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a b s t r a c t

A novel catalyst support was synthesized by in situ chemical oxidative polymerization of pyrrole on
Vulcan XC-72 carbon in naphthalene sulfonic acid (NSA) solution containing ammonium persulfate
as oxidant at room temperature. Pt nanoparticles with 3–4 nm size were deposited on the prepared
polypyrrole–carbon composites by chemical reduction method. Scanning electron microscopy and trans-
eywords:
olypyrrole
omposite support
uel cell
lectrocatalysis

mission electron microscopy measurements showed that Pt particles were homogeneously dispersed in
polypyrrole–carbon composites. The Pt nanoparticles-dispersed catalyst composites were used as anodes
of fuel cells for hydrogen and methanol oxidation. Cyclic voltammetry measurements of hydrogen and
methanol oxidation showed that Pt nanoparticles deposited on polypyrrole–carbon with NSA as dopant
exhibit better catalytic activity than those on plain carbon. This result might be due to the higher electro-
chemically available surface areas, electronic conductivity and easier charge-transfer at polymer/carbon
particle interfaces allowing a high dispersion and utilization of deposited Pt nanoparticles.
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. Introduction

Fuel cells, as devices for direct conversion of the chemical energy
f a fuel into electricity by electrochemical reactions, are among
he key enabling technologies for the transition to a hydrogen-
ased economy [1–3]. Direct methanol fuel cells (DMFCs) have
een attracting enormous research interest as portable power
ources because of their high energy density, fuel portability, and
ow operating temperature [4,5]. However, poor methanol oxi-
ation at the anode is one of the main challenges to develop
MFC applications. The poor methanol oxidation is the slug-
ish electrochemical oxidation of adsorbed carbon monoxide,
n intermediate of the anodic methanol oxidation. To improve
he anode catalyst performance, a major strategy is to develop
upporting materials to achieve high dispersion, utilization, activ-
ty, and stability for catalysts [6,7]. This approach is particularly
mportant for lowering the fuel cell cost by reducing the use of

xpensive Pt-based noble metal catalysts. A suitable supporting
aterial must be stable in acid media, good electronic conduc-

ivity, and high specific surface area. An anisotropic morphology
s helpful to improve mass transport properties in the catalyst
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ayer. By suitably combining conducting polymer and carbon with
atalytic metal nanoparticles, new electrocatalysts with higher
urface area and methanol oxidation activity can be generated
8].

Conducting polymers, such as polyaniline (PANi) and polypyr-
ole (PPy), having good electronic and proton conductivity,
ispensability and special nanometer structure, have attracted
uch attention for fuel cell applications [9–15]. PPy is unique

mong the family of conjugated polymers since its doping level
an be readily controlled through an acid doping/base de-doping
rocess [16–19]. It has been shown that the use of macromolecule
roton acid as a dopant can enhance the electronic conduc-
ivity of PPy and limit the growth of PPy particles [20–22].
wning to its high conductivity and environmental stability, PPy
as been extensively studied in many fields, including anticor-
osion coating, second battery anode material, sensors, medical
aterials, electromagnetic shielding devices and solid electrolyte

ondenser [23,24].
Recently, in situ chemical polymerization method has been used

o prepare nanosized powder, wire, fiber and tube of PPy broadly,
n which FeCl3, (NH4)2S2O8 or H2O2 were used as oxidant and HCl

r H2SO4 as proton acid [9,25–27]. For fuel cell application, it is
xpected that PPy-modification can increase the electrochemical
urface area and improve the electrocatalysis ability of Pt/carbon
atalyst. Here, we prepared the nanostructured PPy–carbon com-
osite as an electrocatalyst support and research the effect of

http://www.sciencedirect.com/science/journal/03787753
mailto:lilei0323@yahoo.com.cn
mailto:yangj723@sjtu.edu.cn
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aphthalene sulfonic acid as dopant on the electrochemical oxi-
ation of hydrogen and methanol.

. Experimental

.1. Materials

Reagent grade �-naphthalene sulfonic acid (NSA), sodium boro-
ydride (NaBH4) and ammonium persulfate (APS) were obtained
rom China National Pharmaceutical Group Corp., and catalyst
recursor salt H2PtCl6·6H2O was purchased from Alfa Aesar. Chem-

cally pure pyrrole (Py) monomer was obtained from Sinopharm
hemical Reagent Co. Ltd. Double-distilled (DDI) water was used
hroughout the experiments.

