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In  the  present  study,  polypyrrole-carbon  black  (Ppy-C)  composite  is synthesized  via  in situ  chemical  poly-
merization  method  and  then  Pt nanoparticles  are  deposited  on  the  surface  of  Ppy-C,  where  tartaric  acid
is employed  as  both  a reductant  and  a  stabilizer  for  Pt nanoparticles.  Transmission  electron  microscopy
(TEM)  and  X-ray  diffraction  (XRD)  indicate  that  Pt  nanoparticles  have  a  higher  dispersion  and  smaller
particle  size  (∼2.3  nm)  on Ppy-C  composite  than  that  on carbon  black.  Electrochemical  measurements
show  that  Pt/Ppy-C  catalyst  Exhibits  60%  higher  electrocatalytic  activity  towards  methanol  oxidation  than
eywords:
t nanoparticles
olypyrrole
artaric acid
t-pyridinic nitrogen sites

Pt/C. X-ray  photoelectron  spectroscopy  (XPS)  characterization  indicates  Pt4f  binding  energy  in Pt/Ppy-C
is shifted  by  +  0.2  eV as  compared  with  that  in  Pt/C,  while  N  1s  binding  energy  in Pt/Ppy-C  shifted  by
−0.5  eV  as compared  with  that  in  Ppy-C  composite.  The  Pt-pyridinic  nitrogen  sites  suppress  the  posion-
ing  CO  adsorption  on  Pt nanoparticles  and  facilitate  the  methanol  electrocatalytic  oxidation.  This  work
is important  for  the  understanding  of the  role  of  Ppy  in  the  fuel  cell  electrocatalyst,  and  the  development

meth
ethanol oxidation of  advanced  catalysts  for 

. Introduction

Low temperature fuel cells are attracting much attention as
n alternative to conventional internal combustion engines and
econdary batteries [1–4]. Much effort has been devoted to devel-
ping low temperature fuel cells in the last few decades, and great
dvances have been achieved [5].  However, it is still challenging
o commercialize them because of the prohibitive cost and poor
urability [6–8]. Catalysts play a key role in both the cost and
he durability of low temperature fuel cells [9].  The conventional
uel cell electrocatalysts are Pt-based nanoparticles supported on
orous conductive supporting materials with a high specific surface
rea.

The support materials can interplay with Pt nanoparticles,
hich influences the catalytic activity. The catalyst durability is

lso greatly dependent on its support. Vulcan XC-72 carbon black
10] and carbon nanotubes (CNT) [11,12] are two  most com-

on  support materials for electrocatalysts in fuel cells because

f the high specific surface area and high electrical conductivity.
ovel nanostructured carbon materials such as carbon nanofibers

13], mesoporous carbon [14,15], carbon nanosphere [16], and

∗ Corresponding author. Tel.: +86 451 86417853.
∗∗ Corresponding author. Tel.: +86 451 86413707.

E-mail addresses: zhangsheng1982@hit.edu.cn (S. Zhang), yingphit@hit.edu.cn
G. Yin).
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378-7753/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2011.09.031
anol  oxidation.
© 2011 Elsevier B.V. All rights reserved.

grapheme [17,18] are also developed as catalyst supports. And due
to the high electron transfer rate and high electrochemical stability,
carbon materials with ordered graphitic structure can also be used
as promising support [19].

Recently, conducting polymers have attracted considerable
attentions due to the promising applications in energy stor-
age/conversion, optoeletronics, chemical sensors, and separations
[20,21]. Among conducting polymers, polypyrrole (Ppy) has been
used as a promising support material due to its high electri-
cal conductivity and facile preparation [22,23].  Ppy can cover
pores and other geometrically restricted portions on the surface
of carbon support [24]. More importantly, Ppy can influence the
catalytic activity of electrocatalysts [25–27].  The composite of Ppy
and carbon supports permits a large surface area, high electrical
conductivity, and facile flow of electronic charges for the elec-
trochemical processes. Zelenay et al. [28] used simple chemical
method to synthesize cobalt-polypyrrole-carbon (Co-Ppy-C) cat-
alysts, where Ppy was solely used as a matrix for entrapping cobalt
and generating active Co–N sites for oxygen reduction reaction
(ORR). Fuel cell tests showed that the Co-Ppy-C catalysts deliv-
ered high ORR activity without any noticeable loss in performance
over 100 h operating times. Selvaraj et al. [29] synthesized Ppy-
CNT composite by in situ polymerization, and then deposited Pt
nanoparticles on the Ppy-CNT by an HCHO reduction method. The

