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Abstract Ag/polypyrrole (PPy) coaxial nanocables
(NCs) were synthesized by an ion adsorption method.
In this method, the pre-made Ag nanowires (NWs)
were dispersed in the aqueous solution of copper
acetate (Cu(Ac),), and the Cu?* ions adsorbed onto the
surface of Ag NWs can oxidize pyrrole monomers to
polymerize into uniform PPy sheath outside Ag NWs
after the Cu(Ac),-treated Ag NWs were re-dispersed in
the aqueous solution of pyrrole. The morphology of
NCs was characterized by transmission electron
microscope (TEM) and scanning electron microscope
(SEM). The relationship between the thickness of
polymer sheath and the concentration of Cu(Ac), was
established. As Cu(Ac), which served as the oxidant
can also be replaced by AgNOs; in this synthesis, the
differences on the structure of polymer sheath caused
by different oxidants were studied by surface-
enhanced Raman scattering (SERS), high-resolution
transmission electron microscope (HR-TEM), Fourier
transform infrared spectroscopy (FT-IR), and X-ray
photoelectron spectroscopy (XPS). Comparing with
the characterization results of Ag/PPy NCs synthesized
using AgNO; as the oxidant which indicates the
random arrangement of PPy chains at the interface
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between polymer sheath and Ag NWs, PPy chain
oxidized by Cu®*" tends to show a relatively ordered
conformation at the interface with the pyrrole rings
identically taking the plane vertical to the surface of Ag
NWs. In addition, although the main part of the
polymer sheath was composed of PPy whatever kind of
oxidant was used, the sheath of the NCs oxidized by
Cu®" is typical for the existence of Cu(I)—pyrrole
coordinate structures with strong Cu(I)-N bond signal
shown in XPS characterization.
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Introduction

The synthesis of one-dimensional nanomaterials has
attracted tremendous attentions in these days (Xia
et al. 2003; Tang and Kotov 2005). Among the
various nanomaterials with different morphologies
such as nanowires (NWs) (Goldberger et al. 2006),
nanorods (Park et al. 2007), nanotubes (Kuemmeth
et al. 2008), coaxial nanocables (NCs) are one of the
most widely concerned architectures (Zhang et al.
2007; Guo et al. 2009). NCs are typical for their
cable-like morphology with a core NW coated by a
proper uniform sheath (Tian et al. 2007). Believed to
be able to improve the carrier collection and overall
efficiency with respect to the simple NWs, NCs have
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great potential applications in sensors or electric
devices (Jang and Bae 2007). Great devotes have
been done developing methods to produce coaxial
NCs with efficiency. Many kinds of NCs have been
successfully prepared in the past decades, and their
unique properties incorporated with their special
structure design, including the conductive, magnetic,
and luminescent capability, have been fairly explored
(Wang et al. 2009; Zhang et al. 1998).

A typical example of the omnifarious NCs is Ag/
polypyrrole (PPy) NCs (Zhang and Manohar 2005;
Zhang et al. 2003). Methods such as layer-by-layer
deposition (Mayya et al. 2001), hydro-thermal
method (Yu et al. 2004), in situ polymerization (Xu
et al. 2005), and one step method (Chen et al. 2005)
have been applied in the synthesis of Ag/PPy NCs.
The simple mechanism including the function of the
tailoring agent poly(vinylpyrrolidone) (PVP) has also
been reported (Xiong et al. 2006; Gao et al. 2004). It
has been reported by our group that Ag/PPy coaxial
NCs can be successfully fabricated at room temper-
ature based on the adsorption of oxidative “common
ions” on the surface of Ag NWs followed by a redox
polymerization carried out in pyrrole solutions (Chen
et al. 2006). The oxidant used in this method is
AgNOg;. Further work in our groups showed that not
only Ag+, which is so-called “common ions,” but
other oxidative ions such as Cu®" are also able to be
loaded onto the surface of Ag NWs (Xie et al. 2008).
Actually AgNOs; is not a very desirable oxidant for
the preparation of NCs because of its strong acidity
and strong oxidation ability which will have negative
effects on the morphologies or the conductivities of
the sheath polymers. The replacement of AgNO; by
other oxidant with weaker acidity and weaker oxida-
tion ability is with its advantages.