Vulcan XC-72 carbon powder from Cabot Company was pre-
reated with 6 M HNO3 and DDI water at 100 ◦C, respectively. Then
t was washed with DDI water and dried at room temperature under
acuum condition for 24 h.

.2. Synthesis of polypyrrole–carbon composite

Polypyrrole–carbon composites were synthesized by in situ
hemical oxidative polymerization of Py monomer on carbon pow-
ers. 150 mL ethanol solution containing Vulcan XC-72 (0.6 g) was
onicated at room temperature for 0.5 h to disperse carbon pow-
er. Py monomer (3 mmol) solved in 100 mL DDI water was added
o the above suspension solution and keep stirring for 30 min.
hen 100 mL APS (6 mmol) solution containing NSA (0.001 mol, the
y/NSA molar ratio according to the Ref. [28] is 3:1) was added
lowly to the suspension with constant stir for 4 h at room temper-
ture. After reaction, the resulting PPy–XC72 powder was filtered
nd rinsed with distilled water and ethanol until the filtrate became
olorless. The obtained black powder was dried under vacuum con-
ition at room temperature for 24 h. For comparison, the PPy–XC72
ithout NSA was prepared by the same method.

.3. Synthesis of Pt nanoparticle decorated polypyrrole/carbon
omposites (40 wt.% Pt/PPy–XC72)

40 wt.% Pt/PPy–XC72 catalysts were prepared by chemical
eduction method. 100 mg PPy–XC72 support was suspended in
0 mL DDI water, then stirred using ultrasonic treatment for 20 min
nd then mechanically stirred for 4 h. 3 mg mL−1 H2PtCl6 aqueous
olution was dropped to the PPy–XC72 suspension solution. A flow
f nitrogen was passed through the reaction system to isolate oxy-
en. Pt particles were deposited onto the PPy–XC72 support by
dding 200 mL NaBH4 (0.05 mg mL−1) of ethanol solution for 3 h to
he solution at room temperature. The resulting catalyst particles
ere then filtered and washed with de-ionized water, and finally
ried at 45 ◦C for 12 h. A similar procedure was followed to syn-
hesize 40 wt.% Pt/PPy–XC72 without NSA as dopant and Pt/carbon
atalysts. The platinum loading in the catalyst were 40 wt.% in our
xperiments.

.4. Fabrication of 40% Pt/PPy–XC72 electrodes

Catalyst ink was prepared by blending 40 wt.% Pt/PPy–XC72 cat-
lyst with ethanol and 5 wt.% perfluorosulfonic acid (PFSA) ionomer
olution (Dongyue Group Co Ltd., China). 5 mg catalyst was added

nto 10 mL ethyl alcohol and 0.5 mL of 5 wt.% PFSA solution, and
ltrasonically mixed for 30 min. Then, 30 �L mixed solution was
niformly dispersed on glassy carbon electrode and dried at room
emperature. In our experiments, the weight ration of PFSA and
atalyst was 1:2.

f
d
f
4
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.5. Characterization

The SEM and TEM images were taken using JEM-100CX scan-
ing electron microscope and JEOL S-520 transmission electron
icroscopy, respectively. X-ray diffraction (XRD) experiments were

arried out on D/max-2200/PC X-ray Diffractometer. The electronic
onductivity of catalyst was measured by four-probe conductivity
easurement method.
Cyclic voltammeter measurements were carried out in a three-

lectrode cell by using a Model 616 rotating disk electrode from
utolab PGSTAT302 electrochemical test system (Eco Chemie,
etherland). A glassy carbon disk (3 mm o.d.) coating catalyst was
sed as working electrode, a platinum foil as counter-electrode,
nd an Ag/AgCl electrode as reference. 0.5 M H2SO4 aqueous solu-
ion served as electrolyte for hydrogen oxidation measurements,
nd 0.5 M H2SO4 + 1 M CH3OH aqueous solution for methanol oxi-
ation measurements, respectively. High-purity N2 was bubbled

nto the electrolytes during the experiment.
The CO stripping test was carried out as follows. CO was

dsorbed by flowing pure CO at a flow rate of 100 mL min−1 through
he 0.5 M H2SO4 aqueous solution for 30 min, while holding the
lectrode potential at 0.1 V. By keeping the potential at the same
alue the gas was switched to N2 for 15 min and remove CO traces
rom the gas phase. After additional 20 min, the potential was
canned with the sweep rate of 20 mV s−1 from the starting poten-
ial to 1.0 V and then back to −0.3 V.