obtained catalysts showed higher activities towards methanol oxi-
dation than Pt/C catalysts, which was attributed to the increase
in electrochemically accessible surface areas due to the com-
bined effect of polymers and carbon nanotubes. Yang et al. [26]

dx.doi.org/10.1016/j.jpowsour.2011.09.031
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:zhangsheng1982@hit.edu.cn
mailto:yingphit@hit.edu.cn
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Fig. 1. FT-IR spectrum of Ppy-C composite.

ynthesized nanostructured polypyrrole/carbon composite synthe-
ized by in situ chemical oxidative polymerization of pyrrole on
ulcan XC-72 carbon. The catalysts exhibited higher methanol oxi-
ation activity and better CO tolerance than conventional Pt/C
atalysts, which might be due to the higher electrochemically avail-
ble surface areas, electronic conductivity, and higher dispersion
nd utilization of deposited Pt nanoparticles.

However, few reports have studied on the underlying reasons
or Ppy improving the eletrocatalytic activity of Pt catalyst. It
as been observed that Pt nanoparticles are more homogeneously
nchored onto Ppy-C composite support than XC-72 carbon black.
herefore it is expected that a strong interaction exists between
t nanoparticles and Ppy. However no investigation has been per-
ormed on the effect of this interaction on the electrocatalysts’
erformance. In the present study, the obtained Pt nanoparticles
niformly deposited on the Ppy-C support exhibited higher electro-
atalytic activity and durability towards methanol oxidation than
t/C. And detailed experiments explored the presence of electron
ransfer between Pt nanoparticles and pyridinic nitrogen sites in
py, which resulted in the high electrocatalytic performance of

t/Ppy-C catalysts.
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Fig. 2. XRD patterns of Pt/C and Pt/Ppy-C.
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2. Experimental methods

2.1. Catalyst preparation

Pyrrole monomer was obtained from Sinopharm Chemical
Reagent Co. Ltd. and purified by distillation under the protection of
high purity argon. Vulcan XC-72 carbon powder was obtained from
Cabot Company and H2PtCl6·6H2O was purchased from Aldrich.
Tartaric acid was  obtained from Beijing Chemical Reagent Com-
pany.

Ppy-C composite was  synthesized by in situ polymerization
method. 0.15 g Vulcan XC-72 powder was  uniformly dispersed into
150 ml  ethanol solution under ultrasonic treatment for 30 min, fol-
lowed by adding 0.734 mmol  (NH4)2S2O8. The obtained mixture
was  stirred for 1 h. Then a freshly prepared pyrrole solution (25 �l
pyrrole monomer solved in 50 ml  ultra-pure water) was  slowly
added to the above suspension solution and kept stirring for 5 h.
After reaction, the product was  filtered and washed with ultra-
pure water and ethanol until the filtrate was  colorless. The obtained
black power was  dried for 5 h at 80 ◦C in a vacuum condition.

20 mass % Pt/Ppy-C catalyst was prepared by a modified colloidal
method [30]. In brief, the catalysts were synthesized as follows.
500 mg  tartaric acid and 0.052 mmol  H2PtCl6 were dissolved in
ultra-pure water, and then sodium hydroxide was added to adjust
the solution pH value to 10. Meanwhile, 40 mg Ppy-C was dispersed
in 50 ml  isopropyl alcohol solution followed by ultrasonic treat-
ment for 1 h, and then added to the above H2PtCl6 solution and
stirred for additional 2 h. Then the suspension solution was heated
to 96 ◦C under reflux for 3 h. During the reaction, a flow of argon
gas passed through the reaction system to remove the oxygen. The
solution was  cooled down to room temperature with continuous
stirring, and then 0.1 mol  L−1 HNO3 was  added into the suspen-
sion solution to adjust the solution pH value to 4. The mixture was
stirred for 12 h and then filtered and washed with plenty of ultra-
pure water, and finally dried at 80 ◦C for 5 h. As a contrast, Pt/C
catalyst was prepared using the same method.