In this study, Ag/PPy coaxial NCs were prepared by
a modified “common ion adsorption method” using
copper acetate (Cu(Ac),) as the oxidant. As the
polymerization of pyrrole monomers on Ag NWs was
oxidized by Cu®" instead of Ag™, the methods can be
renamed as “ion adsorption method” in this way.
Moreover, surface-enhanced Raman scattering (SERS)
was applied on the characterization of NCs. The
polymer structures, especially the difference on mole-
cule conformation at the interface between Ag and PPy
sheath caused by using different oxidants (AgNO;5 and
Cu(Ac),), were discussed in detail. No longer restricted
by the rules of “common ions,” the work here is trying
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to provide a versatile method for the fabrication of
nanometal/polymer composites based on the redox
polymerization although further exploration and opti-
mization on the method are still needed. The incorpo-
ration of possible different metal ions on the polymer
sheath may introduce extraordinary properties which
are desirable to the wide potential applications in
nanodevices and single molecule detections.

Experimental
The preparation of Ag NWs

Silver NWs were synthesized by polyol reduction
using PVP as the tailoring agent (Sun and Xia 2002).
In a typical synthesis, 6 mL of 0.1 M AgNO; and
6 mL of 0.15 M PVP solution in ethylene glycol
(EG) were injected simultaneously into a three-neck
bottle precharged with 10 mL EG. The reaction was
carried out under reflux at 160 °C for 60 min. After
the mixture was cooled down to room temperature, it
was isolated by centrifugation at 4000 rpm for
30 min. The bottom layer in the centrifuge tube
was collected as the coarse product. The coarse
product was washed three times by acetone and then
by ethanol, separately. In a typical washing proce-
dure, the isolated coarse product was diluted by the
solvent (acetone or ethanol, five times of the product
in volume). The dilution was dispersed by ultrason-
ication for 15 min. After that, centrifugation was
applied at 4000 rpm for 30 min with the bottom layer
in the centrifuge tube collected. The obtained prod-
ucts were finally washed once by deionized water.
The thoroughly washed products were immediately
dispersed in the aqueous solution of oxidant (Cu(Ac),
or AgNO;) for further fabrication.

The fabrication of Ag/PPy NCs

The detailed synthesis of Ag/PPy NCs using AgNO;
as the oxidant (NCs—AgNO;) was reported elsewhere
(Chen et al. 2006). The synthesis of Ag/PPy NCs
using Cu(Ac), as the oxidant (NCs—Cu(Ac),) is
similar to that. As-synthesized Ag NWs were
dispersed in 20 mL Cu(Ac), aqueous solution by
ultrasonication for 20 min. The treated NWs were
isolated by centrifugation and then redispersed in
20 mL of deionized water containing 0.5 mL of
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dissolved pyrrole monomer. The reaction was carried
out in a round-bottomed flask at room temperature for
48 h under magnetic stirring. The final products were
isolated by centrifugation at 4000 rpm for 30 min
with the bottom layer in the centrifuge tube collected
as the coarse product. The coarse product was washed
thoroughly with the procedure similar with that in the
synthesis of Ag NWs, but the solvent was replaced by
water and ethanol, separately. After dried in vacuum
at 60 °C for 48 h, the final product was obtained as
black solid powder which was stored in vacuum.

Characterization

The morphology of NCs was observed by transmis-
sion electron microscope (TEM; HITACHI-800)
operated at 100 kV and high-resolution transmission
electron microscope (HR-TEM; FEI TECNAI F20)
operated at 200 kV equipped with an electron
diffraction (ED). Scanning electron microscopy
(SEM) characterization was carried out on XL-30
ESEM-FEG from FEI. Fourier Transform Infrared
(FT-IR) spectra were obtained using Bruker Ten-
sor37. Raman spectra were recorded on a Renishaw
System 1000 Raman imaging microscope (Renishaw
plc, UK) equipped with a 25 mW (632.8 nm) He—Ne
laser and a peltier-cooled CCD detector. The laser
was focused onto a spot of approximately 1 um in
diameter by a 50x objective mounted on an Olympus
BH-2 microscope. Zeta-potential of Ag NWs and
Ag/PPy NCs was measured by Malvern NanoZS
using ethanol as the dispersant. X-ray photoelectron
spectroscopy (XPS) was obtained using ThermoVG
Escalab 250.

