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Introduction

Coaxial nanocables as a new type of one-dimensional (1D)
nanostructure have attracted considerable attention in
recent years due to their potential application in gated field-
effect transistors, quantum wire lasers, and nanoscale elec-
tronic devices.[1,2] Several solution-based template and tem-
plate-free methods have been demonstrated to generate pol-
ymer/polymer, semiconductor/polymer, and metal/polymer
nanocables at relatively low temperatures. For instance,
many 1D nanomaterials (such as, Au,[3] Ag,[4] Ni,[5] carbon
nanotubes (CNTs),[6] etc.) are often used as templates to
prepare the nanocables. In this method, the surface of the
nanowires are coated with conformal sheaths made of differ-

ent materials by chemical, electrochemical, sol–gel, or other
routes, to form coaxial nanocables. In addition, some meso-
porous silica materials[7] and peptides[8] can also act as tem-
plates to prepare such 1D nanocables, in which their hollow
structures can be filled with metals and other functional ma-
terials. More recently, Yu et al. have reported the synthesis
of Ag/carbon and Ag/cross-linked poly(vinyl alcohol) co-
axial nanocables through a hydrothermal coreduction proc-
ess in the absence of a template.[9]

Currently, there is considerable interest in 1D conducting
polymer nanostructures because of their unique properties
and promising potential applications in nanodevices, such as,
nanowires,[10, 11] sensor/actuator arrays,[12, 13] and optoelectric
devices,[14,15] as well as in biotechnology[16,17] (e.g., delivery
agents, pharmaceutical agents). In particular, coaxial nano-
structures, containing metal or inorganic electrical, optical,
and magnetic nanorods/nanowires coated with conducting
polymers, provide an exciting system with which to investi-
gate the possibility of designing device functionality, because
the core–shell structure of nanocables often exhibits differ-
ent chemical and physical properties from those of the sole
core or shell materials. Recently, conducting polymer coaxial
nanocables have been reported in the literature. Xu et al. ,[18]

for instance, reported the template synthesis and magnetic
behavior of an array of cobalt nanowires encapsulated in
polyaniline nanotubules, in which the polyaniline envelope
protected the metal nanowires from oxidation and corro-
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sion, making them stable in air. Kim et al.[19] synthesized
Au/polypyrrole core–shell nanorods with Au nanorods as
the template. Shi et al.[20] have also reported the electro-
chemical fabrication of polythiophene-film-coated metallic
nanowire arrays. Li et al.[21] fabricated Ag/polypyrrole co-
axial nanocables through a one-step process. Recently, Yang
et al. also reported that polyaniline nanofibers decorated
with Au nanoparticles exhibited nonvolatile memory behav-
ior.[22] Despite many of these studies on the preparation of
conducting metal–polymer nanocables, no paper dealing
with the preparation and properties of gold/polyaniline
nanocables has been published yet.

In this article, the synthesis and characterization of novel
gold/polyaniline (Au/PANI) coaxial nanocables synthesized
through a self-assembly process in the presence of chlorauric
acid (HAuCl4) as the oxidant and d-camphor-10-sulfonic
acid (CSA) as the dopant are reported for the first time.
The hydrophilic �SO3H group of CSA acts as both a dopant
and surfactant at the same time; when functioning as a
dopant this results in electrical properties in the polyaniline
layer, whereas as a surfactant it acts as a soft template in
the formation of the nanocables. The resulting single nano-
cables of Au/PANI show high conductivity (�77.2 Scm�1).
The influence of the synthesis conditions on the morpholo-
gy, size, and electrical properties of the Au/PANI-CSA
nanocables was investigated, and their formation mechanism
is discussed.

Results and Discussion

Morphology and formation mechanism : Figure 1a and b are
representative transmission electron microscopy (TEM)
images of the sample at low magnification showing that the
as-prepared nanocables are 50–60 nm in diameter and more
than 1 mm in length. A typical TEM image of the nanocables
at higher magnification is shown in Figure 1c, from which it
can be seen that the Au/PANI-CSA composites are coaxial
nanocable structures composed of PANI-CSA sheaths and
gold nanowire cores. The outer diameter of the nanocables
is 50–60 nm and the diameter of the central gold cores is
20 nm. Moreover, Figure 1c clearly demonstrates a sharp
contrast between the surrounding light polymer and the
inner, dark gold cores. An electron diffraction (ED) pattern
(inset in Figure 1c) of this area shows the diffraction dots of
gold and the characteristic rings of polymer, which further
proved that the composite consists of amorphous PANI-
CSA polymer with an encapsulated gold nanowire core.

