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a b s t r a c t

High-yield silver/polymer/carbon nanocables were synthesized via a one-step simple hydrothermal

route by using silver chloride and glucose as precursors. High-resolution TEM and element mapping

proved that as-prepared nanocables consist of a silver nanowire core, a polymer inner shell, and a

graphitic carbon outer shell. A three-step growth mechanism was proposed to explain the growth of

such three-layer nanocables, i.e. the formation of silver nanowires, the glycosidation of glucose

molecules on silver nanowire surface and the carbonization of the outmost glycosidation layer. We

believe that reaction temperature plays the key role in the polymerization of glucose and sequent

surface-carbonization.

& 2008 Elsevier Inc. All rights reserved.
1. Introduction

Among all metals, pure silver possesses the highest electrical
and thermal conductivity. Therefore, 1D nanostructures of silver
have attracted increasing interest due to their potential applica-
tions as building blocks for nanoscale electronic, optoelectronic,
and magnetic devices. So far, many 1D silver nanostructures (such
as nanowires, nanorods, and nanotubes) have been successfully
prepared by means of different synthetic strategies including
surfactant-assisted synthesis [1–4], hard template-directed meth-
ods [5–10], surfactantless methods [11,12], and electrochemical
deposition methods [13,14]. Recently, many efforts have been
devoted into the synthesis of a special 1D silver co-axial
heterostructures (i.e. the so-called nanocable) through assembling
single insulating nanotubes and/or silver nanowires in a radial
direction [15–25]. For example, Xia’s group synthesized Ag/Si
nanocables by directly coating bycrystalline silver nanowires with
conformal sheaths of silica by a sol–gel process [15]. Yu’s group
successfully prepared well-defined silver/PVA sub-microcables by
a hydrothermal reaction [16,17]. Other kinds of silver nanocables
including silver/PVP, silver/PPy, silver/C, and silver/carbon rich
composites have been also synthesized in succession [18–25].
These special 1D nanostructures are anticipated to have potential
application in nanoscale electronic devices due to the unique
structure composing a high-conductive silver core and an
insulating outer shell. Herein, we present a simple hydrothermal
ll rights reserved.
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route for the synthesis of silver/polymer/carbon nanocables on a
large scale by using glucose as the reductant and silver chloride as
the silver source. This kind of three-layer nanocables consists of a
silver nanowire as a core, a polymer as an inner shell and a
graphitic carbon as an outer shell. Our experiments demonstrate
that such three-layer nanocables follow a three-step growth
mechanism, i.e. the formation of silver nanowires, the glycosida-
tion of glucose molecules on nanowire surface, and the carboniza-
tion of the outmost glycosidation layer. Reaction temperature is
thought to be the most crucial factor of these three-layer
nanocables.
2. Experimental section

In a typical experiment, 5 mL of 0.1 M AgNO3 solution, 5 mL of
0.2 M NaCl solution and 10 mL of 0.2 M glucose solution were
added to a Teflon-lined autoclave in sequence. The autoclave was
heated at 150 1C for 2 days and then cooled naturally in air. The
brown product was collected from the suspension by centrifugal
separation at 4000 rpm for 5 min and was further cleaned with
deionized water and ethanol. The morphology and structure of the
products were characterized by X-ray diffraction (XRD, Panalytical
X’pert PRO) with Cu Ka radiation, filed emission scanning electron
microscopy (FE-SEM, LEO 1530) and high-resolution transmission
electron microscopy (HRTEM, TECNAI F30) with the accelerate
voltage of 300 kV. The element mapping was performed using
Gatan image filtering (GIF) system attached to F30 HRTEM. For
TEM characterization, the products were ultrasonically dispersed
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into absolute alcohol and dropped on a copper grid coated with
carbon film.
Fig. 2. The EDX spectrum taken from a single silver nanocable.
3. Results and discussion