2.2. Materials characterization

Fourier transform infrared (FTIR) analysis was carried out using
a NICOLETiS10 spectrometer. The spectra were obtained by mix-
ing the sample with KBr. The X-ray diffraction (XRD) patterns were
obtained using the D/max-rB diffractometer (made in Japan) using a
Cu K� X-ray source at 45 kV and 100 mA.  The transmission electron
microscopy (TEM) images of the catalysts were taken in a micro-
scope equipped with an Oxford ISIS system. X-ray photoelectron
spectroscopy (XPS) measurements are made using a Physical Elec-
tronics Quantum-5600 Scanning ESCA Microprobe. The Al X-ray
source operated at 250 W.  The sample to analyzer takeoff angle was
45◦. Survey spectra were collected at pass energy (PE) of 187.85 eV
over the binding energy range 0–1300 eV. High binding energy res-
olution Multiplex data for the individual elements were collected
at a PE of 29.55 eV.

2.3. Electrochemical measurement

Electrochemical measurements were performed at a standard
three-electrode electrochemical cell controlled with a CHI 650d
electrochemical working station with Pt foil and Hg/Hg2SO4 as
the counter electrode and reference electrode, respectively. The
catalyst powder was  dispersed in the water to obtain a homo-

geneous black suspension solution (2 mg  ml−1). Then 5 �L of this
solution was  applied onto the surface of a glassy carbon electrode.
After the paste was  dried in room temperature, a 5 �L of 5 wt%
Nafion in ethanol solution spread on the catalyst. The well-prepared
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Fig. 3. TEM images and Pt nanoparticles size distribution of Pt/Ppy-C (a and c) and Pt/C (b and d).
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lectrode was dried overnight at room temperature before electro-
hemical tests.

The working electrode was first activated using cyclic voltam-
ograms (CVs) (0.5–1.2 V at 50 mV  s−1) in Ar-purged 0.5 M H2SO4

olution until a steady CV curve was obtained. Electrochemical oxi-
ation of methanol on the Pt/C is carried out in 0.5 M CH3OH + 0.5 M
2SO4 solutions by the CV technique at 50 mV  s−1 between 0.05 and
.2 V. The amperometric current density–time (i–t) curves were
easured for 1 h at a fixed potential of 0.6 V. For the CO stripping

xperiments, CO was absorbed by holding the electrode at 0.08 V
n CO saturated 0.5 M H2SO4 for 20 min, followed by removal of CO
n the solution by purging argon for 20 min  while still holding the
lectrode potential at 0.08 V. Then CO stripping voltammograms
ere performed at a scan rate of 20 mV  s−1.

All potentials in these studies are reported versus RHE. All the
lectrochemical experiments are carried out at 25 ◦C.

. Result and discussion

.1. Materials characterization

In the present work, Ppy-C composite is synthesized by in situ
hemical polymerization method. FTIR of obtained Ppy-C is shown
n Fig. 1, which was similar to chemical synthesized pure Ppy [31].
ll feature peaks of Ppy can be observed in Fig. 1. The broad peak at
pproximately 3300 cm−1 is the typical N–H stretch. The character-
stic peaks at 1580 cm−1 and 1400 cm−1 can be assigned to the C C
tretching, whereas the peak at 1720 cm−1 represents to C N bond
31]. Two peaks observed at around 1300 cm−1 and 1050 cm−1 are
ttributed to the plane vibration and breathing of pyrrole rings,
espectively [32]. The peaks at 880 cm−1, 790 cm−1 are attributed
o C–H wagging [33]. Therefore, the peaks observed in our present
ork match well with the ones available in the literature, which

onfirms the formation of Ppy.
XRD patterns of Pt/C and Pt/Ppy-C catalysts are shown in Fig. 2.

he diffraction peaks at the Bragg angles of 39.7◦, 46.2◦, 67.4◦, and
1.2◦ are respectively ascribed to Pt(1 1 1), Pt(2 0 0), Pt(2 2 0), and
t(3 1 1) characteristic diffraction, indicating that Pt nanoparticles
n both Pt/C and Pt/Ppy-C catalysts have a face-centered cubic (fcc)
tructure. The average Pt particle sizes of two catalysts are calcu-
ated using the Debye–Scherrer formula [34]:

 = 0.9�K�1

B2� cos �max

here L is the mean size of particles, ���1 is the X-ray wave-
ength (� = 1.5418 Å), �max is the angle of (2 2 0) peak, and B2� is
he half-peak width for Pt(2 2 0). The average sizes of Pt nanopar-
icles are calculated to be 2.7 nm for Pt/C and 2.3 nm for Pt/Ppy-C,
espectively, which indicates that Pt nanoparticles in Pt/Ppy-C have
maller size than that in Pt/C.

