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bstract

Surface-modified Nafion® membrane was prepared by casting proton-conducting polyelectrolyte complexes on the surface of Nafion®. The
asting layer is homogeneous and its thickness is about 900 nm. The proton conductivity of modified Nafion® is slightly lower than that of plain
afion®; however, its methanol permeability is 41% lower than that of plain Nafion®. The single cells with modified Nafion® exhibit higher

−2 ®
pen circuit voltage (OCV = 0.73 V) and maximal power density (Pmax = 58 mW cm ) than the single cells with plain Nafion (OCV = 0.67 V,
max = 49 mW cm−2). It is a simple, efficient, cost-effective approach to modifying Nafion® by casting proton-conducting materials on the surface
f Nafion®.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Direct methanol fuel cells (DMFCs) are promising candidates
or portable devices or transportation applications in view of
heir high energy density, easy manipulation, and high efficiency
1–3]. Perfluorosulfonic acid membranes, such as Nafion®

embranes, are the primary membranes applied in the DMFCs
resently. However, commercial Nafion® membranes do not
eet the requirement for low methanol permeability especially

t low temperatures (<100 ◦C) [4]. The methanol permeation
esults in reducing the open-circuit potential (OCP) and poison-
ng the electrocatalysts at the cathode. Various attempts have
een made to overcome the drawbacks of Nafion® membranes
or DMFC applications. The approaches described are diverse,

anging from doping with inorganic materials such as sul-
onated montmorillonite [2], silica [5], silica/phosphotungstic
cid [6], zeolite [7], zirconium phosphate [8], etc., modifying the
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urface of Nafion® [9–12] to in situ polymerization with poly(1-
ethylpyrrole) [13] or polyfurfuryl alcohol [14]. Most modified
afion® membranes indeed reduce methanol permeation, but

he proton conductivity of modified Nafion® membranes is often
arkedly lower than that of plain Nafion® membranes. Among

hese modified Nafion® membranes, only a few of them meet
he requirements for practical DMFC applications. Generally,
ppositely charged polyions (polycations or polyanions) inter-
ct electrostatically to form polyelectrolyte complexes. We have
eported the polyelectrolyte complexes formed between cationic
hitosan and anionic phosphotungstic acid, which exhibit rela-
ively high proton conductivity and low methanol permeability
15].

In the present work, we report a new approach to mod-
fying Nafion® membranes by casting proton-conducting
olyelectrolyte complexes formed between chitosan and phos-

hotungstic acid on the surface of Nafion® membranes. The
erformance of modified Nafion® for direct methanol fuel
ells (DMFCs) was evaluated in terms of proton conductivity,
ethanol permeability, and a single cell test.

mailto:xingwei@ciac.jl.cn
dx.doi.org/10.1016/j.jpowsour.2007.08.006
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smooth surface of Nafion are homogeneous, and have no
obvious phase separation. From the cross-sectional image of
modified Nafion® membrane in Fig. 2, it is found that the thick-
ness of the casting layer is about 900 nm.
Z. Cui et al. / Journal of Pow

. Experimental

.1. Preparation of modified Nafion®

Nafion® 115 membranes (Du Pont Co.) were pretreated by
oiling them in 5 wt.% peroxide solution at 80 ◦C, 1 M aqueous
ulfuric acid solution at 80 ◦C, and deionized water, in that order.
% (w/v) chitosan solution was prepared by dissolving chi-
osan powder (degree of deacetylation: 95%; molecular weight:
0,000 g mol−1, Haidebei Ltd., China) in 2% (v/v) acetic acid
olution. The pretreated Nafion® 115 were immersed in chitosan
olution mentioned above for 2 h, followed by a drying step at
0 ◦C in drying oven for 2 h. As a result, a layer of chitosan was
ormed on the surface of the Nafion® membranes. Nafion® mem-
ranes coated with a layer of chitosan were immersed in 0.05 M
hosphotungstic acid solution for 6 h, and then were washed
ith deionized water and stored in deionized water prior to the
ifferent measurements.