It is known that gold can be easily oxidized into Au3+

ions in a saturated I2 solution. Therefore, a simple experi-
ment was carried out to leach out the Au nanowire cores
using I2. The Au/PANI-CSA nanocables were kept in the
iodine solution for more than 5 h, and then they were centri-
fuged to isolate the precipitate that contained the PANI-
CSA hollow nanotubes. The hollow tubule structures of
PANI-CSA can be clearly observed in the TEM image
shown in Figure 1d. The diameter of the outer shell and the

central hollow cores of the PANI-CSA nanotubules are 50–
60 and 20 nm, respectively, which are consistent with the
above-mentioned nanocable values (as shown in Figure 1c).
The ED pattern (inset in Figure 1d) does not display Au dif-
fraction dots or circles confirming that the gold nanowire
cores were dissolved completely and that the nanotubes are
only amorphous PANI-CSA polymer.

To elucidate the formation mechanism of the Au/PANI-
CSA nanocables, the influence of the synthesis conditions
(such as, the reaction temperature, the concentration of re-
actants, and polymerization time) on the morphology and
size of the resulting nanostructures was investigated. In this
method, it was found that the molar ratio of aniline (An) to
HAuCl4 and the concentration of dopant CSA have signifi-
cant effects on the formation of Au/PANI-CSA nanocables.
Figure 2 shows a typical example of the effect of the [An]/ ACHTUNG-
TRENNUNG[HAuCl4] ratio on the morphology, measured by using
TEM. When the [An]/ ACHTUNGTRENNUNG[HAuCl4] ratio was 25:1, irregular
polyaniline grains were observed (Figure 2a,b) in which only
small gold nanoparticles were embedded in the polyaniline
matrix. Interestingly, and in a sharp contrast to the previous
result, regular Au/PANI-CSA nanocables with diameters of
50–60 nm and lengths of 1–2 mm became dominant when the
[An]/ ACHTUNGTRENNUNG[HAuCl4] ratio was 7:1, as shown in Figure 1a,b. Once
the [An]/ACHTUNGTRENNUNG[HAuCl4] ratio was decreased to 1:1, however, ir-

Figure 1. TEM images of the Au/PANI-CSA nanocables and the hollow
PANI-CSA nanotubes obtained by dissolving their gold cores in an I2/KI
solution: a) and b) the Au/PANI-CSA nanocables at low magnification;
c) the Au/PANI-CSA nanocables at high magnification (inset: an ED
pattern of the Au/PANI-CSA nanocables); d) the hollow PANI-CSA
nanotubes at low magnification (inset: an ED pattern of the hollow
PANI-CSA nanotubes).
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regular gold grains appeared (Figure 2c,d). The enlarged
view shows that the gold grains were coated by a thin layer
of polymer. These results indicate that for Au/PANI-CSA a
change in morphology of PANI grains to Au/PANI-CSA
nanocables to gold grains took place when the [An]/ ACHTUNG-
TRENNUNG[HAuCl4] ratio changed from 25:1 to 7:1 to 1:1. We also ob-
served that the concentration of CSA affected the size of
the nanocables. Au/ANI-CSA nanocables with larger diame-
ters (180 nm) and longer lengths (1–5 mm) were obtained,
for example, when a higher concentration of CSA was used
(Figure 3a,b). Therefore, it was possible to control the diam-
eter and length of the nanocables by changing the concen-
tration of the dopant. However, if a lower concentration of
CSA was used, no such cables were obtained (Figure 3c,d).