Results and discussion

TEM images of Ag NWs and Ag/PPy NCs are shown
in Fig. 1. Ag NWs obtained from polyol reduction
method were with smooth surfaces and uniform
diameters (40-50 nm, Fig. 1, inset). Clear PPy sheath
can be observed in the TEM image (Fig. I, main
image) of our final NCs—Cu(Ac),. The SEM image of
Ag/PPy NCs—Cu(Ac), is shown in Fig. 2 with Ag
NWs entirely coated by scale-like polymers. The
thickness of PPy sheath is depended on the concen-
tration of Cu(Ac), in aqueous solution ([Cu(Ac),])
which was used in the treatment of Ag NWs before

250nm

Fig. 1 A typical TEM image of Ag/PPy NCs ([Cu(Ac),] =
0.25 M). Inset bare silver nanowires

54700 20.0kV 13.2mm x100k

Fig. 2 A typical SEM image of Ag/PPy NCs

they were added in the monomer solution. The
relationship between the thickness of PPy sheath and
the concentration of Cu(Ac), aqueous solution is
shown in Fig. 3 as the square line. The sheath
thickness kept increasing with the increase of
[Cu(Ac),]. When [Cu(Ac),] reached 0.35 M, the
thickness of PPy sheath could reach 40 nm, almost
two times as much as the maximum thickness
obtained from NCs—AgNOj; (Xie et al. 2008).
Although the distribution of particle size in our
system is broad observed from the TEM results, the
nanocomposites, especially the Cu’'-loaded Ag
NWs, can be well dispersed in ethanol which permits
us to measure the zeta-potential of the NWs with
acceptable and repeatable results. The relationship
between the zeta-potential of Cu(Ac),-treated Ag
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Fig. 3 The relationship between the thickness of PPy sheath
and the concentration of Cu(Ac), aqueous solution (square),
and the relationship between the zeta-potential of the silver
NWs and the concentration of Cu(Ac), aqueous solution
(triangle)

NWs and [Cu(Ac),] is also shown in Fig. 3. For as-
prepared Ag NWs ([Cu(Ac),] = 0), the zeta-potential
of NWs is below —24 mV. After Ag NWs were
dispersed in Cu(Ac), solution, Cu’" jons would
adsorb onto the surface of Ag NWs driven by the
columbic attraction. The adsorption of positive ions
will neutralize part of the negative charges on the
surface of NWs, which correspondingly caused the
increase on the zeta-potential value in the positive
direction. In this way, the increase on the zeta-
potential value means the increase on the amount of
the compensated Cu®" ions adsorbed on the surface
of Ag NWs. With the increase of the concentration of
Cu(Ac), in aqueous solution, the two curves in Fig. 3
are of similar trends. If we simply attribute the
increase on zeta-potential to the increase amount of
Cu?* adsorbed on the surface of Ag NWs, we can
confer that the more ions of Cu>" adsorbed on Ag
NWs, the thicker will the polymer sheath be, i.e., the
thickness of the polymer sheath is reliable to the
concentration of Cu?" on Ag NWs. The adsorbed
Cu”" ions should be served as the active centers to
initiate the polymerization of pyrrole monomers for
the formation of PPy sheath when Cu(Ac),-treated
Ag NWs were redispersed in pyrrole solution.

One of the characteristic properties of Ag NWs is
the SERS effect (Wang and Zhang 2009). The
spectrum of SERS is only sensitive to the molecule
layer just on the surface of the substrate made by
some noble metal which is served by Ag NWs in this
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Fig. 4 Raman spectra of Ag/PPy NCs oxidized by (A) AgNOs;
(B) Cu(Ac),

study. The characteristic is useful in the character-
ization of PPy chains at the interface between the PPy
sheath and the Ag NWs inside. Raman spectra of the
two kinds of Ag/PPy NCs are shown in Fig. 4 with
the NCs prepared using AgNO3 (A) and Cu(Ac), (B)
as the oxidants, respectively. The strong intensities
and high resolutions of the spectra indicate the
effective enhancing effect on the Raman signals
provided by the specialties of the surface of Ag NWs.

It can be found that typical peaks for PPy
structures are shown in both of the two spectra
(Han et al. 2005). Most of the peaks are of about
the same locations in the two spectra with only a
little shift which were caused possibly by the oper-
ations. However, there are still markable differences
between the two spectra. First, in Fig. 4A, there are
two remarkable peaks at 1148 and 665 cm™' which
are nearly disappeared in Fig. 4B. The peaks at 1148
and 665 cm ™" in Fig. 4A are attributed to the out-of-
plane deformation mode of the aromatic ring and
C-H bond, respectively. In general, the out-of-plane
vibration here involves a dipole moment perpendic-
ular to the plane of aromatic rings in the PPy chain.
According to “surface selection rules” for SERS
(Moskovits and Suh 1984), i.e., only molecule
vibrational peaks giving rise to a dynamic dipole
moment along the direction perpendicular to the
surface of the substrate should be observed in the
vibration spectrum, some of the PPy chains must
take the conformation with the plane of pyrrole rings
flat on the surfaces of Ag NWs so that the
enhancement on the two peaks which belong to the
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out-of-plane vibration can be illustrated. But in
Fig. 4B, the two peaks are almost absent, i.e., the
enhanced Raman bands are all attributed to the
in-plane vibration, which involves a dipole moment
parallel to the plane of the aromatic rings in the
molecule. Thus, the pyrrole rings should much more
prefer to “stand up” with the plane of pyrrole ring
vertical to the surface of NWs rather than to lean or lie
on the surface. In this conformation, the out-of-plane
vibration gives rise to a dynamic dipole moment
parallel to the surface of Ag NWs so that the cancel of
the peaks at 1148 and 665 cm™' in Fig. 4B can be
illustrated. With all the aromatic rings “standing up”
at the surface of Ag NWs, the PPy polymer chains
should take an ordered conformation at the interface
between Ag NWs and PPy sheath.