.2. Scanning electron microscopy

The morphology of the membranes was characterized by a
EO 1525 FE-SEM scanning electron microscope.

.3. Fourier transform infrared spectroscopy

IR spectra (4000–500 cm−1, resolution 4 cm−1) were
ecorded with a Bruker Vertex 70 RTIR spectrometer.

.4. Measurements of proton conductivity

The proton conductivity of plain Nafion® and modified
afion® membranes was measured by a four-electrode ac

mpedance method from 0.1 Hz to 100 kHz, 10 mV ac perturba-
ion and 0.0 V dc rest voltage. Impedance spectra were recorded
sing a Princeton Applied Research Model 273A Potentio-
tat (Model 5210 frequency response detector, EG&G PARC,
rinceton, NJ). The membranes were fixed in a measuring cell
ade of two outer gold wires to feed current to the sample and

wo inner gold wires to measure the voltage drops [16]. Con-
uctivity measurements under fully hydrated conditions were
arried out with the cell immersed in liquid water. The pro-
on conductivity (σ) of the membranes was calculated using the
ollowing equation:

= L

RA
(1)

here L, R, and A denote the distance between the two inner gold
ires, the resistance of the membrane, and the cross-sectional

rea of the membrane, respectively.

.5. Measurements of methanol permeability
The methanol permeability of these membranes was deter-
ined and calculated by the method described in the reference

15]. The methanol concentration in the receptor chamber
as measured versus time by using a gas chromatograph

F
a
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Shimazu GC-14B) equipped with a thermal conductivity
etector.

.6. Performance tests for a single cell

The Pt–Ru/C with 40 wt.% Pt + 20 wt.% Ru/C and the Pt/C
atalyst with 20 wt.% Pt were used as the anodic and cathodic
atalysts, respectively. Nafion® 115 and the composite mem-
rane prepared were used as the electrolyte. The fabrication
f the membrane electrode assembly (MEA) is the same as
hat in the literature [17]. The catalyst loading was 4 mg cm−2

or both the anode and the cathode and the effective electrode
rea of the single cell was 10 cm2. The performance of the
ingle cell was measured at 80 ◦C with a Fuel Cell Test Sys-
em (Arbin Co.). 2.0 M CH3OH solution with a flow rate of
0 mL min−1 and oxygen with a flow rate of 0.5 L min−1 at
.05 MPa were used. Each single cell was operated for three
imes.

. Results and discussion

.1. Scanning electron microscopy

Parts A and B of Fig. 1 show the surface images of plain
afion® and modified Nafion®. From the both images, it can
e observed that the polyelectrolyte complexes formed on the

®

ig. 1. SEM picture of the membranes: (A) surface of plain Nafion® membrane
nd (B) surface of modified Nafion® membrane.
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Fig. 2. SEM picture of the cross-section of modified Nafion® membrane.
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ig. 3. The IR spectra of plain Nafion® (A), polyelectrolyte complexes (B) and
odified Nafion® (C).

.2. Fourier transform infrared spectroscopy

Fig. 3 presents the IR spectra of plain Nafion®, the polyelec-
rolyte complexes and modified Nafion®. The bands at 1202,
147, 1057, 982, 969 cm−1 are ascribed to characteristic func-
ional groups in plain Nafion® [18]. The IR spectra of the
olyelectrolyte complexes have already been discussed in detail

n our previous works [15]. In comparison with the IR spectra
f modified Nafion®, the characteristic bands of the polyelec-
rolyte complexes at 1619, 1520, 1077, 892, 785 cm−1 are also
resented in the spectra of the modified Nafion®, which indicates

m
σ

N
d

able 1
hickness, proton conductivity (σ), methanol permeability (P) and selectivity factor

ample Thickness (�m) σ (S cm−1)

lain Nafion® 150 0.085 ± 0.02
odified Nafion® 151 0.078 ± 0.02
ashed Nafion®a 151 0.076 ± 0.03

a Modified Nafion® was boiled in water at 80 ◦C for 24 h, then the resulted membr
ig. 4. Polarization curves for the MEA made with plain Nafion® (A) and
odified Nafion® (B).

he existence of the polyelectrolyte complexes on the surface of
afion®.

