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ABSTRACT: Palladium (Pd) nanoparticle catalysts were electrodeposited onto a graphite electrode by cyclic voltammetry (CV)
technique from a 0.5 M HCl solution containing 0.2 M PdCl2, and then a film of polypyrrole (PPy) was immobilized onto the as-
prepared Pd-coated graphite electrode, leading to a PPy/Pd-coated electrode. Pd particles were repeatedly electrodeposited on the
PPy/Pd-coated electrode to generate a Pd/PPy/Pd sandwich structured composite coated electrode. This developed composite
electrode showed a satisfactory electrocatalysis toward the formic acid oxidation (FAO). The catalysis mechanism of the sandwich
structured Pd/PPy/Pd composite catalyst toward FAO was also discussed on the basis of the obtained cyclic voltammograms and
FT-IR spectra.

1. INTRODUCTION

Direct methanol fuel cells (DMFCs) have been widely in-
vestigated due to their advantages, such as high energy density,
long lifetime, easy recycling, and low emission of pollutants to the
environment.1�5 However, drawbacks of the DMFCs, for in-
stance, the sluggish anode methanol oxidation and the presence
of the methanol crossover through polymer membrane, have
recently been reported.6,7 Thus, the derivatives of methanol
including formaldehyde and formic acid (FA) have been widely
probed with an intention to develop more efficient fuel cells.8,9

Among those developed fuel cells, direct formic acid fuel cells
(DFAFC) have a promise to meet the demand of high power
density off the electrical grid for portable electronics such as
wireless phones and laptop computers,10 which attracts great
fundamental investigations.11

The electro-oxidation of formic acid has been probed on
various catalysts. For example, Kristian et al.12 successfully
discovered the electrocatalytic activity of Pt-decorated Au nano-
particles toward FAO. Haan and Massel13 found that the pH
value of the solution had a significant impact on the electro-
oxidation rates of FA. Fierro et al.14 systematically investigated
the formic acid oxidation on Ti/IrO2 electrodes and demon-
strated that the surface redox couple of IrO3/IrO2 acted as the
mediator in the oxidation of FA. The electro-oxidation of FA at a
platinum electrode modified with aniline was reported two
decades ago by Kazarinov et al,15 but to the best of our knowl-
edge, up to now, there is no paper reporting on the electrooxida-
tion of FA on a sandwich-structured polypyrrole (PPy)
composite of Pd/PPy/Pd catalyst, though the electrooxidation
of FA has been studied on Pd-based catalysts9 and the nano-
structured Pd�PPy composites have been electrosynthesized
from organic solvents.16

Polypyrrole (PPy), as one typical kind of electronically con-
ducting polymers (ECPs), has attracted considerable interest17,18

mainly owing to its reasonable thermal and chemical stability and

wide applications such as electronic conductors, electronic
devices, electrochromic devices, optical switching devices, sen-
sors, and batteries.19�21 In the research field of electrochemistry,
PPy is mainly used as a component in the developed composites
to catalyze some electrochemical reactions. For example, Singh
et al.22 investigated the electrochemical behavior of the sand-
wich-type PPy-CoFe2O4 composite electrodes and pointed out
that this new composite electrode had a better electrocatalytic
activity toward the oxygen reduction reaction (ORR) than that of
the pure polymer electrode. Raoof et al.23 successfully prepared a
functionalized PPy film by incorporation of (Fe(CN)6)

4� as
doping anions, in which its electrocatalytic ability toward the
oxidation of ascorbic acid was well studied. The investigation on
the composite containing Pd and PPy was also reported; for
instance, Torsi et al.16 synthesized the Pd�PPy nanostructured
composite films by a potentiostatical method and reported that
these novel composite thin films had better conductivity. Our
group has successfully prepared a composite containing PPy and
MnO2, and discussed its application toward oxygen reduction
reaction (ORR).24 However, to our knowledge, the FAO on a
sandwich-structured composite of Pd/PPy/Pd has not been
reported so far.