. Results and discussion

The stereo structure of electrodes is an important property of
uel cell, in which carbon is considered to supply good electronic
onductivity, and PFSA provides proton transfer channels. There-
ore, the surfaces with the contact among platinum, carbon and
FSA become a key to assess the property of electrode. Furthermore,
ow to improve the space structure of these three phases is also
ery important. While polypyrrole is introduced to this space struc-
ure as a proton conductive polymer material, the electrochemical
erformance of electrode may be improved.

The geometric configurations of both nanostructured PPy–XC72
lectro-catalytic supports with and without NSA dopant are shown
n Fig. 1. It is difficult to identify and distinguish carbon and
olypyrrole particles. The polypyrrole/carbon composite consists
f agglomerate particles with the primary particle size of about
0–30 nm. These agglomerate particles are made up of homo-
eneous clusters with about 100–200 nm. Carbon particles and
olypyrrole seem not to be mechanically mixed but well incor-
orate each other. Maybe such a good dispersion will supply a
ood transfer channel for proton and electron, and reduce the elec-
ric resistance of phase interface. The average particle size of the
anostructured PPy–carbon composites prepared with NSA con-
entrations of 0.005, 0.02 and 0.1 M as dopant is about 20, 21 and
5 nm, respectively. A conjecture for the particle size difference is
hat different PPy structure. Structurally, most of the PPy units with-
ut dopant should be a long and line arrangement. When NSA was
dded as a dopant, one molecule of NSA will dope with three pyr-
ole rings [28], and the line morphology will be changed, hence
he decrease of particle size of PPy. But redundant NSA will be
rapped in the PPy matrix, which will make the PPy–XC72 particle

ize large.

Fig. 2 shows the TEM images of platinum deposited on the sur-

ace of PPy–XC72 composite supports. It can be seen that well
ispersed, spherical platinum particles were anchored on the sur-

ace of PPy–XC72 composite supports with size ranging from 3 to
nm, be comparable with that of JM commercial 40% Pt/C (<4.5 nm)



H. Zhao et al. / Journal of Power Sources 184 (2008) 375–380 377

[
v

t
s
m
c
d
1
d
c
a
c
N
c
a

T
T

C

X
P
P

i
a
A

Fig. 1. SEM images of PPy–XC72 with (a) and without (b) NSA as dopant.

29]. The nanosized Pt dispersion on PPy–XC72 composites pro-
ides a favorable condition for good electrochemical performance.

In order to research the effects of PPy and NSA on the conduc-
ivity of catalyst support, the conductivities of different catalyst
upports were measured via four-probe conductivity measurement
ethod. The test result (Table 1) shows that the pretreated XC72

arbon black has a high conductivity about 28 S cm−1, and the con-
uctivity of PPy–XC72 with and without NSA as dopant is 25.9 and
2 S cm−1, respectively. The conductivity of PPy–XC72 with NSA as
opant is high enough to provide electrons transfer channel. While
omparing both the PPy–XC72 composite supports, we find that the
dditional NSA as dopant plays an important role in improving the

onductivity of PPy–XC72. A high conductivity of PPy–XC72 with
SA as dopant should be due to that NSA, as a macromolecule acid,
an dope into the 3D structure of PPy matrix and form a proton
cid structure, which improve the ability of electronic transfer. So

able 1
he conductivity of different catalyst supports

atalyst support Conductivity (S cm−1)

C72 28
Py–XC72 without NSA as dopant 12
Py–XC72 with NSA as dopant 25.9
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Fig. 2. TEM images of Pt/PPy–XC72 with (a) and without (b) NSA as dopant.

