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a b s t r a c t

In this work, silver (Ag) nanoparticles were deposited on multi-walled carbon nanotubes (MWNTs) by

chemical reduction while Ag-decorated MWNTs (Ag-MWNTs)/polyaniline (PANI) composites were

prepared by oxidation polymerization. The effect of the Ag incorporated into the interface of the

composites on the electrochemical performance of the MWNTs/PANI was investigated. It was found

that highly dispersed Ag nanoparticles were deposited onto the MWNTs, and the Ag-MWNTs were

successfully coated by PANI. According to cyclic voltammograms, the Ag-MWNTs/PANI exhibited

significantly increased electrochemical performances compared to MWNTs/PANI and the highest

specific capacitance obtained of MWNTs/PANI and 0.15 M Ag-MWNTs/PANI was 162 F/g and 205 F/g,

respectively. This indicated that Ag nanoparticles that were deposited onto the MWNTs caused an

enhanced electrochemical performance of the MWNTs/PANI due to their high electric conductivity,

which resulted in an increase of the charge transfer between the MWNTs and PANI by a bridge effect.

& 2011 Elsevier Inc. All rights reserved.
1. Introduction

Carbon nanotubes (CNTs) are recognized as reinforcements for
high performance and multifunctional composites because of
their extraordinary mechanical strength and excellent electrical/
thermal conductivity. Considerable achievements have been
made in CNT-polymer composites and a remarkable enhancement
in electrical and mechanical properties compared to those of
monolithic polymers has been observed [1–4].

Among numerous conductive polymers, polyaniline (PANI) is
considerably attractive because of easy synthesis, environmental
stability, high and controllable conductivity, and its various applica-
tions, such as lightweight battery electrodes, energy storage devices,
electromagnetic shielding devices, anticorrosion coatings, sensors,
etc. Recently, CNTs/PANI composites have attracted much attention
in studies to enhance electrical and mechanical properties over pure
PANI [5–9]. Although CNTs/PANI are also widely studied as electrode
materials for supercapacitors, the use of these individual materials
in electrodes is limited by their drawbacks, such as the high cost of
CNTs and weak mechanical properties and poor life of PANI. There-
fore, PANI composites combined with CNTs will provide synergistic
performance on the electronic and mechanical properties by the
interaction of the two components [10,11].

For application of CNT/PANI as electrode materials, the func-
tionality and process ability of the composites are key points.
These properties are related to the dispersion of the CNTs and the
ll rights reserved.
interfacial adhesion between the CNTs and the PANI matrix.
Various methods have obtained CNTs/PANI composites, such as
solution mixing, direct mechanical mixing, and in situ or electro-
chemical polymerization, etc. [12,13].

Lately, metal doped PANI composites are also attractive mate-
rials as they combine the properties of low dimensional organic
conductors and high surface area materials, and are currently of
great research interest due to the numerous applications for PANI,
as well as the unique optical and catalytic properties of metal
nanoparticles. However, many studies have been performed on
the effect of metal decoration on the electrochemical properties of
MWNTs or MWNTs/PANI, whereas there has been limited work on
the effect of metal incorporation between MWNTs and PANI on
the electrochemical properties of MWNTs/PANI [14,15].

In the present work, multi-walled carbon nanotubes (MWNTs)
are decorated by silver (Ag) nanoparticles, and the Ag-decorated
MWNTs (Ag-MWNTs)/polyaniline (PANI) composites were pre-
pared by oxidation polymerization of the corresponding aniline
monomer in the presence of MWNTs in a solution. The effect of Ag
incorporated between the components on the electrochemical
properties of the MWNTs/PANI is discussed.
2. Experimental

2.1. Materials

Multi-walled carbon nanotubes (MWNTs) produced by chemical
vapor deposition (CVD) process were obtained from Nanosolution
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Co. (Korea). The properties of the MWNTs were as follows: purity
495% (C: 96%), diameter 10–25 nm and length 25–50 mm. Aniline,
silver nitrate, polyvinyl pyrrolidone (PVP), and ammonium persul-
fate (APS) were obtained from Aldrich. 3-aminepropyltrimethoxysi-
lane (APTMS) and hydrazine monohydrate was supplied from TCI
and Sam Chum Chem. (Korea), respectively. The sulfuric acid, nitric
acid, and all other organic solvents used in this study were of
analytical grade and used without further purification.
2.2. Silver decoration on the MWNTs

One gram of MWNTs was acid-treated with 200 ml of a
sulfuric acid and nitric acid mixture (3:1, v/v) under sonication
for 2 h and was then reacted for 6 h at 80 1C with reflex under
stirring. Acid-treated MWNTs (A-MWNTs) were washed using
water until pH 7.0 was attained, after which the washed samples
were filtered and dried at 100 1C.