In this paper, for the first time, the sandwich-type composites
of Pd/PPy/Pd were fabricated on a graphite electrode by cyclic
voltammetry (CV) and were thoroughly featured by scanning
electron microscopy (SEM), energy-dispersive X-ray spectros-
copy (EDX), and Fourier transform infrared spectrometry (FT-
IR). This novel conductive polymer composite electrode exhibits
electrocatalysis toward formic acid oxidation, indicating the
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possibility to employ this composite as a catalyst in the formic
acid based fuel cells.

2. EXPERIMENTAL SECTION

2.1. Chemicals. Prior to usage, pyrrole was purified by
distillation. All the other chemicals were used as received without
any further purification and all aqueous solutions were prepared
using distilled water. PdCl2 and other reagents were all bought
fromTianjin Chemical Reagent Co. Ltd. All used electrodes were
purchased from Tianjin Aida Co., Ltd.
2.2. Fabrication of Modified Electrodes and Electrochem-

istry. Electrodeposition was carried out on a CHI 660B electro-
chemical workstation (Shanghai Chenhua Apparatus, China)
connected to a personal computer. A three-electrode configuration
was employed, inwhich a graphite electrode (diameter is 3mm)was
used as the working electrode, a platinum foil (geometrical area is
1 cm2) as the counter electrode, and saturated calomel electrode
(SCE) as the reference electrode.
The modified graphite electrodes were typically prepared by

the following steps. For the Pd-coated graphite electrode, Pd
nanoparticles were electrodeposited on a graphite electrode at
room temperature in an aqueous 0.5 M HCl solution containing
0.1 M PdCl2, and during the electrodeposition, the potential
sweep rate was 50mV/s, the potential range was from�0.2 to 1.2 V
versus SCE, and the potential sweep cycle number was 20. After
electrodeposition, the as-prepared Pd-modified graphite elec-
trode was thoroughly rinsed by deionized water and dried in
ambient air.
PPy/Pd coated graphite electrode was also prepared following

the same process. But in this case, the Pd-coated graphite
electrode was immersed in a 0.5 M H2SO4 solution having 0.2 M
pyrrole. The employed potential range was from �0.2 to 2.0 V
versus SCE. The scan rate and potential cycling number were
50 mV/s and 20, respectively. To fabricate a sandwich-structured
Pd-PPy-Pd composite electrode, the as-prepared PPy/Pd-coated
graphite electrode was immersed in an aqueous 0.5 M HCl
solution containing 0.1 M PdCl2, and then the electrode
potential was scanned at 50 mV/s ranging from �0.2 to 1.2 V
versus SCE for 20 cycles. Electrochemical impedance spectros-
copy (EIS) is performed in the frequency range from 1 to 105 Hz
with an applied amplitude of 5 mV. All the experiments are
carried out at room temperature.
2.3. Characterization. Scanning electron microscopy (SEM)

is performed on a Hitachi S-570 microscope (Japan) to investi-
gate the morphology of the samples. Energy-dispersive X-ray
spectroscopy (EDX, PV-9900, USA) is analyzed by the WD-8X
software established by Wuhan University to investigate the
elements of the samples. Fourier transform infrared spectro-
metry (FT-IR) measurements are carried out on a Hitachi FT-
IR-8900 spectrometer (Japan) to depict the interaction between
the nanoparticles and PPy. The interaction between formic acid
and PPy is also investigated by FT-IR. For each spectrum, the
scraped samples were mixed with crystalline KBr, and then the
mixture was pressed into a pellet.

