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Abstract Single-walled carbon nanotube (SWNT)/Poly-
aniline (PANI) composite film with good dispersion was
prepared by electropolymerization of aniline containing
well-dissolved SWNTs. Platinum (Pt) particles were
electrodeposited on the SWNT/PANI composite film
subsequently. The presence of SWNTs and platinum in
the composite film was confirmed by XRD analysis.
Four-point probe investigation exhibits that the electri-
cal conductivity of SWNT/PANI composite film is sig-
nificantly higher than that of pure PANI film. Cyclic
voltammogram and Chronoamperogram show that Pt-
modified SWNT/PANI electrode performs higher elect-
rocatalytic activity than Pt-modified pure PANI elec-
trode toward formic acid oxidation.
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Introduction

Formic acid can be activated to decompose to smaller
fragments, protons, electrons and CO, at high efficiency.
Its applicability as a fuel has already been tested in a
PEM fuel cell [1, 2]. More recent data shows that formic
acid fuel cells are attractive alternatives for small por-
table fuel cell applications [2].

For formic acid electro-oxidation, the commonly
used catalyst is platinum (Pt) and Pt based alloy [3].
Today, to reduce costs and enhance the oxidation effi-
ciency, novel electrode materials are prepared. Con-
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ducting polymers with porous structure and high surface
area are usually used as matrix to incorporate noble
metal catalyst [4]. Many literature surveys indicate that
Pt micro-particles dispersed in Polyaniline (PANI)
matrices perform high activity toward formic acid elec-
tro-oxidation [3, 5-10].

Since the discovery of carbon nanotubes (CNTs),
extensive research in the fields of applied physics,
chemistry and materials science and engineering has
rapidly emerged [11-13]. As a result, CNT-based nano-
structures and functional materials have become popu-
lar subjects of study. Many studies report that the
introduction of CNTs into a polymer matrix improves
the electrical conductivity as well as the mechanical
properties of the original polymer matrix [14-16]. Many
efforts have focused on the design and preparation of
CNT/polymer composites and a large number of com-
posites based on CNTs have been prepared.

Polyaniline is a unique and promising candidate for
practical applications due to its good process ability,
environmental stability, and reversible control of elec-
trical properties by charge-transfer doping and proton-
ation [17, 18]. To date, several studies concerning CNT/
PANI composites have been reported [19-21]. The dis-
persion of CNTs into PANI matrix for the fabrication of
CNT/PANI composite devices has naturally stimulated
significant interest among researchers. For instance,
Zengin et al. [22] mixed multiwalled carbon nanotubes
(MWNTs) with aniline via stirring, followed by in situ
polymerization. They reported that the MWNT/PANI
composites exhibit drastic increase in electrical conduc-
tivity. Deng et al. [20] used a similar method to prepare
CNT/PANI hybrid materials, and studied the conduc-
tivity in these composites. They proposed that even 29,
of CNTs could improve the conductivity of the CNT/
PANI composite more than three times than that of
PANI

However, the development of such composites has
been impeded by the inability to disperse CNTs in the
polymer matrix due to the lack of chemical compatibility



between the polymers and the CNTs [23-26]. Recent
studies have shown that SWNTs can be dissolved in
aniline via formation of donor—acceptor complex [27].
The solubility of SWNTs in aniline is up to 8§ mg/ml.

In this work, we fabricated SWNT/PANI composite
film by electropolymerization of aniline with SWNTs
dissolved in. Platinum particles were electrodeposited on
the SWNT/PANI composite film subsequently. The aim
of this work is to study the electro catalytic oxidation
efficiency of formic acid at Pt-modified SWNT/PANI
electrode. To the knowledge of the present authors, little
work has been done to study the electrocatalytic oxi-
dation efficiency of formic acid at Pt-modified SWNT/
PANI electrode.

Experimental
Preparation of SWNT-aniline solution

SWNTs were produced by a chemical vapor deposition
method. The process of their preparation and purifica-
tion was described in detail elsewhere [28, 29]. In this
work, SWNTs were synthesized by using methane as
carbon reactant and MgO-supported Fe nanoparticles
as catalyst, and the reaction was carried out at 850 °C
under Ar atmosphere for 30 min. The produced
SWNTs are rope-like and the diameter is about 1-2 nm
[30].

