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bstract

A novel method of Pt catalyst direct deposition on polypyrrole (ppy)-modified Nafion composite membranes for direct methanol fuel cell
DMFC) is proposed in this paper. Proton conductivity and methanol permeability of polypyrrole-modified Nafion composite membranes were
nvestigated. The Pt particles were directly deposited on the PPy-modified Nafion composite membranes by using chemical reduction of platinic

hloride at room temperature. Scanning electron microscopy measurements showed that Pt particles with a porous structure uniformly exist in
he Pt/PPy/Nafion electrodes. The roughness factor and the active surface area of the Pt catalyst increased with increasing PPy loading. The
erformance of the Pt/PPy/Nafion electrodes was evaluated in a single DMFC.

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

The direct methanol fuel cell (DMFC) has attracted consid-
rable attention due to its simple system design, low operating
emperature and convenient fuel storage and supply. Conven-
ional membrane electrode assemblies (MEAs) for DMFCs are
repared from catalyst inks containing a matrix of polyelec-
rolyte, a carbon supported catalyst, and in some cases a binder,
.g. polytetrafluoroethylene (PTFE), forming an interface with
he proton exchange membrane (mostly Nafion®, DuPont) [1].
he multiphase boundary among carbon, noble metal catalyst,
olyelectrolyte (binder), and the proton exchange membrane
llows for the transport of fuel and water as well as for the
iffusion of protons to and from the catalytic sites. However,
arbon is impermeable to gases and liquids and does not con-

uct protons, which limits the achievable performance of the
atalyst and results in low catalyst utilization and reduces cell
erformance. Therefore, it is important to find new catalyst sup-
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orts instead of carbon, which improve catalyst utilization and
ell performance.

Conducting polymers (CPs) are promising candidate mate-
ials for the catalyst support, as they allow to replace both the
arbon and the polyelectrolyte (binder) in the catalyst layer of
EAs [2–10]. Polypyrrole (PPy) is mechanically and chemi-

ally stable and easy to prepare. It is permeable to gases and
ater, and exhibits both electronic and ionic conductivity [2].
ue to these unusual properties, a two-phase boundary in the

atalyst layer is sufficient for the electron and proton transfer
or the electrochemical reaction, as compared to the multiphase
oundary when carbon is used as catalyst support. For this rea-
on, a better utilization of the novel catalyst support material
s expected. In addition, PPy in situ polymerisation inside pro-
on exchange membranes can result in an efficient barrier to

ethanol crossover from the anode to the cathode [11–14].
Until now, however, most of the research related to the use

f CPs for DMFC applications is focused on the performance

f PPy modified membranes by using different polymerisation
ethods and reaction conditions, such as concentration of
onomer, and oxidant types [11–16]. The transport properties

f some PPy modified membranes from the literature are

mailto:lilei0323@yahoo.com.cn
dx.doi.org/10.1016/j.cej.2007.02.008
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Table 1
Transport properties of PPy modified composite membranes described in the literature

Oxidant Water uptake (wt%) Relative conductivity Relative methanol permeability Ref.

Nafion 115 – 24.6 1 (0.032 S cm−1) 1 (2.6 × 10−6 cm2 sec−1) [14,16]
PPy/Nafion H2O2 19.2 0.712 0.381 [14,16]
PPy/Nafion H2O2 0.561 0.580 [11]

H2O2/H2SO4 (aq) 0.545 0.804 [11]
PPy/Nafion Fe(NO3)3 18.5 0.727 0.832 [12]
PPy/Nafion (NH4)2S2O8 22 0.5 0.616 [13]
S 1 (0. −1 −6 2 −1

P 0.53
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PEEK*
Py/SPEEK* H2O2

SPEEK: sulfonated poly(ether ether ketone), the degree of sulfonation 0.65.

ummarised in Table 1. Studies dealing with the direct appli-
ation of CPs as the catalyst support in the fuel cell are rare, it
ppears that only Jüttner et al. [3] and Qi et al. [2] have reported
he direct application of PPy as a catalyst support in MEAs.
i has used hot pressing of polystyrene sulfonate-doped PPy
articles impregnated with Pt particles and bonded by Teflon
n the Nafion membrane surface. Although the electrocatalytic
ctivity of this electrode has been proved, the negative influence
f high temperature on the properties of PPy particles and poor
dherence between the catalyst layer and the membrane must
e considered. Recently, a novel method for direct deposition of
hin Pt catalyst layers on Nafion membranes impregnated with
Py was proposed for unitized regenerative fuel cells (URFC)
6]. This new method has been considered as an alternative way
f preparation, avoiding the application of high temperature
nd poor adherence.