3. RESULTS AND DISCUSSION

3.1. Electrodes Modified by Cyclic Voltammetry. Figure 1
shows the typical cyclic voltammograms (CVs) obtained on a
graphite electrode in 0.5 M HCl solution. No redox peaks are
observed in the 0.5 M HCl solution, Figure 1a. While in the

presence of PdCl2, several redox pairs of peaks are displayed in
the continuous potential cycling curves (20 cycles), Figure 1b,
suggesting that the electrochemical reduction of Pd2þ proceeds
on the graphite electrode easily. Two pairs of reduction peaks at
the potential range from �0.2 to 0.1 V strongly indicate that
Pd2þwas reduced.25 Bolz�an et al.26 systematically investigated Pd
oxide growth behavior by the technique of a triangular modu-
lated linear potential sweep (TMLPS) technique and found
that Pd was initially oxidized to Pd(I) (PdOH) and then
underwent further oxidation to Pd(I1) (either PdO or PdOHþ).
Thus, probably, reduction peak 1 (at around 0.06 V) and 2 (at
around �0.11 V) correspond to the reduction reaction of Pd2þ

to PdOHþ and PdOHþ to Pd, respectively. Therefore, the
oxidation peak 1 (at around 0.14 V) corresponds to the oxidation
from Pd to PdOHþ and the oxidation peak 2 (at around 0.74 V)
is the oxidation of PdOHþ to Pd2þ. The redox process of Pd2þ is
very complicated probably because Pd possesses a unique ability to
adsorb hydrogen and absorb hydrogen and the interaction be-
tween the adsorbedO and Pd is rather complicated.25 The inset of
Figure 1 shows the EDX spectra of the obtained samples. The peak
of Pd is clearly displayed, indicating that Pd particles rather than
other substances are electrodeposited on the graphite electrode. It
is reported that the growth of hydrous Pd(IV) and Pd(IV) oxides
was often under potential cycling conditions at very high potentials
(usually above 2.0 V vs RHE).25 Therefore, it is difficult to formPd
oxides in our employed conditions especially in an acid solution.
Thus, it is reasonable to believe that a Pd-coated graphite electrode
was prepared by this simple CV method.
The CV method was used to fabricate PPy27 mainly due to its

simplicity of manipulation. Figure 2 shows the CVs on the Pd-
coated graphite from the aqueous pyrole solution, whose shape is
similar to our previous report.24 The series of curves displayed in
Figure 2 strongly indicate that some substances are formed on
the surface of Pd-coated graphite electrode. The inset of Figure 2
is the EDX pattern obtained for the as-prepared samples, in
which the peak of element N is clearly displayed, indicating the
formation of PPy on the Pd-coated graphite, yielding a PPy/Pd-
coated graphite electrode.
To obtain a sandwich-shaped composite, the PPy/Pd-coated

graphite electrode was subjected to the same electrodeposition

Figure 1. Cyclic voltammograms (CVs) obtained on a graphite elec-
trode from a solution of (a) 0.5 M HCl and (b) 0.5 M HCl þ 0.1 M
PdCl2 for 20 cycles. Scan rate: 50mV/s. Inset shows the EDX spectra for
the obtained samples.
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process as used for the electrodeposition of Pd particles. Figure 3
shows a series of CV curves demonstrating that the surface of
PPy/Pd is covered by Pd, and the inset shows the presence of
Pd and PPy. Thus, after the electrodeposition of PPy on the
electrode modified by the Pd particles, the subsequent Pd
particles were immobilized on the surface of PPy, leading to a
sandwich-shaped composite electrode, Figure 4.
3.2. Characterization of the Obtained Electrode Samples.

Figure 4 shows the SEMmicrostructures of the obtained electrode
samples. The Pd-coated graphite electrode shows the island-shaped
particles dotted with small nanoparticles (Figure 4a) which is
consistentwith the previous report.28 After the electrodeposition of
PPy (Figure 4b), the particles are coated with a glue-like film.
Interestingly, after further electrodeposition of Pd on the PPy/Pd
coated graphite electrode, some sandwich-structured or layered
particles were prepared (Figure 4c).
Figure 5 shows the FT-IR spectra of the obtained samples.