Fig. 3 shows TEM images and Pt nanoparticle size distributions of
t/Ppy-C and Pt/C catalysts, where Pt nanoparticles on the surface of
py-C demonstrate higher dispersion than that on the conventional
C-72 carbon black. The Pt nanoparticles highly dispersed on Ppy-C
omposites provides a favorable condition for good electrochemical
erformance. The average sizes of the Pt nanoparticles in Pt/Ppy-

 and Pt/C catalysts are 2.4 nm and 2.7 nm,  respectively, which is
onsistent with the results calculated from XRD patterns. The in
itu polymerization of Ppy made XC-72 carbon black “smooth” and
romoted Pt nanoparticles to disperse uniformly on the Ppy-C com-
osite with improved adhesion [24]. And the small diameter and

igh dispersion of Pt nanoparticles on the surface of Ppy-C sup-
ort can be attributed to the fact that the nitrogen sites in Ppy
ight provide main initial nucleation sites for the formation of Pt

anoparticles [35].
Fig. 4. Cyclic voltammograms of Pt/C and Pt/Ppy-C in Ar-saturated 0.5 mol L−1

H2SO4 solution.

In the synthesis of Pt nanoparticles, tartaric acid acted as not
only a reductant, but also a stabilizer [36]. Tartaric acid is a weak
reductant. No variation in the color of a mixture of tartaric acid
and H2PtCl6 was  observed under room temperature. Therefore, the
reduction reaction of H2PtCl6 by tartaric acid was  required at higher
temperature (96 ◦C). Like sodium citrate, the carboxyl groups of tar-
taric acid can absorb on the surface of Pt nanoparticles, and generate
an electrostatic double layer around nanoparticles which prevent
nanoparticles from aggregation [37]. The electrostatic double layer
is very sensitive to the environment, so the adjustment of pH can
impair electrostatic repulsion between nanoparticles and promote
Pt nanoparticles to load on the carbon supporting materials (XC-72
and Ppy-C).

3.2. Electrochemical properties

Fig. 4 shows the cyclic voltammograms (CVs) of Pt/Ppy-C
and Pt/C performed in 0.5 M H2SO4 solution at a sweep rate of
50 mV  s−1. Typical hydrogen and oxygen adsorption/desorption
behavior can be clearly observed on both Pt/C and Pt/Ppy-C cata-
lysts. The electrochemical surface area (ESA) of Pt can be calculated
with coulombic charges accumulated during hydrogen adsorption
1.20.80.40.0
E / Vvs.RHE

Fig. 5. CH3OH oxidation activity on Pt/C and Pt/Ppy-C in 0.5 M CH3OH and 0.5 M
H2SO4.
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here QH (mC) is the charge due to the hydrogen adsorp-
ion/desorption in the hydrogen region (0.05–0.4 V) of the CVs,
.21 mC  cm−2 is the electrical charge associated with monolayer
dsorption of hydrogen on Pt, and [Pt] is the loading of Pt on the
orking electrode. Results show that ESAs of Pt/C and Pt/Ppy-C are

4.5 m2 g−1 Pt and 60.9 m2 g−1 Pt respectively. The higher ESA of
t/Ppy-C electrocatalyst can be attributed to the uniform distribu-

ion and small particle size of Pt nanoparticles.