.3. Proton conductivity and methanol permeability

The proton conductivity and methanol permeability of plain
afion®, modified Nafion® and washed Nafion® are given in
able 1 (all the values in Table 1 are the average of three measure-
ents). The proton conductivity of modified Nafion® is slightly

ower than that of plain Nafion®, which is easy to understand
ecause the conductivity of the casting layer (polyelectrolyte
omplexes) is inferior to that of plain Nafion® membranes [15].
owever, the methanol permeability of modified Nafion® is

educed by 41% compared with that of plain Nafion®. This
ndicates that methanol permeation can significantly be reduced
y casting the polyelectrolyte complexes on the surface of
afion®.
The polymer electrolyte membranes applied in DMFCs

hould possess simultaneously high proton conductivity and low
ethanol permeability. Membrane performances can be esti-
ated from the ratio of proton conductivity (σ) to methanol

ermeability (P). That is to say, the higher the value of σ/P
s, the better the performance of the membrane would be [19].
able 1 shows that the value of σ/P of modified Nafion® is

®
uch higher than that of plain Nafion . Besides, the value of
/P of modified Nafion® is nearly the same with that of washed
afion®, which shows that modified Nafion® is stable and
urable.

(σ/P) of modified Nafion® and plain Nafion®

P (×10−7 cm2 s−1) σ/P (×105 S s cm−3)

11 ± 0.3 0.8
6.5 ± 0.4 1.2
6.5 ± 0.3 1.17

ane was termed washed Nafion®.
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.4. Performance tests for a single cell

Fig. 4 shows the plots of cell potential versus current density
nd power density versus current density for MEAs with plain
afion® and modified Nafion®. As shown in Fig. 4, the maxi-
um power density is 58 mW cm−2 for modified Nafion® and

9 mW cm−2 for plain Nafion®. The performance of the single
ell with modified Nafion® membrane is better than that with
lain Nafion®. The single cell with modified Nafion® mem-
ranes possesses a higher open circuit voltage (OCV = 0.73 V)
han that with plain Nafion® (OCV = 0.67 V). It has been previ-
usly explained that higher methanol permeation leads to lower
CP [7].

. Conclusions

In conclusion, we have successfully modified Nafion® by
asting proton-conducting materials, polyelectrolyte complexes
f chitosan and phosphotungstic acid, on the surface of plain
afion®. The casting layer is homogeneous and its thick-
ess is about 900 nm. The proton conductivity of modified
afion® is slightly lower than that of plain Nafion®; how-

ver, its methanol permeability is 41% lower than that of plain
afion®. The single cells with modified Nafion® exhibit a higher
pen circuit voltage (OCV = 0.73 V) and maximal power density
Pmax = 58 mW cm−2) than the single cells with plain Nafion®

OCV = 0.67 V, Pmax = 49 mW cm−2). It is a simple, efficient,
ost-effective approach to modifying Nafion® by casting proton-
onducting materials on the surface of Nafion®.
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17] A.S. Aricò, A.K. Shukla, K.M. el-Khatib, P. Creti, V. Antonucci, J. Appl.
18] M. Ludvigsson, J. Lindgren, J. Tegenfeldt, Electrochim. Acta 45 (2000)
2267.

19] W. Xu, C. Liu, X. Xue, Y. Su, Y. Lv, W. Xing, T. Lu, Solid State Ionics 171
(2004) 121.


	Surface-modified Nafion membrane by casting proton-conducting polyelectrolyte complexes for direct methanol fuel cells
	Introduction
	Experimental
	Preparation of modified Nafion
	Scanning electron microscopy
	Fourier transform infrared spectroscopy
	Measurements of proton conductivity
	Measurements of methanol permeability
	Performance tests for a single cell

	Results and discussion
	Scanning electron microscopy
	Fourier transform infrared spectroscopy
	Proton conductivity and methanol permeability
	Performance tests for a single cell

	Conclusions
	Acknowledgments
	References