Figure 5a corresponds to pure PPy, and the peaks are consistent
with the previous report.24 In pure PPy, the peak at 1468 cm�1

corresponds to the stretching vibration of C�N bond in PPy

molecule,24 while for the Pd�PPy and Pd�PPy�Pd composites,
this peak disappears, which is due to the interaction between the
d empty orbit of the Pd atom and the lone-pair electrons of the
N atom in PPy. Our prior work on the self-assembled monolayer
(SAM) has revealed that the organic molecules having N or O
atoms had a trend to immobilize on the surface of transition
metals,29 and this interaction was attributed to the observed
attenuation of peak intensities in the composites as well.
3.3. Electrocatalysis of Pd/PPy/Pd Composites toward For-

mic Acid Oxidation. Developing novel catalysts toward FAO is
one of the main tasks facing fundamental fuel cell areas. Here, this
novel sandwich structured catalyst toward the oxidation of formic
acid is investigated. Figure 6 curves a and b show the CVs of the
Pd/PPy/Pd-coated graphite electrode in the presence and absence
of HCOOH, respectively. An obvious oxidation peak at around
0.75V versus SCE is displayed in the presence ofHCOOH, and no
obvious oxidations is observed in this potential range without
HCOOH. This indicates that FAO can occur on this novel
sandwiched Pd/PPy/Pd composite catalyst. CVs of HCOOH
were presented in a previous published paper, in which generally
an anomalous oxidation peak with Pd/C nanoparticles as cata-
lyst can be observed in the negative-direction potential cycling.9

Figure 4. SEM microstructures of (a) Pd particles, (b) PPy-coated Pd
particles, and (c) Pd/PPy/Pd particles.

Figure 2. CVs obtained on a Pd-coated graphite electrode in 0.5 M
H2SO4 þ 0.2 M pyrrole solution at 50 mV/s for 20 cycles. Inset is the
EDX spectra for the obtained samples.

Figure 3. CVs obtained on a PPy/Pd-coated graphite electrode in
0.5MHCl solution having 0.2M PdCl2 at 50mV/s for 20 cycles. Inset is
the EDX spectra for the obtained samples.

Figure 5. FT-IR spectra of (a) pure PPy, (b) Pd-PPy, and (c) Pd-PPy-Pd
composites.
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But the abnormal oxidation peak is not observed on this Pd/PPy/
Pd composite electrode probably due to the interaction between
the intermediates of formic acid oxidation and the molecules of
PPy. Figure 7 shows the CVs of formic acid on this composite
catalyst at different scanning rates. With an increase in the scan
rate, the oxidation peak currents enhance gradually, though the
oxidation peak potentials are positively shifted for about 100mVas
the scan rate increases from 80 to 250 mV/s. A linear relationship
between the oxidation peak current and the square root of scan rate
(data not shown here) is observed, suggesting that the oxidation of
FA on this Pd/PPy/Pd catalyst is still dominated by a diffusion-
controlled process.30

To compare the catalysis of different substrates toward FAO,
CVs of FA on various graphite electrodes are shown in Figure 8.
On the Pd particles-coated electrode, the oxidation peak of FA
is clearly displayed, Figure 8b. The anomalous oxidation peak
occurring at the negative-direction potential cycling9 is not
observed. While after being coated by PPy, Figure 8a, the
oxidation peak current of FA is greatly decreased, implying that

the immobilization of PPy on the Pd surface, consistent with the
SEM observation, Figure 4b, has inhibited the oxidation of FA.
Interestingly, as another film of Pd particles is anchored on the
surface of PPy/Pd composite electrode, the oxidation peak
current increases once again, though the oxidation peak current
is slightly smaller than that on the Pd-coated graphite electrode.
This result strongly demonstrates that the sandwich-structured Pd
particles interfaced with the electrochemically prepared conduc-
tive polymer film of PPy are a feasible way to control the catalysis
of Pd. To our knowledge, this is the first demonstration of this
controlled catalysis of Pd with the conductive polymer.
Electrochemical impedance spectroscopy (EIS) is a powerful

technique to characterize the electrode surface. Generally, a
semicircle appearing in the intermediate frequency region corre-
sponds to the charge transfer resistance (Rct), and a semicircle
with a bigger diameter corresponds to a larger Rct.