n this paper, by NSA as dopant, the composite support still keeps
high conductivity and is suitable to be used as a catalyst support.
lso to some content, such a method can improve the stereo struc-

ure of catalyst layer and should be an effective method in carbon
odification.
The XRD patterns of 40% Pt/PPy–XC72 with and without NSA

opant are shown in Fig. 3. The first peak located at about 26.3◦ cor-
esponds to characteristic of graphite (0 0 2) plate of the PPy–XC72
upport. The three peaks at 2� values of about 39.7◦, 46.2◦ and 67.5◦

re characteristic of face-centered cubic (fcc) crystalline Pt (JCPDS,

ard no. 04-0802), referred to the planes (1 1 1), (2 0 0) and (2 2 0)
30,31]. In view of that the (2 2 0) peak is not affected by carbon
nd PFAS, the average size of the Pt particles on PPy–XC72 with and
ithout dopant are calculated from Pt(2 2 0) peak by means of the

cherrer formula. It is estimated from the Scherrer formula that the
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ig. 3. X-ray diffraction of 40% Pt/PPy–XC72 with (a) and without (b) NSA as dopant.

verage size of Pt particles on PPy–XC72 with and without dopant
s 3.3 and 3.6 nm, respectively. These values are consistent with the
esult observed from the TEM images. All of these two catalysts have
he high and sharp peak, which means that the Pt(1 1 1) is perfect.
ut the XRD of Pt/PPy–XC72 with NSA as dopant has wider half
eak, indicating smaller particle size. The finer particle dispersion
an provide more Pt catalysis sites and thus improve the hydro-
en reduction ability. It is beneficial for accelerating the oxidation
peed of hydrogen, thus improve the catalysis activity.

The electrochemical stability of the composite supports was
tudied by an additional CV experiment with the composite sup-
ort modified glassy carbon electrode as work electrode in H2SO4
queous solution. In the CV curves (Fig. 4), these two composite
upports have the identical shape and no other reactions when the
SA was added into the composite support, which confirms that

he PPy–XC72 with NSA as dopant is electrochemically stable in
he potential range from −0.3 to 1.0 V.

The electrochemical reactivity and electrochemical active sur-
ace areas of different catalysts were determined by cyclic
oltammetry measurement performed in 0.5 M H2SO4 aqueous

olution at a sweep rate of 20 mV s−1. As shown in Fig. 5, the hydro-
en adsorption and desorption peaks of Pt/PPy–XC72 with NSA as
opant (a) are bigger than those of the other two electrochemical
atalysts. According to the columbic amount (Q) associated with

ig. 4. Cyclic voltammograms of PPy–XC72 with (a) and without (b) NSA as dopant
n glassy carbon electrode, electrolyte: 0.5 M H2SO4, sweep rate: 20 mV s−1 and
emperature: 25 ◦C.
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ig. 5. Cyclic voltammograms of 40% Pt/PPy–XC72 with (a) and without (b) NSA
s dopant and commercial 40% Pt/C (c), electrolyte: 0.5 M H2SO4 aqueous solution,
weep rate: 20 mV s−1, temperature: 25 ◦C and Pt loading: 200 �g cm−2.

he peak area, the electrochemically active surface (EAS) can be
alculated using the following equation [32,33]:

AS = Q

m · C

here C denotes the quantity of electricity when hydrogen
olecules adsorb on platinum with a homogenous and single layer,

ere it is 210 �C cm2, m is the mass of platinum on catalyst surface.
The EAS values of the catalysts are shown in Table 2. The EAS

alue of our catalyst with NSA (85 m2 g−1 Pt) is larger than that
ithout NSA (68 m2 g−1 Pt) and JM commercial 40% Pt/C (62 m2 g−1

t). Moreover, it is noticed from Fig. 5 that both the Pt/PPy–XC72
atalysts present identical hydrogen oxidation potential compared
ith JM commercial 40% Pt/C. It means that the PPy–XC72 com-
osite support also supplied the good electron conductivity by

ntroducing PPy as a support component. Here, the finely dispersed
ixed-conducting PPy may act as an intermediate to connect elec-

rically conducting carbon and proton-conducting PFSA and ensure
better compatibility among the different components. Therefore,
n effective conducting network for the transportation of both elec-
ron and proton may be established. This may be the important
eason for the significant improvement in the electrochemical per-
ormance.

The methanol electrocatalytic activity of Pt/PPy–XC72 with
SA as dopant was evaluated by the electrochemical oxidation
f CH3OH. For comparison, Pt/PPy–XC72 without NSA as dopant
nd JM commercial Pt/C catalyst were also compared at the same
ondition.