Ag decorated MWNTs were prepared by the reducing reaction
of silver ions using hydrazine. 0.1 g of A-MWNTs was suspended in
100 ml of 0.5 wt% PVP solution containing 0.5 M APTMS and stirred
with ultrasonic treatment for 1 h. Before the reaction, 0.1 M HNO3

was added to adjust the pH for weak acidic solution (pH¼6).
Twenty milliliter of silver nitrate solution (0.05, 0.1, and 0.15 mol/L)
was added to the MWNT solution within 30 min at 60 1C while the
MWNT solution was stirred and then hydrazine was added to the
mixture solution. This mixture was kept with stirring at room
temperature for 24 h. Finally, Ag-MWNTs were obtained by filtra-
tion and washed with de-ionized water and acetone, and then and
dried in a vacuum oven for 24 h. The preparation procedure of
Ag decorated MWNTs is presented in Fig. 1 and named 0.05
Ag-MWNTs, 0.1 Ag-MWNTs, and 0.15 Ag-MWNTs.
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Fig. 1. Schematic diagram showing the prepara
2.3. Preparation of Ag-MWNTs/PANI

0.1 g of A-MWNTs (Ag-MWNTs) was dispersed in 100 ml of
1 M HCl solution with the assistance of ultrasonication for 1 h.
Five milliliter of the aniline monomer was added to the MWNTs
solution with constant stirring. Finally, 100 ml of 0.1 M APS
solution was dropped in the above solution for 30 min to initiate
the polymerization. The reaction was continued for 24 h at 0–5 1C.
Then, the final product was washed using water and acetone. The
washed powder was dried in a vacuum oven at 80 1C for 24 h. The
scheme for the preparation of Ag-MWNTs/PANI is presented in
Fig. 1.

2.4. Measurements

Ag-MWNTs were confirmed using transmission electron
microscopy (TEM, JEOL FE-TEM 2006) and X-ray diffraction
(XRD, Rigaku D/Max 2200 V) at 40 kv and 40 mA using Cu Ka
radiation. The XRD patterns were obtained in 2y ranges between
51 and 701 at a scanning rate of 21/min.

Infrared spectra of A-MWNTs, Ag-MWNTs, and Ag-MWNTs/
PANI were confirmed with Fourier transform infrared spectro-
photometer (FT-IR 4200, Jasco).

The thermal property of Ag-MWNTs, PANI, and Ag-MWNTs/
PANI was measured using thermogravimetric analyses (TGA, Du-
Pont TGA-2950 analyzer) from 30 to 850 1C at a heating rate of
10 1C/min in a nitrogen atmosphere.

The morphologies of Ag-MWNTs, PANI, and Ag-MWNTs/PANI
were observed by scanning electron microscopy (SEM, S-4200,
Hitachi).

Electrical conductivity of the Ag-MWNTs/PANI was measured
at room temperature using a four probe digital multimeter
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(MCP-T610, Mitsubishi Chem.). The powder was compacted as
plate form and the specimen size was 0.5 mm�10 mm�30 mm.

The electrochemical properties of the MWNTs/PANI and
Ag-MWNTs/PANI were characterized using a three-electrode elec-
trochemical cell. The three-electrode cell consisted of a Pt wire as a
counter electrode, an Ag/AgCl reference electrode, and a sample
mixed with Nafions polymer onto a glassy carbon electrode as a
working electrode. Cyclic voltammetry measurements were carried
out on an IviumStat instrument in 1.0 M sulfuric acid at a scan rate
of 50 mV/s in a voltage range of �0.2 to 1.5 V.
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Fig. 3. XRD patterns of pristine MWNTs and Ag-MWNTs.
3. Results and discussion

3.1. Characterization of Ag-MWNTs

Fig. 2(a) and (b) shows the TEM images of pristine MWNTs and
Ag-MWNTs. From the TEM images, a pristine MWNT surface is
clean without any Ag particles while the Ag-MWNTs show Ag
nanoparticles decorated on the MWNT surface after chemical
reduction [16,17]. The Ag nanoparticles are distributed on MWNTs
without agglomeration, and their sizes range from 2 nm to 4 nm
(separated Ag particles between MWNTs are due to the sonication
for TEM sampling). This indicates that the oxygen-containing
surface groups (carbonyl and hydroxyl groups) on A-MWNTs
may function as anchoring sites for an Ag precursor to prevent
the aggregation of the Ag nanoparticles, leading to the good
dispersion of Ag nanoparticles on MWNTs [18]. A single peak of
Ag onto MWNTs is also observed at the EDX spectrum, as shown in
Fig. 1(c).
Fig. 2. TEM images of (a) pristine MWNTs, (b) Ag
Fig. 3 shows the XRD patterns for the pristine MWNTs and
Ag-MWNTs. The pristine MWNTs revealed reflections correspond-
ing to the C(0 0 2) and C(1 0 0) planes of crystalline graphite-like
materials at 2y¼261 and 431, respectively [19], whereas the
Ag-MWNTs show those corresponding to three main crystallo-
graphic plans of Ag, namely, Ag(1 1 1), Ag(2 0 0), and Ag(2 2 0).
These results indicate that Ag nanoparticles are successfully deco-
rated onto the MWNTs by the chemical reduction method.
-MWNTs, and (c) EDX image of Ag-MWNTs.
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Fig. 5. TGA thermogram of pristine Ag-MWNTs, PANI, and Ag-MWNTs/PANI.
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Fig. 6. XRD patterns of PANI and Ag-MWNTs/PANI.
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3.2. Characterization of Ag-MWNTs/PANI