29,31 Here, it
should be mentioned that Nyquist plots, Figure 9, are recorded
at the open circuit potential. The open circuit potentials for
the Pd-coated, PPy/Pd-coated and Pd/PPy/Pd-coated graphite
electrode are 0.47, 0.44, and 0.45 V versus SCE, respectively. For

Figure 7. CVs obtained on the Pd/PPy/Pd-coated graphite electrode in
a 0.5 M H2SO4 containing 0.1 M HCOOH at various scan rates. From
top to bottom, the scan rates are 250, 200, 150, 100, 80, and 50 mV/s,
respectively.

Figure 8. CVs obtained on a (a) PPy/Pd, (b) Pd-coated, and (c) Pd/
PPy/Pd-coated graphite electrode in 0.5 M H2SO4 containing 0.1 M
HCOOH at 50 mV/s.

Figure 9. Nyquist plots obtained on a (a) Pd-coated, (b) Pd/PPy/Pd-
coated, and (c) PPy/Pd-coated electrode in 0.5 M H2SO4 containing
0.1 M HCOOH, which was obtained at the open circuit potential.

Figure 6. CVs obtain on the Pd/PPy/Pd-coated graphite electrode in
(a) 0.5 M H2SO4 containing 0.1 M HCOOH and (b) 0.5 M H2SO4.
Scan rate: 50 mV/s.
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the graphite electrode coated with Pd particles, only a nearly 45�
line was observed in the whole frequency region, which is very
consistent with the previous report.9 That is to say the value ofRct
is too small to be observed, indicating that the oxidation process
by the pure Pd particles is very easy. While, for the PPy/Pd-coated
graphite electrode, as shown by line c, a curve consisting of two
parts, that is, a semicircle in the high frequency region and a line
with an angle of 65� in the low frequency region, appears in the
whole frequency region, strongly indicating that the surface of
PPy/Pd-coated graphite, Figure 9c, is rather different from that of
the Pd-coated graphite electrode, Figure 9a.29 Generally, a capaci-
tance element corresponds to a 90� line, and a Warburg resistance
element corresponds to a 45� line.32,33 The angle estimated from
the value of |ΔZ00|/|ΔZ0| in the low frequency regions is 44.8, 63,
and 65 o for line a, b and c, respectively. Thus, the appearance of a
65� line, Figure 9c, is due to the formation of PPy film on the Pd
particle surface, whereas, for Pd/PPy/Pd composites, no obvious
change is observed when compared to the case for the PPy/Pd
composites, indicating that the PPy film is not destroyed by the
immobilization of Pd nanoparticles.
Chronoamperometry is a powerful technique to directly com-

pare the electrocatalysis of various catalysts.31,34 The Pd-coated

graphite electrode exhibits the largest current among the three
different electrodes (Figure 10). After being coated with PPy, the
Pd-coated graphite electrode shows a greatly attenuated current
(Figure 10c), indicating that the coating of PPy blocks some
active sites of Pd particles. But for the Pd/PPy/Pd-coated
graphite electrode, the current is also enhanced to some extent
when compared to the case of PPy/Pd-coated graphite electrode.
This is consistent with the result of CV (Figure 8).
What is the role of PPy in the oxidation process of formic acid?

To clarify this question, the FT-IR spectra of samples were
recorded. Figure 11a shows FT-IR spectrum of pure PPy. The
vibration bands at 1468 cm�1 of a typical pyrrole ring and the
bands of dC�H in plane vibration at 1091 cm�1 are clearly
displayed, and the peaks at 3440 and 1634 cm�1 are assigned to
N�H and CdC stretching vibration,35 respectively. Figure 11b
shows the FT-IR spectrum of formic acid, and Figure 11c shows
the FT-IR spectrum of the mixture of formic acid and PPy. The
peak of formic acid at 1256 cm�1, corresponding to the bending
vibration of H�O�C,36 is totally attenuated and indicates a
strong interaction between PPy and formic acid. Therefore, the
stereostructure of formic acid molecule on the Pd surface is
different from that on the surface of Pd/PPy/Pd. That is to say,
the oxidation process of formic acid on the composite of Pd/
PPy/Pd is rather different from that occurring on the pure Pd
surface.