The electrocatalytic activity towards methanol oxidation on Pt/C
nd Pt/Ppy-C catalysts are investigated. Fig. 5 clearly shows an
xidation peak around 0.88 V in the anodic scan region, which can
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Fig. 7. Survey XPS spectra (a) of Ppy-C, Pt/Ppy-C, and Pt/C; N 1s XPS spectra
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be ascribed to the oxidation of methanol adsorbed on Pt surface
[38,39].  In the forward scan, the peak current density (Ip) of Pt/Ppy-
C (0.55 A·mg−1 Pt) is 60% higher than that of Pt/C (0.34 A mg−1 Pt).
And the specific current density of Pt/Ppy-C is 9.0 A m−2 Pt, much
higher than that of Pt/C (6.2 A m−2 Pt), indicating a much bet-
ter methanol oxidation activity on Pt/Ppy-C electrocatalyst. Fig. 6
shows the amperometric i–t curves on Pt/Ppy-C and Pt/C electro-
catalysts in the solution of 0.5 M CH3OH + 0.5 M H2SO4 at a fixed
potential of 0.6 V. The current density at 3600s on the Pt/Ppy-
C catalyst is 0.004 A mg−1 Pt, which is about two  times that on
the Pt/C catalyst (0.002 A mg−1 Pt). And the corresponding specific
current density is 0.067 A m−2 Pt, much higher than that of Pt/C
(0.037 A m−2 Pt). This demonstrates that the electrocatalytic dura-
bility of the Pt/Ppy-C catalyst towards methanol oxidation is much
higher than that of the Pt/C catalyst [40].

To elucidate the underlying reasons for the improvement in the
catalytic activity towards methanol oxidation, we employed XPS
to characterize the Pt/Ppy-C and Pt/C catalysts. Fig. 7a shows the
survey XPS spectra of Ppy-C, Pt/Ppy-C, and Pt/C, where the ele-
ments of Pt, C, O, and N are observed on these samples. According
to the XPS results, the N content of Pt/Ppy-C is 5.98 at %, which con-
firm the presence of Ppy in the catalyst. Pt 4f XPS spectra peak of
Pt/Ppy-C in Fig. 7b exhibits doublet peaks at 71.8 and 75.0 eV, which
can be attributed to Pt0 4f7/2 and Pt0 4f5/2, respectively, indicating
that Pt nanoparticles exist in metallic form [41]. And Fig. 7b also
indicated that Pt4f binding energy of Pt nanoparticles in Pt/Ppy-C
shifted by +0.2 eV as compared with that in Pt/C. Meanwhile, Fig. 7c

indicated that N 1s binding energy in Pt/Ppy-C shifted by −0.5 eV
as compared with that in Ppy-C composite. If we consider that the
reference level (C 1s, set to 284.5 eV for calibration) has no change
in the measurement, the change of the binding energy of Pt 4f and

707580
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 (b) of Ppy-C and Pt/Ppy-C; Pt 4f XPS spectra of Pt/C and Pt/Ppy-C (c).
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 1s is most likely due to the electron transfer between Pt and N in
t/Ppy-C catalyst [34,42,43],  which indicates the strong Pt–N inter-
ction in Pt/Ppy-C. It has been reported that the nitrogen functional
roups on support surface can intensify the electron withdrawing
ffect against Pt and the decreased electron density of platinum
consistent with the XPS results above), facilitates the methanol
lectrocatalytic oxidation and oxygen reduction reaction [44,45].
atanabe et al. reported that PtCo alloy showed higher Pt4f BE

alue than pure Pt, and the former exhibited higher methanol oxi-
ation activity [46,47].  Therefore, the strong electronic interaction
etween Pt nanoparticles and pyridinic nitrogen sites in Pt/Ppy-

 catalyst can explain why the Pt/Ppy-C catalyst showed higher
atalytic activity towards methanol oxidation than Pt/C catalyst.
eanwhile, the interaction between Pt nanoparticles and pyridinic

itrogen sites can also keep Pt nanoparticles firmly bounded to the
upport and prevent Pt nanoparticles from aggregating and detach-
ng from the surface of Ppy-C support [48].

. Conclusions

In this report, Pt/Ppy-C catalyst was synthesized and exhib-
ted high electrocatalytic activity towards methanol oxidation. Pt
anoparticles had a higher dispersion and smaller particle size on
py-C composite than that on carbon black, which can be attributed
o the fact that the pyridinic nitrogen sites in Ppy might provide
he main initial nucleation sites for the formation of Pt nanoparti-
les. More importantly, Pt/Ppy-C catalyst exhibited much higher
lectrocatalytic activity and durability towards methanol oxida-
ion than Pt/C catalyst. The Pt-pyridinic nitrogen sites in Pt/Ppy-C
atalyst suppress the posioning CO adsorption on Pt nanoparti-
les and facilitate the methanol electrocatalytic oxidation. Thus,
he present study reveals the importance of Pt-pyridinic nitrogen
ites for enhancing catalytic activity and durability of fuel cell elec-
rocatalyst.
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