For this reason, the preparation and characterization of new
EAs based on PPy modified Nafion membranes as a cata-

yst support for DMFC application is reported in this study.
he chemical and electrochemical properties of the prepared
Py-modified Nafion composite membranes and Pt/PPy/Nafion
EAs were studied.

. Experimental

.1. Membrane pre-treatment

Nafion 117 membranes were cleaned by immersion in boiling
% H2O2 and 1 M H2SO4 for 1 h each. The membranes were
hen rinsed in boiling de-ionized water for 1 h, and the procedure
as repeated at least twice to remove sulphuric acid completely.
fter this purification procedure, the membranes were stored in
e-ionized water at room temperature before use.

.2. PPy/Nafion composite membrane

Polypyrrole-modified Nafion composite membranes were
repared by the following procedure. First, the Nafion mem-
rane was impregnated in 0.1 M pyrrole monomer aqueous
olution at room temperature. In our experiments, the impreg-

ation times were 5, 20 and 40 min, respectively. Pyrrole
onomers were absorbed into the membrane during the impreg-

ation process, which caused the colour of the membrane to
hange from transparent to yellowish. Then the membrane was

2

t
i

049 S cm ) 1 (4.1 × 10 cm sec ) [15]
1 0.375 [15]

laced in a two-compartment glass cell, and one side of it was
xposed to 0.5 M FeCl3 solution for 1 h at room temperature.
fter polymerisation, the resulting PPy/Nafion composite mem-
rane was boiled in 1 M H2SO4 and de-ionized water for 1 h
ach. All the PPy/Nafion composite membranes were black.

.3. Characterization of PPy/Nafion composite membrane

.3.1. Thermal analysis
To analyze the thermal stability of PPy/Nafion composite

embranes, thermogravimetric analysis (TGA) was carried out
sing a thermal balance (LCT-2, Beijing Optical Instruments
o.). Samples of approximately 15–20 mg were first dried at
00 ◦C for 24 h, and then programmed from 30 to 500 ◦C at the
ate of 10 ◦C/min under a nitrogen atmosphere.

.3.2. Proton conductivity
The proton conductivity of the PPy/Nafion composite

embranes was derived from DC measurements using a poten-
iostatic four-electrode technique at room temperature [17,18].
or this the test membrane was placed in a two-compartment
lass cell. Each compartment was filled with 1 M H2SO4 and
ontained a Pt counter electrode as well as an Ag–AgCl reference
lectrode with Luggin capillary. All electrodes were connected
o the terminals of a potentiostat (EG&G Princeton Applied
esearch, Model 273 Potentiostat/Galvanostat). The ionic cur-

ent I through the membrane was measured as a function of the
otentiostatically controlled potential difference �E between
he tips of the Luggin capillaries. The proton conductivity σ was
alculated as follows:

= l

RA

here R is the resistance of the PPy/Nafion composite mem-
rane which was calculated from the slope of the linear plot
versus �E, l is the thickness, and A is the membrane area.
o determine the electrolyte resistance between the membrane
nd the two Luggin capillaries, a measurement was carried out
ithout membrane.
.3.3. Methanol permeability
In our experiments, two methods were used to measure

he methanol permeability of samples. Methanol permeabil-
ty was measured using a diaphragm cell at room temperature
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19], and under fuel cell conditions at 80 ◦C [20], respec-
ively.