Aniline was distilled under reduced pressure and
stored under nitrogen gas. All other reagents were of
analytical grade and were used as received. All the
solutions were prepared with twice distilled water.

Single-walled carbon nanotubes were added to 50 ml
aniline with content of 0, 2, 4, 8 wt% (weight percent
with respect to aniline monomer). The mixture was he-
ated at reflux for 3 h in the dark. After being cooled to
room temperature, SWNTs-aniline solution were ob-
tained by filtration through @ 0.1 um Super Membrane
disc filters(German) under vacuum [31].

Preparation of Pt-modified SWNT/PANI electrode
and Pt-modified pure PANI electrode

The electrochemical experiments were performed on
CHI660A electrochemical working station (Covarda) in
a three-clectrode system and controlled by CH instru-
ment electrochemical software. The substrate-working
electrode was a platinum sheet (geometric surface
area=1 cm?). Another platinum sheet and a saturated
calomel electrode (SCE) were used as counter and ref-
erence electrode, respectively. The platinum electrodes
were polished mechanically using emery paper (grade
1200) to a mirror surface and then cleaned by potential
cycling between 0.2 V and 1.2 V at 50 mV/s in 0.5 M
H,SO,4 until a stable cyclic voltammogram was ob-
tained.
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SWNT/PANI composite film was electropolymerized
on the substrate-working electrode by the CV technique
at 50 mV/s between —0.1 V and 0.9 V for 13 cycles at
20 °C in 1 M H,SO, solution containing 0.1 M aniline
with 8 wt% SWNTs dissolved in. The thickness of the
composite film, varied by changing the number of po-
tential cycles and calculated by the height of the first
peak in the redox process [32], reaches 0.39 um [33].
Platinum particles were electrodeposited on SWNT/
PANI film in the solution of 1 mM H,PtClg + 0.5 M
H,SO,4 under constant potential of —0.13 V. Prior to the
dispersion of the platinum, the SWNT/PANI coated
electrode was soaked in 1 mM H,PtCls + 0.5 M H,SO,
solution for 15 min. The magnitude of platinum
deposited, calculated from the integral of cathodic
charge during deposited process, is 102 pg/cm? [34].

For comparison, Pt-modified pure PANI electrode
free of SWNTs was also fabricated on the same sub-
strate-working electrode with Pt-modified SWNT/PANI
electrode. The fabrication procedure, thickness of PANI
film and platinum loading is the same with Pt-modified
SWNT/PANI electrode too.

Measurements

X-ray diffraction (XRD) data of the samples were col-
lected using a Rigaku D/MAX 24000 diffract meter with
Cu-K,, radiation. Scan electron microcopy (SEM) stud-
ies were performed using a JSM-6700F (JEOL) instru-
ment. The conductivity measurements were carried out
by four-point probe method.

Results and discussion
XRD analysis

The presence of SWNT and platinum in Pt/SWNT/
PANI composite film was confirmed by XRD. Figure 1
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Fig. 1 XRD pattern of Pt-modified SWNT/PANI composite film
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shows the XRD spectrum of Pt/SWNT/PANI compos-
ite film. The peaks at 39.7°,46.2°, 67.4°, and 81.2° can be
assigned to Pt(111), Pt(200), Pt(220) and Pt(311) crys-
talline plane diffraction peaks, respectively. These peaks
can be indexed as the Pt face-centered cubic (fcc) phase
based on the data of the JCPDS file [35]. The peak at
26.42° is assigned to SWNT(002) [36, 37].

SEM analysis

Figure 2 shows the SEM of Pt-modified SWNT/PANI
electrode. The white spots in the micrograph can be
attributed to platinum micro-particles. For the porous
structure and high surface of SWMT/PANI composite
[30], the platinum atoms are readily grown and formed
small clusters which favors it to achieve a high degree of
dispersion and large surface area of the platinum parti-
cles and increased the electrocatalytic oxidation activity
for formic acid, consequently.