The present method of synthesizing Au/PANI-CSA nano-
cables is similar to other routes with the exception of using
different oxidants or dopants. However, the products descri-
bed here possess a unique coaxial nanocable structure,
which is much different from the previously reported mor-
phologies (such as, Au/polyaniline nanoparticles, polyaniline
nanofibers and nanobelts).[23–26] Although the formation
mechanism of the Au/PANI-CSA nanocables is not fully
clear at this stage, the above-mentioned results allow us to
suggest a possible process responsible for the formation of
such unusual nanocables. We propose that the formation of
such Au/PANI-CSA coaxial nanocables is controlled by a
synergistic growth mechanism (shown in Scheme 1). First,
aniline easily reacts with CSA to form a protonated aniline/
CSA salt through a base/acid reaction. When the protonated

anilinium cations are mixed with the chloroaurate acid, the
reduction of HAuCl4 and oxidation of aniline occur simulta-
neously, leading to the formation of gold nanoclusters and
aniline oligomers. Second, in this system, the dopant CSA
plays an important role both in the formation of Au/PANI-
CSA nanocables and in the further directed growth of gold
nanowires capped by the PANI-CSA oligomers or CSA
dopant. In fact, CSA has both a doping and surfactant func-
tion due to its hydrophilic �SO3H group. Therefore, it is ex-
pected that micelles formed by CSA, or by anilinium cations

Figure 2. Influence of the molar ratio of aniline to HAuCl4 on the mor-
phology of Au/PANI-CSA: a) and b) 25:1; c) and d) 1:1 (other reaction
conditions: [An]=0.07m, [CSA]=0.07m, reaction time=10 h, T=0–
5 8C). Figure 3. Influence of the concentration of CSA on the morphology of

Au/PANI-CSA: a) and b) 0.35m ; c) and d) 0.01m (other reaction condi-
tions: [An]=0.07m, [HAuCl4]=0.05m, reaction time=10 h, T=0–5 8C).

Scheme 1. Illustration of the proposed formation mechanism of Au/
PANI-CSA nanocables.
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might act as soft templates in the formation of the Au/
PANI-CSA nanocables. Furthermore, in turn, the gold nano-
wires act as a backbone on which the PANI-CSA shells can
form through a self-assembly process. Finally, the gold nano-
wire cores can be dissolved by a saturated I2 solution to
form the PANI-CSA nanotubes.

Structural characterization of the Au/PANI-CSA nanoca-
bles : Figure 4 shows the UV-visible spectra recorded from

the reaction mixture at different reaction stages. The reac-
tant aniline in aqueous CSA solution has an absorbance
band centered at l=260 nm (as shown in curve a of
Figure 4) that is associated with the characteristic p–p* tran-
sition of a benzene ring. Upon introduction of HAuCl4, the
solution changed from colorless to red–brown. The time-de-
pendent changes of the reaction mixture are presented in
curves b (t=0.5 h) and c (t=10 h) of Figure 4. When the re-
action time is about 0.5 h, three new absorbance bands
appear at l=443, 530, and 730 nm (Figure 4b). The bands at
l=443 and 730 nm are assigned to the characteristic p–p*
and localized polaron–p transitions of the emeraldine form
of PANI oligomers,[27] which confirms that PANI is formed
in the solution. However, the absorption peak at l=530 nm
is related to the surface plasmon resonance band of the Au
nanoparticles. This means Au nanoparticles were formed in
the solution.[28] Significant changes in the absorbance bands
are observed in curve c after a reaction time of 10 h. The ab-
sorbance bands at l=443 and 730 nm disappear. This be-
havior suggests that the precipitation of the PANI compo-
sites from solution takes place because the chain length of
the PANI oligomers becomes large. However, the band at
l=530 nm ascribed to the Au nanoparticles remains, which
shows that some free Au nanoparticles still existed in solu-

tion when the polymerization reaction was completed.
Therefore, the results of the UV-visible spectra not only
confirm the formation of Au and polyaniline but also prove
that the produced PANI evolves from oligomers. We have
also investigated the doping/dedoping feature of Au/PANI-
CSA nanocable films fabricated through in situ deposition
from the reaction (inset in Figure 4). The Au/PANI-CSA
nanocable film has an absorbance peak maximum at l=

420 nm, which is ascribed to the polyaniline. The polaron
band in the l=650 nm region confirms the presence of
PANI in the conducting form (Figure 4d). As the film was
dedoped with NH4OH, the PANI peak at l=420 nm de-
creased and the polaron band at l=650 nm gradually disap-
peared. A strong absorption peak due to exciton transition
of the quinoid ring appears at about l=580 nm, suggesting
that the Au/PANI-CSA nanocables have been completely
dedoped to the base form (Figure 4e). The Au/PANI-CSA
nanocables returned to the conducting form when the film
was redoped with HCl (Figure 4f). These results suggest
that the polyaniline sheath in gold/polyaniline nanocables
could still be doped and dedoped, which means that the
gold/polyaniline nanocables can be further made into metal/
insulator and metal/semiconductor core–sheath structures.