Method 1: The glass cell consisted of two identical com-
artments (V = 16 ml), separated by the test membrane and
ontaining 1 M methanol solution on one side and de-ionized
ater on the other side. Both compartments were magnetically

tirred during the experiment. The methanol permeated through
he membrane into the de-ionized water with increasing time.
he concentration of permeated methanol was measured by GC

FULI 9790 Gas Chromatograph). The methanol permeabil-
ty was calculated from the slope of the linearized plot of the

ethanol concentration versus the permeation time.
Method 2: Methanol permeability of membranes at 80 ◦C was

ested under fuel cell condition (electrolysis mode) [20]. The
uel cell configuration is shown in Fig. 1. One molar methanol
olution was fed to the left side electrode as in a DMFC. Then
ethanol permeated through the left carbon cloth backing, the

hin Pt catalyst layer and the membrane tested. The flux rate of
ermeating methanol was determined by measuring the steady-
tate limiting current density (Jlim) resulting from the complete
ethanol oxidation at the membrane/Pt catalyst interface on

he right side in a nitrogen-saturated water atmosphere. The
embrane electrode assembly (MEA) was manufactured by hot

ressing at 6 bar and 130 ◦C during 4 min. The PPy film of the
Py/Nafion composite membranes was contacted with the cath-
de (electrolysis mode). Linear sweep voltammograms (LSV)
as recorded with EG&G potentiostat with sweep rate 1 mV s−1

t 80 ◦C.

.3.4. Water uptake

Equilibrium absorption of deionized water in membrane sam-

les was determined at room temperature. The wet weight
Gw) of membrane samples was measured immediately after
emoving excess water from the membrane surfaces. The mem-

e
e

s

ig. 1. Schematic diagram of the methanol permeation measurement in DMFC confi
nd counter electrode and humidified nitrogen on the anode that functions as the work
itrogen-saturated water with 400 ml min−1, 1.2 bar and 80 ◦C. Pt loading for anode a
Journal 133 (2007) 113–119 115

rane dry weight (Gd) was obtained after drying the wet
embrane in an vacuum oven for 24 h at 80 ◦C. The water

ptake of the membrane at room temperature was calculated as
ollows:

ater uptake = Gw − Gd

Gd
× 100%

.4. Pt/PPy/Nafion electrode

The Pt catalyst deposited onto the PPy/Nafion composite
embrane was prepared by using H2PtCl6 as Pt precursor

nd NaBH4 as reducing agent. The PPy/Nafion membrane was
laced in a two-compartment cell with 10 mM H2PtCl6 solu-
ion on one side and 1 M NaBH4 solution on the other side. The
eaction was carried out at room temperature, and the reduction
ime was fixed to 1.5 h. The opposite face of the Pt/PPy/Nafion
lectrode was deposited by the same method. After deposi-
ion, the resulting electrode was soaked in 1 M H2SO4 for
4 h and then washed with de-ionized water at room temper-
ture. All electrodes were stored in de-ionized water before
esting.

Cyclic voltammetry (CV) and methanol oxidation mea-
urements on Pt/PPy/Nafion electrodes were carried out
sing a conventional 3-electrode technique with a Model
73 Potentiostat/Galvanostat, EG&G Princeton Applied
esearch. A Pt/PPy/Nafion electrode connected to a stainless

teel ring acted as the working electrode. The geometric area
f the electrode was 0.785 cm2. A Pt-foil was used as the
ounter electrode, and an Ag–AgCl electrode as the reference

lectrode. The temperature was controlled at 25 ◦C during the
xperiments. The electrolyte solution in CV was 1 M H2SO4.

The morphology of the Pt/PPy/Nafion electrode surface was
tudied by scanning electron microscopy (SEM, Philips XL-40).

guration. Methanol solution flows on the cathode side functioning as reference
ing electrode. Operating conditions: 1 M methanol solution with 10 ml min−1,
nd cathode were 1.0 mg cm−2.
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.5. DMFC test

The fuel cell performance was evaluated by using a DMFC
ith an active area of 4 cm2. The operating temperature of

he cell was 80 ◦C. Two molar methanol solution was pumped
hrough the DMFC anode at a flow rate of 10 ml min−1 at atmo-
pheric pressure, and humidified oxygen gas was fed to the
athode at a pressure of 0.1 MPa.