4. CONCLUSION

For the first time, a sanchwich-structured Pd/PPy/Pd com-
posite electrode was successfully fabricated by a simple method
of cyclic voltammetry, and the obtained samples were thoroughly
characterized by SEM, EDX, and FT-IR. It was found that the
PPy film that was inserted in a composite of Pd/PPy/Pd can
adjust the functionality of Pd particles. Therefore, the catalysis of
the Pd/PPy/Pd composite toward formic acid oxidation can be
easily controlled via the coating of PPy film. This preliminary
work demonstrates a concept that the conductive polymer-based
polymer nanocomposites (PNCs) containing metal particles and
conducting polymer can replace the pure metal particles in some
specific conditions.

’AUTHOR INFORMATION

Corresponding Author
*E-mail: dkeqiang@263.net, zhanhu.guo@lamar.edu.

’ACKNOWLEDGMENT

This work was financially supported by the Natural Science
Foundation of Hebei Province of China (No.B2011205014),
Key Project of Hebei Province Education Bureau (ZH2007106),
Key Project Fund of Hebei Normal University (L2008Z08) and
Special Assist Project of Hebei Province Personnel Bureau
(106115). Z. Guo acknowledges the support from National
Science Foundation USA under Grant No. CMMI 10-30755.

’REFERENCES

(1) He, D.; Yang, L.; Kuang, S.; Cai, Q. Fabrication and Catalytic
Properties of Pt and Ru Decorated TiO2\CNTs Catalyst for Methanol
Electrooxidation. Electrochem. Commun. 2007, 9, 2467–2472.

(2) Li,W.;Liang,C.;Zhou,W.;Qiu, J.;Zhou;Sun,G.;Xin,Q.Preparation
and Characterization of Multiwalled Carbon Nanotube-Supported Platinum

Figure 10. Chronoamperograms obtained at 0.75 V (vs SCE) in 0.5 M
H2SO4 solution containing 0.1 M HCOOH on (a) Pd, (b) Pd/PPy/Pd,
and (c) PPy/Pd-coated graphite electrodes.

Figure 11. FT-IR spectra of (a) pure PPy, (b) formic acid, and (c) a
mixture of HCOOH and PPy.



7082 dx.doi.org/10.1021/ie102392n |Ind. Eng. Chem. Res. 2011, 50, 7077–7082

Industrial & Engineering Chemistry Research RESEARCH NOTE

for Cathode Catalysts of Direct Methanol Fuel Cells. J. Phys. Chem. B
2003, 107, 6292–6299.
(3) Liu, H.; Song, C.; Zhang, L.; Zhang, J.; Wang, H.; Wilkinson,

D. P. A Review of Anode Catalysis in the Direct Methanol Fuel Cell.
J. Power Sources 2006, 155, 95–110.
(4) Wang, S.; Jiang, S. P.;Wang, X.; Guo, J. EnhancedElectrochemical

Activity of Pt Nanowire Network Electrocatalysts forMethanol Oxidation
Reaction of Fuel Cells. Electrochim. Acta 2011, 56, 1563–1569.
(5) Alia, S. M.; Zhang, G.; Kisailus, D.; Li, D.; Gu, S.; Jensen, K.; Yan,

Y. Porous Platinum Nanotubes for Oxygen Reduction and Methanol
Oxidation Reactions. Adv. Funct. Mater. 2010, 20, 3742–3746.
(6) Iwasita, T. Electrocatalysis of Methanol Oxidation. Electrochim.

Acta 2002, 47, 3663–3674.
(7) Liu, F.; Lu, G.; Wang, C.-Y. Low Crossover of Methanol and

Water through Thin Membranes in Direct Methanol Fuel Cells.
J. Electrochem. Soc. 2006, 153, A543–A553.
(8) Jiang, C.; Chen, H.; Yu, C.; Zhang, S.; Liu, B.; Kong, J.