The reaction mechanism for methanol oxidation may be sug-
ested as follows [34]:

H3OH + Pt → Pt CH2OH + H+ + e− (1)
t CH2OH + Pt → Pt2 CHOH + H+ + e− (2)

t2 CHOH + Pt → Pt3 COH + H+ + e− (3)

t3 COH + Pt → Pt (CO)ad + 2Pt + H+ + e− (4)

able 2
lectrochemical active surface of different catalysts

atalyst EAS (m2 g−1 Pt)

t/PPy–C with NSA as dopant 85
t/PPy–C without dopant 86
M commercial 40% Pt/C 62

etermined from the hydrogen adsorption/desorption region of the CV curves in
.5 M H2SO4 aqueous solution.
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Fig. 7. CO stripping voltammetry of 40% Pt/PPy–XC72 with (a) and without (b) NSA
as dopant and commercial Pt/C (c) after CO adsorption at 0.1 V vs. Ag/AgCl for 30 min,
pure CO saturated for 15 min, electrolyte: 0.5 M H2SO4, sweep rate: 50 mV s−1 and
room temperature.

Fig. 8. Long-term stability of 40% Pt/PPy–XC72 with (a) and without (b) NSA as
d
a
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ig. 6. Cyclic voltammograms of 40% Pt/PPy–XC72 with (a) and without (b) NSA as
opant and commercial 40% Pt/C (c), electrolyte: 0.5 M H2SO4 + 1 M CH3OH aqueous
olution, sweep rate: 20 mV s−1, temperature: 25 ◦C and Pt loading: 200 �g cm−2.

t + H2O → Pt (OH)ad + H+ + e− (5)

t (CO)ad + Pt (OH)ad → CO2 + H+ + e− + 2Pt (6)

he overall reaction can be expressed as

H3OH → Pt (CO)ad + 4H+ + 4e− + H2O → CO2 + 6H+ + 6e− (7)

In this methanol mechanism, the intermediate COad adsorbed
n the surface of Pt to form Pt (CO)ad (4). Because the binding
nergy of Pt (CO)ad is very strong, COad is difficult to desorbed from
t, the whole layer of Pt (CO)ad on the surface of Pt will decrease
he EAS of Pt. We note that the Pt (OH)ad is the only intermediate
hich play the function of methanol oxidation, and it is required

hat CO diffuse to the surface of the places where the (OH)ad is
ormed [35]. More amount of Pt (OH)ad is benefit to accelerate the
t (CO)ad to be oxidized to CO2. Without enough active Pt particles,
he methanol oxidation will be limited seriously.

As shown in Fig. 6, the two strong oxidation peaks belong to
ethanol oxidation. The onset potential for methanol oxidation

f Pt/PPy–XC72 with NSA as dopant shows a negative shift with
higher peak current density compared to that of JM commercial
t/C and Pt/PPy–XC72 without NSA as dopant, which means that
ethanol is easier to be oxidized on the surface of Pt/PPy–XC72
ith NSA as dopant than other two catalysts. The large methanol

xidation peak density means that the Pt (OH)ad is easier to form
n Pt/PPy–XC72 with NSA as dopant than on another two cata-

ysts. More amounts of Pt (OH)ad will react with the intermediate
t3 COHads to form carbon dioxide, and improve the methanol
xidation speed. The high positive oxidation peak and relatively
ow oxidation potential indicates the excellent methanol oxidation
bility of the Pt/PPy–XC72 with NSA as dopant.

The CO stripping experiment was carried out to check the CO
oisoning on our catalyst. From the CV of CO stripping test (Fig. 7),

t is observed that after the second anodic sweep, all the CO oxida-
ion peaks disappear. It means that these three catalysts can oxidize
O completely. The CO oxidation peak potentials on Pt/PPy–XC72
ith and without NSA are at 0.56 and 0.57 V versus Ag/AgCl, while

he CO stripping peak potential is 0.71 V for the commercial Pt/C
atalyst. Both CO stripping peak potential of Pt/PPy–XC72 with NSA
s dopant and the onset CO oxidation potential are more negative
han that of commercial catalyst. The CO stripping test result gives
s a proof that the Pt/PPy–XC72 with NSA as dopant has poten-

ial for CO-tolerant anode catalyst in DMFCs. One reason for the
ood CO-tolerant ability of Pt/PPy–XC72 with NSA as dopant is that
he interaction between the Pt particles and PPy may inhibit the
ormation of strongly chemisorbed species, which prevents the Pt
atalytic site to be poisoned and thus leads to higher activity and

b
o
t
d
c

opant and JM commercial 40% Pt/C (c) electrodes in 0.5 M H2SO4 + 1 M CH3OH
queous solution and sweep rate: 20 mV s−1.

reater stability for methanol oxidation. It is similar to the report
hat oxidation of methanol at the Pt modified polypyrrole GC elec-
rode [36].