The molecular structure of the resulting Au/PANI-CSA
nanocables was further characterized by FTIR spectroscopy
and X-ray diffraction (XRD) measurements. The character-
istic bands of PANI at wavenumbers of 1574 cm�1 (assigned
to the C=C stretching of the quinoid rings), 1496 cm�1 (C=C
stretching of benzenoid rings), 1306 cm�1 (C�N stretching
mode), and 1143 cm�1 (N=Q=N, Q representing the quinoid
ring) were observed clearly in the FTIR spectra of Au/
PANI-CSA nanocables (Figure 5), and are identical to those

of the emeraldine salt form of PANI reported earlier.[29] The
presence of Au in the Au/PANI-CSA nanocables was fur-
ther confirmed by a powder XRD pattern, as shown in
Figure 6. Four strong bands appeared with maximum inten-
sity at 38.1, 44.3, 64.5, and 77.58 representing Bragg reflec-
tions from the (111), (200), (220), and (311) planes of Au.
The unit-cell constant a of such an fcc lattice was obtained

Figure 4. UV/Vis spectra of the chemically synthesized Au/PANI-CSA
nanocables in aqueous solution under typical conditions with a reaction
time of a) 0, b) 0.5, and c) 10 h. Inset: the UV/Vis spectra of the Au/
PANI-CSA nanocable films fabricated by in situ deposition from the re-
action under typical conditions, with the following NH4OH/HCl dedop-
ing/doping: d) Au/PANI-CSA nanocables film; e) dedoped with NH4OH;
f) redoped with HCl.

Figure 5. FTIR spectrum of the Au/PANI-CSA nanocables dispersed in a
KBr pellet.
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as 4.086 N. A weak, broad peak centered at 2q=23.38 may
be attributed to the amorphous PANI-CSA.

Electrical properties of a single Au/PANI-CSA nanocable :
A single Au/PANI-CSA nanocable with a length of 5 mm
and an outer diameter of 180 nm was selected to investigate
its electrical properties. Because the nanocable is not very
long, only two platinum microleads were attached onto the
single nanocable (it is difficult to fabricate four microleads
of such a short length). Figure 7a shows a typical scanning
electron microscopy (SEM) image of a single Au/PANI-
CSA nanocable and the attached platinum microleads
(length=80 mm, cross section=0.8O0.4 mm2). Because the
resistivity of the platinum leads deposited by focused-ion-
beam systems is about 5O10�4 Wcm,[30] the resistance of the
platinum microleads can be estimated to be about 0.4 kW.
Compared with the resistance of a single Au/PANI-CSA
nanocable (20–200 kW), the resistance of the Pt electrodes is
small.

Figure 7b shows the temperature (T) dependence of the
resistance (R) of the single Au/PANI-CSA nanocable, whose
resistance was measured by using a two-probe method. The
single-nanocable conductivity (s) can be determined by
using Equation (1):

sðTÞ ¼ L
SRðTÞ ¼

L
pr 2RðTÞ ð1Þ

in which L is the length of the nanocable between two plati-
num microleads, S is the section area of a single nanocable,
and r is the radius of the nanocable. We can deduce that the
electrical conductivity of a single Au/PANI-CSA nanocable
is 77.2 Scm�1 at room temperature, which is much higher
than the conductivity of a single PANI-CSA nanotube
(31.4 Scm�1).[31,32] The Au/PANI-CSA nanocable shows sem-
iconductive behavior. The resistivity increases with decreas-
ing temperature, and sACHTUNGTRENNUNG(100 K)=48.4 Scm�1. It was found
that the resistivity ratio of sr=s ACHTUNGTRENNUNG(100 K)/sACHTUNGTRENNUNG(300 K) is 1.6,
which is much smaller than that of a single PANI-CSA
nanotube (sr=7.4).[31, 32] The semiconducting behavior of
conducting polymers can be described by the variable range
hopping (VRH) model proposed by Mott and Davis[33] as

shown in Equations (2) and (3):