Fig. 4 shows the FT-IR spectra of MWNTs, A-MWNTs, Ag-MWNTs,
and Ag-MWNTs/PANI. There are no characteristic peaks for pristine
MWNTs. In oxidized MWNTs, the appearance of a broadband at
3400 cm�1 and absorbance at 1720 cm�1 is, respectively, attributed
to hydroxyl groups and carbonyl groups on the surface of the
oxidized MWNTs, resulting from the functionalization of the
MWNTs. However, the relative intensity of the peak at 1720 cm�1

in the Ag-MWNTs is lower than in A-MWNTs, indicating the
decrease of electron density of the carboxyl (CQO) oxygen atom,
probably due to the interaction between silver nitrate and the CQO
group of the A-MWNTs [20]. In Ag-MWNTs/PANI, the bands around
1560 and 1480 cm�1 are characteristic stretching bands of nitrogen
quinoid (NQQQN) and benzenoid (N–B–N), resulting from the
conducting state of the polymer. The 1290 and 1240 cm�1 bands are
assigned to the bending vibrations of N–H and asymmetric C–N
stretching modes of polaron structure of PANI, respectively. The
prominent absorption band around 1120 cm�1 (C–N stretching) is
due to the charge delocalization over the polymeric backbone [21].

Fig. 5 shows the TGA thermogram of Ag-MWNTs, PANI, and
Ag-MWNTs/PANI composites. The Ag-MWNTs reveal a partial loss
of about 5% at about 580 1C and then remained till 850 1C. The
PANI and Ag-MWNTs/PANI exhibit a total loss of about 54% and
43% at about 600 1C, respectively. These results indicate that the
PANI content per gram of the composite is about 38% from the
loss of the composites (43%) and Ag-MWNTs (5%) and the Ag-
MWNTs content is 62% [22,23]. The thermal degradation of the
PANI and Ag-MWNTs/PANI shows a three-step weight loss
process, as can be seen in Fig. 5. The first weight loss at around
100 1C is attributed to the loss of water and the weight loss from
220 to 310 1C resulted from the elimination of HCl as dopant. The
third weight loss from about 400 to 600 1C corresponds to the
thermal decomposition of PANI [24].

Fig. 6 shows the XRD patterns of PANI and Ag-MWNTs/PANI. In
pure PANI, two broad peaks can be observed at 2y¼201 and 251,
resulting from the periodicity parallel and perpendicular to the
polymer chain [25]. The XRD pattern of the Ag-MWNTs/PANI
shows the features of both the Ag-MWNTs and PANI due to a
hybrid of Ag-MWNTs and PANI by coating.

The images of Ag-MWNTs and the core/shell nanotubes coated
by PANI are shown in Fig. 7. The diameter of the Ag-MWNTs is in
the range of 20–30 nm (Figs. 2 and 7(a)). Different from the
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Fig. 4. FT-IR spectra of MWNTs, A-MWNTs, Ag-MWNTs, and Ag-MWNTs/PANI.
Ag-MWNTs, the Ag-MWNTs/PANI shows rough surface and
increased diameter of 50–80 nm (Fig. 7(b)), resulting from the
coating of PANI on the MWNTs. It is indicated that average
thickness of the PANI layers coated on the MWNTs is about
30 nm. The Ag-MWNTs/PANI is further confirmed by Fig. 7(c) and
(d) using SEM and TEM.