Preparation of the Pt Nanoparticles Decorated Poly(N-acetylaniline)/
MWNTs Nanocomposite and its Electrocatalytic Oxidation toward
Formaldehyde. Electrochim. Acta 2009, 54, 1134–1140.
(9) Suo, Y.; Hsing, I. M. Size-Controlled Synthesis and Impedance-

Based Mechanistic Understanding of Pd/C Nanoparticles for Formic
Acid Oxidation. Electrochim. Acta 2009, 55, 210–217.
(10) Zhu, Y.; Ha, S. Y.; Masel, R. I. High Power Density Direct

Formic Acid Fuel Cells. J. Power Sources 2004, 130, 8–14.
(11) Zhu, Y.; Kang, Y.; Zou, Z.; Zhou, Q.; Zheng, J.; Xia, B.; Yang, H.

A Facile Preparation of Carbon-Supported Pd Nanoparticles for Elec-
trocatalytic Oxidation of Formic Acid. Electrochem. Commun. 2008, 10,
802–805.
(12) Kristian, N.; Yu, Y.; Gunawan, P.; Xu, R.; Deng, W.; Liu, X.;

Wang, X. Controlled Synthesis of Pt-Decorated Au Nanostructure and
Its Promoted Activity toward Formic Acid Electro-oxidation. Electro-
chim. Acta 2009, 54, 4916–4924.
(13) Haan, J. L.; Masel, R. I. The Influence of Solution pH on Rates

of an Electrocatalytic Reaction: Formic Acid Electrooxidation on
Platinum and Palladium. Electrochim. Acta 2009, 54, 4073–4078.
(14) Fierro, S.; Ouattara, L.; Calderon, E. H.; Passas-Lagos, E.;

Baltruschat, H.; Comninellis, C. Investigation of Formic Acid Oxidation
on Ti/IrO2 Electrodes. Electrochim. Acta 2009, 54, 2053–2061.
(15) Kazarinov, V. E.; Andreev, V. N.; Spitsyn, M. A.; Mayorov, A. P.

Electrooxidation of Formic Acid at a Platinum Electrode Modified with
Aniline or Polyaniline. Electrochim. Acta 1990, 35, 1459–1463.
(16) Cioffi, N.; Torsi, L.; Losito, I.; Sabbatini, L.; Zambonin, P. G.;

Bleve-Zacheo, T. Nanostructured Palladium�Polypyrrole Composites
Electrosynthesized from Organic Solvents. Electrochim. Acta 2001,
46, 4205–4211.
(17) Zhang, X.; Manohar, S. K. Bulk Synthesis of Polypyrrole Nano-

fibers by a Seeding Approach. J. Am. Chem. Soc. 2004, 126, 12714–12715.
(18) Barman, S.; Deng, F.; McCreery, R. L. Conducting Polymer

Memory Devices Based on Dynamic Doping. J. Am. Chem. Soc. 2008,
130, 11073–11081.
(19) Mavinakuli, P.; Wei, S.; Wang, Q.; Karki, A. B.; Dhage, S.;

Wang, Z.; Young, D. P.; Guo, Z. Polypyrrole/Silicon Carbide Nano-
composites with Tunable Electrical Conductivity. J. Phys. Chem. C 2010,
114, 3874–3882.
(20) Zhu, J.; Wei, S.; Zhang, L.; Mao, Y.; Ryu, J.; Mavinakuli, P.;

Karki, A. B.; Young, D. P.; Guo, Z. Conductive Polypyrrole/Tungsten
Oxide Metacomposites with Negative Permittivity. J. Phys. Chem. C
2010, 114, 16335–16342.
(21) Guo, Z.; Shin, K.; Karki, A. B.; Young, D. P.; Hahn, H. T.

Fabrication and Characterization of Iron Oxide Nanoparticles Reinforced
Polypyrrole Nanocomposites. J. Nanopart. Res. 2009, 11, 1441–1453.
(22) Singh, R. N.; Lal, B.; Malviya, M. Electrocatalytic Activity of

Electrodeposited Composite Films of Polypyrrole and CoFe2O4 Nano-
particles towards Oxygen Reduction Reaction. Electrochim. Acta 2004,
49, 4605–4612.
(23) Raoof, J.-B.; Ojani, R.; Rashid-Nadimi, S. Preparation of Poly-

pyrrole/Ferrocyanide Films Modified Carbon Paste Electrode and Its

Application on the Electrocatalytic Determination of Ascorbic Acid.
Electrochim. Acta 2004, 49, 271–280.