Another difference between the two spectra in
Fig. 4 is on the peaks belonging to C=C symmetrical
stretching vibration. The Raman band for C=C
symmetrical stretching vibration can be divided into
two peaks located at about 1610 and 1574 cm™',
separately. In Fig. 4A, the intensity of the peak at
1610 cm ™" is much lower than that at 1574 cm™'. In
Fig. 4B, the relative intensity of the peak at
1610 cm ™" is much increased with its intensity a
little stronger than the intensity of the peak at
1574 cm™'. Although the increase on the extent of
oxidation of PPy might cause the enhancement of the
relative intensity of the peak at 1610 cm_l, it does
not work in the case because the sample for Fig. 4B is
synthesized using Cu(Ac), as the oxidant which is a
weaker oxidant compared to AgNO; used in the
synthesis of the sample for Fig. 4A. In Fig. 4B, the
relatively intensities of the peaks attributing to
the neutral state (peaks at 1330 and 1048 cm™') are
much stronger than the peaks attributing to the
oxidized states (peaks at 1374 and 1088 cm_l).
However, in Fig. 4A, the peaks at 1374 and
1088 cm™' is very strong with their intensities
comparable to the intensities of their adjacent peaks
for neutral state at 1330 and 1048 cm ™', respectively.
Proved by the above comparison on SERS spectra,
the extent of oxidation of PPy characterized in
Fig. 4B is much lower than that in Fig. 4A. There-
fore, the possible reason for the increase on the
intensity of the peak at 1610 cm™' can also be
attribute to the conformation of PPy chains at the
interface between Ag NWs and PPy sheath. If the
PPy chains at the interface take an relatively ordered

conformation, the rod-like arrangement of the aro-
matic segment can elongate the conjugation length on
polymer chains which gives rise to the enhanced
intensity of the peak at 1610 cm ™' (Kiani et al. 1992;
Chen et al. 2003).

The HR-TEM image and the ED results on the
different regions of NCs—Cu(Ac), are shown in
Fig. 5. The ED pattern of Ag NWs inside (region
A) is consistent with the FCC Ag single crystals in
bulk. The electronic diffract of the polymer sheath
(region C) shows only a diffuse halo, which indicates
that the main part of PPy sheath is amorphous.
Interestingly, when we tried to focus the electron
beam on the interface (region B), both of the diffuse
lattice and the diffuse halo are overlapped in the
diffuse pattern of region B which results to a
complicated pattern. However, the clear interface
layer can be distinguished between Ag NWs and PPy
sheath with a thickness of about 9 nm (region B) in
the photograph of HR-TEM shown left in Fig. 5. The
image contrast between the interface layer (region B)
and the main part of the PPy sheath (region C)
indicates that the polymer conformation here is
different from those outside. The special ordered
conformation of the polymer chains located at the
interface region has been confirmed again. The
ordered arrangement came possibly from the tem-
plate effect of the surface of the Ag NWs. The
“standing” conformation of the aromatic rings on
the surface of Ag NWs could be stabilized by the
coordination of the N atoms on the pyrrole rings and
the Ag atoms at the surface of NWs with the
delocationalized n electrons. For the case using
AgNOj as the oxidant, the etching of the by-produced
H™ and the deposition of reduced Ag particles would
robust the Ag NWs surface, which is benefit for
enhancing the Raman signals by SERS effect but
unfavorable for the formation of ordered structures.
As mentioned previously, Ag™ ions are stronger
oxidant than Cu** ions, which means an accelerated
propagation rate of the polymer chains. The rapid
increase on the molecule weight of the polymer
makes the molecule hardly have enough time to
adjust its conformation to the most preferable
position. As a result, the PPy molecules should take
a random conformation at the interface between Ag
NWs and polymer sheath of Ag NWs—AgNOj;. But
the effect of the surface template is restricted to the
near-surface layer of Ag NWs—AgNO;. As shown in
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Fig. 5 HR-TEM and ED of
Ag/PPy NCs oxidized by
Cu(Ac),

the ED images, the main part of the PPy sheath (part
C) is amorphous. This phenomena is similar to the
results in Davidson’s work in which a PPy film with
crystalline structure was prepared by electrochemical
methods (Davidson et al. 1996).