. Results and discussion

.1. Characteristics of the PPy/Nafion composite
embrane

In our experiments, several kinds of PPy modified Nafion
omposite membranes with different impregnation time of the
afion in the pyrrole solution were investigated. These modi-
ed membranes are named P/N005 for 5 min, P/N020 for 20 min,
nd P/N040 for 40 min of impregnation time, respectively. The
egree of polymerisation of pyrrole and the amount of polypyr-
ole inside the PPy/Nafion composite membranes increased with
ncreasing impregnation time.

Fig. 2 shows the TGA curves of Nafion and PPy modified
afion composite membrane. The first weight loss appears in

he temperature 80–250 ◦C, which is believed to be due to the
oss of water. Despite drying each sample at 100 ◦C for 24 h,

embrane had residual water which was freezingly boundary
ater [21]. Vaporization behaviour of this water is different

rom that of bulk water. It could not be removed completely
t 100 ◦C, due to the interaction with the sulfonic acid groups
f Nafion. The second weight loss appears in the temperature
50–500 ◦C, which was associated with a dedulfonation process.
ue to the ionic interaction between the secondary ammonium

roups of the polypyrrole and the sulfonated acid groups of
afion in the PPy/Nafion composite membranes, it reduced the
eight loss of composite membranes compared with the pure
afion membrane in the temperature 250–500 ◦C. This means

Fig. 2. TGA curves of Nafion 117 and P/N 040 composite membrane.

h
r
o

F
b

ig. 3. Proton conductivity and methanol permeability of Nafion 117 and
Py/Nafion composite membranes at room temperature.

he incorporation of PPy can improve the thermal stability of
embranes. The same behavior has been obtained by Park et al.

14].
The cell performance in a DMFC, apart from the Pt-

oading, is mainly determined by the proton conductivity and
he methanol crossover. In general, a good performance requires
hat the proton exchange membranes show high proton con-
uctivity and low methanol crossover. Fig. 3 gives the proton
onductivity and the methanol permeability of these composite
embranes at room temperature as a function of the impreg-

ation time. Clearly, with increasing impregnation time, both
roton conductivity and methanol permeability of the composite
embranes decrease. A similar phenomenon has been reported

n the literature [11–14,16,22]. Fig. 4 shows LSVs between 100
nd 900 mV at a 1 mV s−1 sweep rate for Nafion 117 and P/N
omposite membranes. Cell voltage is controlled by the cathodic

ydrogen evolution and anodic methanol oxidation. The cell cur-
ent limitation under 650 mV is caused by transport limitation
f the methanol oxidant through membrane. In the kinetically

ig. 4. Methanol permeation measurement of PPy/Nafion composite mem-
ranes at 80 ◦C in DMFC configuration.
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Table 2
Transport properties of Nafion and PPy/Nafion composite membranes at room
temperature

Nafion 117 P/N 005 P/N 020 P/N 040

Water uptake (wt%) 25.3 23.4 22.3 20.1
Relative proton

conductivity
1 0.538 0.404 0.365

Relative methanol
Permeability

1 0.525 0.393 0.227
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ontrolled region (400–550 mV) the overpotential values are
imilar for all membranes. The small current peak near 600 mV
esults from oxidation of the methanol stored in the reaction
nd backing layers of the GDE anode. Permeation-controlled
ethanol oxidation takes place only after total consumption of

he methanol in the GDE structure (650–900 mV). As expected,
he limiting diffusion current density decreases with the increas-
ng impregnation time. For Nafion 117, the limiting diffusion
urrent density is about 150 mA cm−2, which is in good agree-
ent with data reported by Ren et al. [20]. The limiting values of

he PPy modified Nafion composite membranes correlate well
ith the methanol permeation experiments in Fig. 4.
There are two main factors affecting the conductivity and the

ethanol permeability of PPy/Nafion composite membranes.
ne is the ion association of PPy and the sulfonic acid groups
f Nafion, which leads to electrostatic crosslinking inside the
afion ionomer, a decreased mobility of the ionic clusters, con-

raction of pores, and therefore a decrease of the water uptake, the
roton conductivity and the methanol permeation of the mem-
ranes. Another factor is that the volume physically occupied by
Py reduces the free volume of the Nafion pores (if it is assumed