sðTÞ ¼ s0exp
��
T0

T

�1=ðnþ1Þ�
ðn ¼ 1, 2, 3Þ ð2Þ

T0 ¼
8

ZLCNðEFÞkB
ð3Þ

in which T0 is the characteristic Mott temperature, which re-
flects the hopping energy, LC is the localization length,
N(EF) is the density of states at the Fermi level, kB is the
Boltzmann constant, Z is the number of nearest neighbor
chains, and “n=1, 2, and 3” means 1D, 2D, and 3D VRH
conduction. Figure 7c shows the 3D-VRH plot of lnR(T)
versus T�1/4. The characteristic Mott temperature T0 is about
260 K, which is also much smaller than that of a single
PANI-CSA nanotube (T0=1500 K).[29,30] The above results
suggest that the Au nanowires in the Au/PANI-CSA nanoca-

Figure 6. XRD pattern of the Au/PANI-CSA nanocables.

Figure 7. a) Typical SEM image of a single Au/PANI-CSA nanocable and
Pt microelectrodes (scale bar=5 mm). The length of the Pt microelec-
trode is 80 mm and its cross section is 0.8O0.4 mm2. b) Temperature de-
pendence of the resistance of a single Au/PANI-CSA nanocable; the re-
sistance is measured by a two-terminal technique; c) plot of lnR(T)
versus T�1/4 (R was measured in Ohms).
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ble can enhance the electrical properties of the Au/PANI-
CSA composites. Such work is now in progress.

Conclusion

In conclusion, we have successfully developed a self-assem-
bly method for synthesizing Au/PANI-CSA coaxial nanoca-
bles with average diameters of 50 nm and lengths of 1–2 mm
in aqueous solution at low temperature. Dissolution of the
Au nanowire core easily results in the formation of hollow
PANI-CSA nanotubes. In this method, the aniline monomer
was oxidized by HAuCl4 in the presence of CSA (as the
dopant and surfactant) leading to the formation of Au/
PANI-CSA coaxial nanocables. The directly measured con-
ductivity of a single gold/polyaniline nanocable is high
(�77.2 Scm�1). The synergistic effects of both growth of Au
nanowires and the polymerization of PANI sheaths are re-
sponsible for the formation of the nanocables through a
self-assembly process. Furthermore, we believe that the elec-
tronic interaction between the metal and the external con-
ducting polymer layer will play a crucial role in constructing
optoelectronic nanodevices.

Experimental Section

General : The aniline monomer (Aldrich, >99.5%) was distilled under
reduced pressure and stored under N2 gas. d-CSA (98%) and HAuCl4 (>
49%) were used as received (Aldrich).

Synthesis : In a typical experiment, the aniline monomer (16.5 mL) was
mixed with an aqueous CSA solution (2.5 mL, 0.1m) under stirring for
0.5 h to obtain a uniform emulsion. An aqueous solution of HAuCl4
(0.5 mL, 50 mm) was quickly added to this emulsion. Then, the mixture
was allowed to react at 0–5 8C (in an ice bath) for 10 h without stirring.
The product was washed with deionized water several times, and finally
dried under vacuum for 24 h to obtain a dark powder of Au/PANI-CSA
nanocomposites.

Analysis : The electron microscopy of Au/PANI-CSA coaxial nanocables
was carried out by using a transmission electron microscope
(JEOL2000). UV/Vis absorption spectra of the reaction mixture at differ-
ent reaction times in aqueous solution were recorded on a Shimadzu UV-
3100 spectrometer. FTIR spectra (Perkin–Elmer system) and X-ray dif-
fraction (MAC Science, Japan M-18AHF) analyses were used to charac-
terize the molecular structure of Au/PANI-CSA nanocomposites.

Conductivity measurements : The platinum microleads were attached to
the single nanocable as follows. First, some Au/PANI-CSA nanocables
were ultrasonically dispersed in ethanol for about 15 min. Then, a drop
of the dilute solution was placed on an insulating silica/Si substrate.
Second, when the solution was dry, an electron microscope was used to
find an appropriate single nanocable. Third, one pair of platinum micro-
leads with a width of 0.8 mm and a thickness of 0.4 mm were fabricated by
focused ion beam (FIB) deposition (Dual-Beam 235 FIB System from
FEI Company). The electrical connection between the platinum micro-
leads and the sample holder was made by using a highly conductive silver
paste and gold wires. The electrical resistance of the single nanocable
was measured by using a Physical Property Measurement System from
Quantum Design.
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