FT-IR spectra of Ag/PPy NCs using different
oxidants are shown in Fig. 6. The typical peaks for
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Fig. 6 FT-IR spectra of Ag/PPy NCs oxidized by (A) AgNO3;
(B) Cu(Ac),
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PPy are shown in both spectra, such as the peaks at
3427 cm™! (N-H stretching vibration), 1085 cm™!
(C-H deformation mode), 1560 cm ™' (ring stretching
vibration), which confirms the PPy structure in
sheath. However, in Fig. 6B which is for NCs—
Cu(Ac),, the peaks at 1410 cm ™! (C=N stretching
vibration), 1273 cm ™! (C-N stretching vibration),
1187 cm™* (N-H in-plane deformation mode), and
1085 cm™* (C-H in-plane deformation mode) are all
split into duplex peaks, which indicates the existence
of the ordered structures (Rastogi et al. 1997).

The PPy sheath of Ag/PPy NCs—Cu(Ac), was
synthesized through oxidative polymerization of
pyrrole during which Cu?* ions were reduced to
Cu™ ions accompanied with the redox polymerization
of pyrrole monomers. The binding energy of N(1s),
Cu(2p3/),C(1s), and Ag(3d) of NCs characterized by
XPS are shown in Figs. 7 and 8, respectively. The
binding energy of N(1s) electron for NCs—Cu(Ac), in
Fig. 7A has a 1.2-eV shift to the direction toward the
higher binding energy compared with that for NCs—
AgNOj;. The shift on binding energy of N(1s) can be
illustrated by the increase on the electron density on
imino group. Correspondingly the binding energy of
Cu(2ps,2) shown in Fig. 7(inset) also has a 0.9-eV
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Fig. 7 XPS spectra for N(1s) of Ag/PPy NCs oxidized by
(A) Cu(Ac),; (B) AgNOs;. Inset XPS spectrum for Cu(2ps3.)
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Fig. 8 XPS spectra for C(1s) of Ag/PPy NCs oxidized by
(A) AgNO;, (B) Cu(Ac),. Inset XPS spectrum for Ag(3d)
(A AgNOs3, B Cu(Ac),)

shift with respect to the standard electron binding
energy. The shifts on both N(1s) and Cu(2p3/2) peak
in XPS spectra indicate the formation of strong
Cu(D)-N bond. Although both C and N atoms on the
pyrrole ring can contribute delocalized m electrons,
N—Cu(I) bonds are more preferable to be formed
rather than ring—Cu(I) bonds (Gao et al. 2004). The
binding energies of C(1s) and Ag(3d) in Fig. 8 and
inset do not show significant difference with the
application of different oxidants. In this way, the
strong Cu(I)-N bonds are identified in the sheath of
Ag/PPy NCs—Cu(Ac),.

Conclusion

Through the redox polymerization of pyrrole mono-
mers oxidized by Cu”* ions adsorbed on the surface of
silver NWs, Ag/PPy NCs were prepared at room
temperature in aqueous solution. The thickness of
polymer sheath was fairly depended on the concen-
tration of Cu®" adsorbed on the surface of silver NWs.
Comparing the characterization results of SERS
applied on Ag/PPy NCs using Cu(Ac), and AgNO;
as the oxidants, respectively, a special interfacial layer
is detected with the pyrrole rings on PPy chains taking
the identical conformation “standing” on the surface
of Ag NWs when Cu(Ac), were served as the oxidant.
The existence of the interfacial structure was further
proved by HR-TEM image of NCs—Cu(Ac),. FT-IR
and XPS were also used to compare the structure
difference on the PPy sheath synthesized using
different oxidants. Although the main part of the
polymer sheath was composed by PPy which was
confirmed by FT-IR whatever oxidant was used, the
sheath of the NCs oxidized by Cu?*(Cu(Ac),) is
typical of Cu(I)-pyrrole coordinate structures with
strong Cu(I)-N bond shown in XPS characterization.
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