hat the membrane does not swell to accommodate the PPy).
Table 2 shows that the relative proton conductivity of the

omposite membranes is higher than the relative methanol

ermeability. This means that the methanol permeability was
educed more than the proton conductivity despite the swelling
ffect of the ionic clusters. Hence, PPy modified Nafion com-
osite membranes are promising new membranes for DMFC

r
r
m
t

Fig. 5. SEM images of Pt/PPy/Nafion electrode surfaces with different Pt lo
hickness 185 187 190 195
mount of PPy (wt%) 0 2.5 5.8 9.2

pplications. This has been verified in DMFC tests by several
roups [12,14,22].

.2. Electrochemical properties of Pt/PPy/Nafion electrode

When the Pt/Nafion electrode was fabricated in the absence
f polypyrrole, the Pt particles formed on the Nafion surface
ere easily peeled off. In the presence of polypyrrole, we found

hat the Pt particles as well as adhered well to the Nafion
urface. The difference of adhesion can be explained by con-
idering the mechanism of the Pt reduction process. Liu et al.
23] reported that platinum nucleation is initiated by chemical

eduction after introducing the reductant into the platinic chlo-
ide solution. As the size of the particles increases, the growth
echanism of the particles and their aggregation to clusters is

urned into a predominantly electroless reaction, i.e. the electron

adings. (A) 0.15 mg cm−2, (B) 0.54 mg cm−2 and (C) 0.67 mg cm−2.
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s produced by an electroless reaction. The electron cannot be
ransported inside the poorly electron-conductive Nafion mem-
rane. However, because the modification of the polypyrrole
nduces electronic conduction, the adhesion of Pt on the mem-
rane surface is significantly enhanced. Therefore, the oxidation
tate of polypyrrole bonded with sulfonic acid groups to the
afion membrane is an important factor to control the dispersion

nd the location of the Pt catalyst.
In our experiments, the Pt loading could be controlled by the

mpregnation time of the Nafion in the pyrrole monomer solu-
ion. When the impregnation time was 5, 20 and 40 min, the
oading of Pt was 0.14, 0.54 and 0.67 mg cm−2, respectively.
ig. 5 shows the morphology of the Pt/PPy/Nafion electrode
urface for various Pt loadings. It is observed that Pt particles
ith a porous structure uniformly exist in the electrodes with a

ize less than 1 �m. The thickness of the catalyst layer in our
lectrodes was found to be about 3–6 �m. Because the deposi-
ion of Pt particles is predominantly controlled by an electroless
eaction, as mentioned above, the electrode prepared for 5 min of
mpregnation time has a low PPy amount so that there are less
t particles growing on the PPy/Nafion composite membrane
urface.

Fig. 6 shows typical cyclic voltammograms (CV) of the
t/PPy/Nafion electrodes in 1 M H2SO4 at room temperature.
he measurements were carried out in the potential range from
0.25 to 1.2 V versus Ag–AgCl at a scan rate of 40 mV s−1. In

ur experiments, the CV measurements of our electrodes were
ycled continuously for 1000 times. The CV results of samples
id not change, which means the electrodes were very stable.
he cathodic and anodic peaks observed between –0.25 and
.1 V correspond to the adsorption and desorption of hydrogen
ons on the Pt catalysts, respectively. The active area of the Pt
atalyst was calculated from the area of the hydrogen absorp-

ion region obtained by multiplying the current density with the
can time and comparing it to the area of the hydrogen adsorption
egion of a mono-layer of platinum, which is about 210 �C cm−2

24]. The roughness factor and the active surface area of the

ig. 6. Cyclic voltammograms of Pt/PPy/Nafion membrane electrodes with dif-
erent Pt loadings. Scan rate: 40 mV s−1; temperature: 25 ◦C; electrolyte: 1 M

2SO4.