The long-term stability of 40% Pt/PPy–XC72 with NSA as dopant
as further studied in 0.5 M H2SO4 + 0.5 M CH3OH aqueous solu-

ion with a scan ate is 20 mV s−1. As shown in Fig. 8, before 300
ycles, the peak current density of Pt/PPy–XC72 with NSA as dopant
all down slowly, the reason should be that the different support
tructure, which affects the transfer of methanol and intermediate
pecies, the methanol diffusion control step. Before 300 cycles, the
iffusion speed of methanol into the catalyst is faster than that of

ntermediate products diffuse out of catalyst layer. These two dif-
usion speeds are not accordant, so before 300 cycles, there is a
low decrease of peak density. After 300 cycles, the two diffusion
rocesses arrived at a balance. The anodic peak density shows a sta-
le density about 15.8 mA cm−2. It should be due to the diffusion

alance of methanol and intermediate species, and the methanol
xidation speed trend to be stable. After 500 cycles of CV test,
he current density of anodic peak on 40% Pt/PPy–XC72 (NSA as
opant) catalyst electrode is about 50.8 mA cm−2 higher than the
ommercial 40% Pt/C catalyst.
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. Conclusions

Polypyrrole/Vulcan XC72 carbon composite was prepared
y in situ chemical oxidative polymerization of pyrrole
onomer on carbon particles. SEM measurements show that

he polypyrrole–carbon composite has a homogeneous primary
article distribution from 20 to 30 nm. TEM measurements confirm
hat platinum nanoparticles, with a size range of 3–4 nm, are well
eposited on the polypyrrole–carbon support. Judging from peak
urrent densities and onset potentials of cyclic voltammograms,
he Pt/PPy–XC72 composite with NSA as dopant has excellent
lectrochemical catalytic activity for hydrogen and methanol
xidation. Nanostructured and mixed-conducting PPy as a compo-
ent of Pt catalyst support is favorable for setting up an effective
onducting network for electron and proton transportation and
ay improve the surface morphology for platinum deposition.
SA doping in the PPy–XC72 support could further enhance the
onducting ability of the catalyst layer. These are the possible
easons for the improvement in the hydrogen and methanol
xidation ability. Moreover, the CO stripping experiment affirms
hat the 40 wt.% Pt/PPy–XC72 has good CO-tolerant ability. In
ddition, the composite catalyst of 40 wt.% Pt/PPy–XC72 with NSA
hows the long-term stability in CH3OH-containing solution. After
00 cycles, the peak current density remains higher than the
ommercial catalyst. On the other hand, it needs to be investigated
hether there is some special interaction between nanosized plat-

num and the PPy–XC72 composite, which leads to the enhanced
lectrochemical activation.

cknowledgement

This work is financial supported by the key technology R&D
nder contract 2006BAE02A04, China.
eferences

[1] B. Rajesh, K. Ravindranathan Thampi, J.M. Bonard, H.J. Mathieu, N. Xanthopou-
los, B. Viswanathan, Electrochem. Solid-State Lett. 7 (2004) 404–410.

[

[

[

urces 184 (2008) 375–380

[2] B. Rajesh, Z. Piotr, Nature 443 (2006) 63–71.
[3] T.D. Jarvi, S. Sriramulu, E.M. Stuve, Colloids Surf. 134 (1998) 152–158.
[4] R. Dillon, S. Srinivasan, A.S. Arico, V. Antonucci, J. Power Sources 127 (2004)

112–126.
[5] A.S. Arico, V. Baglio, E. Modica, A. Blasi, V. Antonucci, Electrochem. Commun. 6

(2004) 164–169.
[6] M. Uchida, Y. Aoyama, M. Tanabe, N. Yanagihara, N. Eda, A. Ohta, J. Electrochem.