Electrical conductivity of SWNT/PANI composite film

Figure 3 shows the electrical conductivity of SWNT/
PANI composite film obtained by CV polymerization in
0.5 M H,SO,4 containing 0.1 M aniline with 0, 2, 4,
8 wt% SWNTs dissolved in, respectively. The potential
limits were between —0.1 V and 0.9 V and the scan rate
was 50 mV/s. The cycle number was 15 cycles. The
electrical conductivity of the SWNT/PANI film con-
taining 8 wt% SWNT attaches 12.6 (S.m~' x107°), 14
times as high as pure PANI. Even though the SWNT
content is 1 (wt%), the electrical conductivity of SWNT/
PANI can attach nearly two times as high as pure PANIL.
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Fig. 2 SEM of the Pt-modified SWNT/PANI electrode

14

124

104

Conductivity (S.m=1.1079)
[}
1

I i I i I i I i I
0 2 4 6 8

The contents of SWNT

Fig. 3 The electrical conductivity of SWNT/PANI composite film

Electrocatalytic activity towards formic acid

Figure 4 shows the cyclic voltammogram of formic acid
oxidation at (a) Pt-modified pure PANI electrode and
(b) Pt-modified SWNT/PANI electrode in the solution
of 0.5M HCIO; + 0.5 M HCOOH. It is clearly ob-
served that the Pt-modified SWNT/PANI electrode
performs significantly higher catalytic activity than Pt-
modified pure PANI electrode. Comparing the two
electrodes, since the substrate-working electrode is the
same one, and the thickness of SWNT/PANI and PANI
film, the magnitude of platinum loading are approxi-
mately equal. So the higher electrocatalytic activity of
Pt-modified SWNT/PANI electrode should be attrib-
uted to the SWNTs incorporated in PANI film. It as-
sumes a very important role in increasing the electrical
conductivity of SWNT/PANI composite film and facil-
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Fig. 4 The potential cyclic voltammogram of electrooxidation of
formic acid at (a) Pt-modified pure PANI electrode; (b) Pt-modified
SWNT/PANI electrode in 0.5 M HCOOH + 0.5 M HCIO4 (vs.
SCE)



itates electrons shuttling through composite film, be-
tween the substrate and dispersed platinum particles
where the electrocatalytic reaction occurs. Thus, higher
electrocatalytic activity is achieved.

The generally accepted mechanism for electrochemi-
cal oxidation of formic acid has been reported in many
literatures [2, 38, 39]. As shown in Fig. 4, during the
positive scan, the peak at 0.21 V is attributed to oxida-
tion of weakly bounded species and the one at 0.68 V to
oxidation of the strongly chemisorbed species. During
the negative scan, the peak at 0.50 V is attributed to
direct oxidation of formic acid to form CO, without
forming a carbon monoxide intermediate. Fig. 5 shows
chronoamperometric curve for formic acid oxidation at
(a) 0.21V, (b) 0.50 V, (c) 0.68 V at Pt-modified pure
PANI celectrode and Pt-modified SWNT/PANI elec-
trode, respectively. It is clearly observed that the Pt
particles incorporated in SWNT/PANI matrix exhibits
higher catalytic activity toward formic acid oxidation.
After 200 s electrolysis, the current density on these two
electrodes reached the stability state and the current
density on Pt-modified SWNT/PANI eclectrode is well
above that of the Pt-modified PANI electrode.
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Fig. 5 Chronoamperograms for the electrooxidation of formic acid
on Pt-modified pure PANI electrode and Pt-modified SWNT/
PANI electrode at potential of (a) 0.21 V; (b) 0.50 V; (c) 0.68 V in
0.5 M HCOOH + 0.5 M HCIO4 (vs. SCE)
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Conclusions

The electrocatalytic activity of Pt-modified SWNT/
PANI electrode is significantly higher than that of Pt-
modified pure PANI electrode toward formic acid oxi-
dation. SWNT/PANI can be exploited as a promising
replacement for pure PANI to incorporate noble metal
catalyst to improve the oxidation efficiency of formic
acid.
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