e
c
c
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repared Pt/PPy/Nafion electrodes are given in Table 3. The
oughness factor is the ratio of the actual adsorption charge to
he theoretical adsorption charge on smooth platinum. The active
urface area is the ratio of the roughness factor to the Pt loading.
rom the data in Table 3, it is found that the roughness fac-

or and the active surface area of the Pt/PPy/Nafion electrodes
ncreased with increasing time of impregnation of Nafion in
he pyrrole monomer solution. It is assumed that the formation
nd the amount of Pt particles formed on Nafion are affected
y the degree of polymerization of pyrrole. The active surface
rea of the electrode with a loading of 0.67 mg cm−2 Pt was
76 cm2 mg−1 in our experiments, which is still lower than that
f a commercial Pt/C electrode (e.g. for a loading of 2 mg cm−2

t ca. 575 cm2 mg−1 [25]). The Pt particle size of the commer-
ial Pt/C electrode is normally around 3–5 nm. However, our Pt
article size was about 100–200 nm.

.3. DMFC performance of Pt/PPy/Nafion electrode

Fig. 7 shows the current–voltage performance curves of a
ingle DMFC prepared with Pt/PPy/Nafion electrodes with dif-
erent Pt loadings. Because both sides of the Pt/PPy/Nafion
lectrodes were made one after the other, the resulting Pt load-
ng on either side is not exactly the same. Therefore, the side
ith the higher Pt loading was selected as the anode side in
ur experiments. The performance of the fuel cells equipped
ith the Pt/PPy/Nafion electrodes with different Pt loadings
as evaluated in presence of 2 M methanol solution and water-

aturated oxygen gas with an active area of 4 cm2 at 80 ◦C. The
est performance was obtained for the MEA with 0.67 mg cm−2

f Pt for the anode and 0.56 mg cm−2 of Pt for the cathode. The
aximum of power density of 12.25 mW cm−2 was obtained at

.175 V. To confirm the durability of cell performance in our
lectrode, the cell performance of the P/N 040 electrode was

ontinuously tested in a single DMFC for 100 h. From Fig. 8, it
an be found that the cell performance of the P/N 040 electrode
as maintained for long time.

ig. 7. DMFC performances of Pt/PPy/Nafion electrodes with different Pt load-
ngs. Operating conditions: 2 M methanol solution (10 ml min−1); pure O2

0.1 MPa) and 80 ◦C.
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Table 3
Electrochemical properties of Pt/PPy/Nafion electrodes

Electrode Impregnation
time (min)

Pt loading
(mg cm−2)

Charge density
(mC cm−2)

Roughness
factor

Pt surface area
(m2 g−1)

P/N 005 5 0.15
P/N 020 20 0.54
P/N 040 40 0.67
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[

[
[
[

[
[
[
[

[

[
State Lett. 3 (2000) 529.
ig. 8. The durability of P/N 040 electrode in running DMFC condition. Oper-
ting conditions: 2 M methanol solution (10 ml min−1); pure O2 (0.1 MPa) and
0 ◦C.

. Conclusion

A novel membrane electrode assembly based on direct
eposition of the Pt catalyst on the membrane for DMFC appli-
ations was prepared in this study. Both proton conductivity
nd methanol permeability of the PPy-modified Nafion com-
osite membranes decrease with increasing impregnation time
f the Nafion membrane in the pyrrole monomer solution. The
ethanol permeability of the PPy/Nafion composite membranes
as reduced more than the proton conductivity despite the

welling effect of the ionic clusters. Pt particles can be eas-
ly deposited on the Nafion membrane in presence of PPy. The
oughness factor and the active surface area of the Pt catalysts
ncreased with increasing PPy loading. Among single DMFCs
ith different Pt loadings, the MEA with 0.67 mg cm−2 of Pt on

he anode and 0.56 mg cm−2 of Pt on the cathode showed the
est performance.

The results show that direct deposition of the Pt catalyst
n a polypyrrole-modified Nafion membrane is a promising
ethod for the preparation of new MEAs for DMFC appli-

ations. Further investigations will be needed to establish the

ptimal conditions for the fabrication of Pt/PPy/Nafion elec-
rodes. In addition, for the DMFC anode, it would also be
ecessary to deposit a mixed Pt and Ru metal or alloy catalyst
o reach high activity for methanol oxidation.

[
[

[

0.902 4.3 2.86
18.67 89 16.5
24.76 118 17.6
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