Soc. 142 (1995) 2572–2576.
[7] G. Wu, Y.S. Chen, B.Q. Xu, Electrochem. Commun. 7 (2005) 1237–1243.
[8] V. Selvaraj, M. Alagar, K. Sathish Kumar, Appl. Catal. B: Environ. 75 (2007)

129–138.
[9] Y. Shen, M. Wan, J. Polym. Sci. A: Polym. Chem. 37 (1999) 1443–1451.
10] D.H. Reneker, I. Chun, Nanotechnology 7 (1996) 216–223.
11] R. Dersch, M. Steinhart, U. Boudriot, A. Greiner, J.H. Wendorff, Polym. Adv. Tech-

nol. 16 (2005) 276–282.
12] T. Ochi, Biochem. Biophysic. Res. Commun. 11 (2004) 67–70.
13] C.R. Martin, Acc. Chem. Res. 28 (1995) 61–68.
14] M.J. Sailor, C.L. Curtis, Adv. Mater. 6 (1994) 688–692.
15] G.G. Wallace, P.C. Innis, J. Nanosci. Nanotechnol. 2 (2002) 441–451.
16] J.X. Huang, R.B. Kaner, Chem. Commun. (2006) 367–376.
17] W.S. Huang, B.D. Humphrey, A.G. Mac Diarmid, J. Chem. Soc., Faraday Trans. 1

(1986) 2385–2400.
18] A.G. MacDiarmid, J.C. Chiang, M. Halpern, W.S. Huang, S.L. Mu, N.L.D. Somasiri,

W.Q. Wu, S.I. Yaniger, Mol. Cryst. Liq. Cryst. 121 (1985) 173–180.
19] A.G. MacDiarmid, Synth. Met. 84 (1994) 27–34.
20] Y. Cao, P. Smith, A.J. Heeger, U.S. Patent 5,624,605 (1997).
21] Y. Cao, P. Smith, A.J. Heeger, Synth. Met. 55 (1993) 3514–3519.
22] J. Su, G.C. Wang, H.S. Deng, X.Q. Fan, J. Funct. Polym. 15 (2002) 122–

125.
23] P. Chandrasekhar, Conducting Polymers, Fundamentals and Applications: A

Practical Approach, Kluwer Academic Publishers, Boston, 1999, pp. 351–
398.

24] T.J. Skotheim, R.L. Elsenbaumer, J.R. Reynolds, Handbook of Conducting Poly-
mers, Marcel Dekker, New York, 1998, pp. 1–120.

25] V. Selvaraj, M. Alagar, Electrochem. Commun. 9 (2007) 1145–1153.
26] Y.C. Liu, C.J. Tsai, J. Electroanal. Chem. 537 (2002) 165–173.
27] S. Sinharay, M. Biswas, Mater. Res. Bull. 34 (1999) 1187–1193.
28] K. Diez, B. Tauer,. Schulz, Colloid. Polym. Sci. 283 (2004) 125–132.
29] http://www.jmfuelcells.com/HiSPEC Customer Chart.pdf.
30] T. Swanson, E. Tatge, Natl. Bur. Stand. (U.S.) Circ. 539 (1953) 31–32.
31] G. Harcourt, Am. Mineral. 84 (1942) 667–789.
32] J. Fournier, G. Fuabert, J.Y. Tilquin, J. Electrochem. Soc. 144 (1997) 145–

154.
33] K.W. Park, J.H. Choi, K.S. Ahn, J. Phys. Chem. B 108 (2004) 5989–5994.

34] E. Leiva, C. Sánchez, in: V. Wolf, L. Arnold, G. Hubert (Eds.), Handbook of Fuel

Cells: Fundamentals Technology and Applications, John Wiley & Sons Ltd., New
Jersey, 2005, pp. 93–130.

35] T.I. wasita, Handbook of Fuel Cells: Fundamentals Technology and Applications,
Electrocatalysis, John Wiley & Sons Ltd., 2003.

36] J. Li, X.Q. Lin, J. Electrochem. Soc. 154 (2007) 1074–1079.


	Nanostructured polypyrrole/carbon composite as Pt catalyst support for fuel cell applications
	Introduction
	Experimental
	Materials
	Synthesis of polypyrrole-carbon composite
	Synthesis of Pt nanoparticle decorated polypyrrole/carbon composites (40wt.% Pt/PPy-XC72)
	Fabrication of 40% Pt/PPy-XC72 electrodes
	Characterization

	Results and discussion
	Conclusions
	Acknowledgement
	References