(24) Ding, K.-Q.; Cheng, F.-M. Cyclic Voltammetrically Prepared
MnO2�PPy Composite Material and Its Electrocatalysis towards Oxy-
gen Reduction Reaction (ORR). Synth. Met. 2009, 159, 2122–2127.

(25) Hu, C.-C.; Wen, T.-C. Voltammetric Investigation of Palladium
Oxides III: Effects of Hydration and pH on the Electrocatalytic Proper-
ties of Pd(IV)/Pd(II) and the Reduction Behaviour of Palladous Oxide.
Electrochim. Acta 1996, 41, 1505–1514.

(26) Bolz�an, A. E.; Arvia, A. J. The Electrochemical Behaviour of
Hydrous Palladium Oxide Layers Formed at High Positive Potentials in
Different Electrolyte Solutions. J. Electroanal. Chem. 1992, 322, 247–265.

(27) Raudsepp, T.; Marandi, M.; Tamm, T.; Sammelselg, V.; Tamm,
J. Redoping—A Simple Way to Enhance the Redoxcapacity of Poly-
pyrrole Films. Electrochem. Commun. 2010, 12, 1180–1183.

(28) Jayashree, R. S.; Spendelow, J. S.; Yeom, J.; Rastogi, C.;
Shannon, M. A.; Kenis, P. J. A. Characterization and Application of
Electrodeposited Pt, Pt/Pd, and Pd Catalyst Structures for Direct
Formic Acid Microfuel Cells. Electrochim. Acta 2005, 50, 4674–4682.

(29) Ding, K.; Jia, Z.; Wang, Q.; He, X.; Tian, N.; Tong, R.; Wang, X.
Electrochemical Behavior of the Self-Assembled Membrane Formed by
Calmodulin (CaM) on a Au Substrate. J. Electroanal. Chem. 2001, 513,
67–71.

(30) Danaee, I.; Jafarian, M.; Mirzapoor, A.; Gobal, F.; Mahjani,
M. G. Electrooxidation of Methanol on NiMn Alloy Modified Graphite
Electrode. Electrochim. Acta 2010, 55, 2093–2100.

(31) Ding, K.; Yang, G.; Wei, S.; Mavinakuli, P.; Guo, Z. Cyclic
Voltammetric Preparation of Palladium Nanoparticles for Ethanol
Oxidation Reaction. Ind. Eng. Chem. Res. 2010, 49, 11415–11420.

(32) Ding, K. Cyclic Voltammetrically-Prepared MnO2 Coated on
an ITO Glass Substrate. J. Chin. Chem. Soc. 2009, 56, 175–181.

(33) Zolfaghari, A.; Ataherian, F.; Ghaemi, M.; Gholami, A. Capa-
citive Behavior of Nanostructured MnO2 Prepared by Sonochemistry
Method. Electrochim. Acta 2007, 52, 2806–2814.

(34) Sun, Z.-P.; Zhang, X.-G.; Liang, Y.-Y.; Li, H.-L. Highly Dis-
persed Pd Nanoparticles on Covalent Functional MWNT Surfaces for
Methanol Oxidation in Alkaline Solution. Electrochem. Commun. 2009,
11, 557–561.

(35) Ding, L.; Hao, C.; Zhang, X.; Ju, H. Carbon Nanofiber Doped
Polypyrrole Nanoscaffold for Electrochemical Monitoring of Cell Adhe-
sion and Proliferation. Electrochem. Commun. 2009, 11, 760–763.

(36) Torrent-Sucarrat, M.; Anglada, J. M.; Luis, J. M. Role of
Vibrational Anharmonicity in Atmospheric Radical Hydrogen-Bonded
Complexes. Phys. Chem. Chem. Phys. 2009, 11, 6377–6388.


