. These values are consistent with our earlier state-
ents that the PANI layer substantially reduces methanol crossover

n the MEA. Fig. 6 shows the cross-sectional HRSEM image of the
ANI/N117-based MEA to present the morphology of a PANI layer
hat is sandwiched in the MEA. The image reveals that the PANI layer
s compatible with the N117 and the catalyst layer with a thickness
f about 100 nm after the hot-pressing process.

In order to understand the features of membranes operated
t the various methanol concentrations, the resistances of N117
nd PANI/N117 were determined by the high-frequency-impedance
easurements during the DMFC operations. Fig. 7a shows that the

esistances of N117 are consistently ca. 0.75 � cm2 at the various
ethanol concentrations. However, the resistance of PANI/N117 is

a. 2.0 � cm2 at 1 M methanol solution (not shown in Fig. 7b), and
hen it is reduced to ca. 1.2 � cm2 at the high methanol concentra-
ions, as shown in Fig. 7b. The feature suggests that the conductivity
f PANI/N117 is increased due to the elevated methanol concen-
ration. Some previous works have suggested that the methanol
ydrogen bonds, via one of the lone pairs on its oxygen atom, bond
irectly to the PANI, and therefore the effect of the hydrogen bond-

ng is to push the polymer chains apart, uncoiling them, resulting
n the increase of their conductivity [38,39].

Comparative to the N117-based MEA, the PANI/N117-based MEA
as better performance at high methanol concentrations. The PANI

ayer located on the surface of N117 not only enhances the electri-
al conductivity and interaction of the catalysts but also reduces
he methanol diffusion through the N117. Some PANI participants
ccupy parts of N117 structure, and therefore the interaction of ani-
ine with the sulfonic acid group of Nafion results in blocking of the
roton transport and the methanol diffusion.

When the DMFC is operated at elevated methanol concen-
ration, the increase in the methanol-crossover overpotential
ccurs. Comparative to the N117-based MEA, the PANI/N117-based
EA has better performance at higher methanol concentration,

ndicating that the methanol-crossover overpotential does not

imit the PANI/N117-based MEA at elevated methanol concen-
ration. Besides, the impedance measurement shows that the
ANI/N117-based MEA has a lower resistance at a higher methanol
oncentration, and therefore the PANI/N117-based MEA is favorable
or the DMFC operation at the elevated methanol concentrations.
Fig. 7. The membrane resistances of (a) the N117-based MEA and (b) the PANI/N117-
based MEA at various methanol concentrations under DMFC operations.

When the PANI/N117-based MEA is operated above 6 M methanol
solution, the methanol-crossover overpotential is supposed to
dominate the performance, leading to the decrease of output power.

4. Conclusions

This work demonstrates the performance of the PANI/N117-
based MEA, in which the PANI is deposited on the Nafion 117 as
a methanol-blocking layer. While the output power of the con-
ventional N117-based MEA is reduced by increasing the methanol
concentration due to methanol crossover, the output power of
the PANI/N117-based MEA is increased at higher methanol con-
centration with a maximum output at 6 M methanol. This clearly
demonstrates that the PANI/N117-based MEA effectively reduces
methanol crossover and performs well when operated at ele-
vated methanol concentrations, which is highly desirable for the
small-scale DMFC in portable devices and microelectromechanical
systems.
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