3.3. Electrical conductivity of the Ag-MWNTs/PANI

Fig. 8 shows the electrical conductivity of pure PANI, MWNTs/
PANI, and Ag-MWNTs/PANI measured at room temperature. The
electrical conductivity of pure PANI prepared without MWNTs is
4.7�10�3 S/cm. The MWNTs/PANI (3.4�10�2 S/cm) shows
increased electrical conductivity with the addition of MWNTs
compared with pure PANI. This is attributed to the p–p interac-
tion between the surface of the MWNTs and the quinoid ring of
the PANI [26]. In addition, the MWNTs having high electrical
conductivity play the role of a conducting bridge in the compo-
sites, resulting from the formation of a network structure.
Furthermore, the electrical conductivity of the Ag-MWNTs/PANI
composites remarkably increases with an increasing Ag concen-
tration. With Ag decoration onto the MWNTs, the electrical
conductivity of the Ag-MWNTs/PANI composites increases up to



Fig. 7. SEM images of (a) Ag-MWNTs, (b) Ag-MWNTs/PANI, (c) magnified Ag-MWNTs/PANI, and (d) TEM image of Ag-MWNTs/PANI.
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about two orders compared with the MWNTs/PANI composites,
which resulted from the decrease of the contact resistance
between the PANI and MWNTs. As expected, Ag deposited onto
MWNTs showed a synergy effect on the electrical conductivity of
the MWNTs due to a higher conductivity of Ag (s¼6.30�105 S/
cm) than that of the pristine MWNTs. This indicates that Ag-
MWNTs can serve as an effective conducting filler to enhance the
electrical conductivity of PANI [27].

3.4. Electrochemical performance of the Ag-MWNTs/PANI

Fig. 9 shows the cyclic voltammogram of the Ag-MWNTs,
which was measured in a 1.0 M sulfuric acid solution as an
electrolyte. As shown in Fig. 9, the pristine MWNTs exhibited a
broad peak and low current density, whereas the Ag-MWNTs had
a pair of redox peaks at 0.25 and 0.50 V due to the redox of Ag
nanoparticles. In addition, the electrochemical activity and cur-
rent density increased with an increasing Ag concentration. This
shows the Ag-MWNTs had a high activity towards the hydrogen
ions. Furthermore, the oxidation peaks of Ag show more shift with
an increasing Ag concentration compared to the reduction peaks.
This indicates that the oxidation of the Ag-MWNTs occurs more
easily than reduction of the Ag-MWNTs [28].

Fig. 10 shows the cyclic voltammogram of the Ag-MWNTs/
PANI. To investigate the effect of Ag nanoparticles, electrochemi-
cal performance was measured for PANI with pristine MWNTs
and Ag-MWNTs. It can be seen that the Ag-MWNTs/PANI compo-
sites exhibit a higher broad redox peak and active surface area
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compared with MWNTs/PANI, indicating a high specific capaci-
tance of the Ag-MWNTs/PANI. In addition, the current density of
the Ag-MWNTs/PANI increased remarkably with an increasing Ag
concentration, resulting from the electrocatalytic activity of Ag
nanoparticles deposited onto MWNTs. These improved electro-
chemical performances can be explained as follows: (1) Ag
nanoparticles provide a bridge effect at the interface between
the MWNTs and PANI, and serve as efficient supporting and
catalytic materials. This indicates that the Ag nanoparticles could
provide a reduction of the contact resistance at the interface
between MWNTs and PANI, and the enhanced electrical conduc-
tivity of the composites can reduce the energy loss during charge-
discharge, leading to an increase in the electrochemical utilization
of MWNTs/PANI [29,30], and (2) the presence of the nitrogen
groups of the PANI cause a pseudocapacitance reaction, leading to
asymmetry of CV curves [31].

From the CV data, the specific capacitance (Cspec) for the
composite electrodes is shown in Fig. 10(b), and can be calculated as

C ¼
i

mS
ð1Þ

where S¼(DV/Dt) is the scan rate, i the discharge current, Dt the
discharge time corresponding to the voltage difference DV, and m
the electrode mass. As shown in Fig. 10(b), the specific capacitance
of MWNTs/PANI increases with the incorporation of Ag nanoparti-
cles. The highest Cspec value (205 F/g) was found with 0.15 M
Ag-MWNTs/PANI compared to 162 F/g for MWNTs/PANI, which
resulted from the synergistic effect between Ag nanoparticles and
MWNTs/PANI [32]. Consequently, the Ag nanoparticles incorporated
between the MWNTs and PANI could provide a larger conductive
network than MWNTs/PANI. Therefore, core/shell Ag-MWNTs/PANI
are favorable for the production of electrode materials and have a
superior electrochemical performance to that of conventional
MWNTs/PANI electrodes.
4. Conclusions

In this study, the MWNTs were decorated by Ag nanoparticles
and the effect of Ag-MWNTs on the electrochemical behavior of
Ag-MWNTs/PANI was investigated. It was found that Ag nano-
particles having about 4 nm diameter were deposited onto the
MWNTs. The Ag-MWNTs were successfully encapsulated by PANI
via oxidation polymerization. The electrical conductivity of the
PANI increased remarkably with the addition of MWNTs and Ag-
MWNTs. Cyclic voltammetry indicated that the Ag-MWNTs/PANI
composites had a higher catalytic activity and active surface area
than MWNTs/PANI, which was attributed to the catalytic effect of
the Ag nanoparticles deposited onto the MWNTs.
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