Fig. 1A is a typical XRD pattern of as-prepared products,
showing the presence of metallic silver. All sharp peaks from left
to right can be indexed to diffractions from the {111}, {200}, {220},
and {311} planes of face-centered cubic silver (JCPDS Card File No.
04-0783). We note that there is a broaden peak at about 2y ¼ 251,
which suggests that the products also contain lots of amorphous
compounds. Fig. 1B is a high-magnification SEM image of the
products. It is found that as-prepared products are of 1D structure
like the cables, in which the cores are brighter than the shells. As
the materials with heavier atomic mass may reflect much more
electrons, the core of these cables should be the metallic silver.
More detailed information of these cables is provided by
corresponding TEM observation. As shown in Fig. 1C, most cables
consist of continuous nanowires with diameter ranging from 50 to
200 nm and shells with thickness ranging from tens of nan-
ometers to hundreds of nanometers. We find that some silver
nanowires grows out of the shell as pointed out by the arrow in
Fig. 1C and other silver nanowires are completely encapsulated in
the shell shown in Fig. 1D. In addition, some cables containing
Fig. 1. (A) Typical XRD pattern of as-prepared products at the condition of the mola

corresponding SEM image; and (C)–(F) low-magnification TEM of as-prepared product
discontinuous Ag nanowire cores (Fig. 1E) are also observed, and
the ratio of them in all products is estimated to be 30%.
Interestingly, some nanowire cores cross each other and their
surfaces are uniformly covered with a shell (Fig. 1F). Above
r ratio of 1:2:4 (Ag+:Cl�:glucose) and the temperature of 150 1C for 2 days; (B)

s.
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particular cable-like nanostructures provide some useful clue for
exploring formation mechanism of silver nanocables, and will be
discussed in the later part.
Fig. 3. (A) STEM image of a silver nanocable; (B)–(D) elemental maps of Ag, C, and

O concentrations recorded from the area marked by a yellow rectangle in the silver

nanocable of (A); and (F) cross-sectional compositional line profiles recorded from

the area marked by a red line in the silver nanocable of (A).

Fig. 4. (A) TEM image of a silver nanocable; (B) corresponding SAED pattern recorded

recorded from outer surface of the silver nanocable, which indicated by the arrow ‘‘C’’
The chemical composition of the nanocables is further
determined using the energy dispersive X-ray (EDX) spectrum of
TEM. As shown in Fig. 2, there are four kinds of peaks in the EDX
spectrum taken from a single nanocable, which correspond to
elements C, O, Ag, and Cu, respectively. Strong Cu peaks originate
from the copper TEM grid that supports the sample, Ag peak
should comes from silver nanowire core of the cable; O and C
peaks should come from the shell of the cable.

In order to confirm the element distribution in the core and
shell of the nanocable, scanning transmission electron microscopy
(STEM) and the elemental mapping techniques are further carried
out. Figs. 3B–D is corresponding elemental maps of Ag, C, and O
concentration recorded from the rectangle area of a single
nanocable shown in Fig. 3A, respectively. It is clearly seen that
the element Ag locates in the core and the elements C and O are
uniformly distributed in whole nanocables, which indicates that
the core of the nanocable is a silver nanowire and the shell of the
nanocable is some organic matters composing elements O and C.
Previous studies demonstrated that the polymerization reaction
of glucose would take place under appropriate hydrothermal
conditions and resulted in the formation of polymer [25–27].
Hence, the shell of the nanocable should be a glycosidation layer
formed by polymerization of glucose. In addition, it should be
noted that there is a little difference for the distribution area
size between the element O and the element C, because the
distribution area of the element O is clearly smaller than that of
the element C. Analysis of the cross-sectional composition line
profiles (Fig. 3F) further confirm the distribution status of these
elements, showing that the silver core is about 60 nm in diameter,
the C layer is up to 380 nm, but the O layer is only 330 nm. Above
results indicate that the element O does not appear at the outmost
shell of the cable, and carbonization occurred to a certain extent at
the outmost shell of the nanocable.

The microstructures of the as-prepared silver nanocable were
investigated by HRTEM and selective area electron diffraction
(SAED). Fig. 4A is a low-magnification HRTEM image of a single
nanocable where a silver nanowire is completely encapsulated in
the surrounding shell. The diameter of this silver nanowire core is
about 170 nm and the thickness of its shell is about 280 nm. As
shown in Fig. 4B, a SAED pattern recorded from the silver
nanowire core can be indexed as two sets of diffractions
corresponding to the diffractions of the [1̄12] and the [001] zone
axes, respectively. The white solid network in the SAED pattern
corresponds to the diffraction of the [1̄12] zone axis, while the
white dot network corresponds to the [001] zone diffraction. The
two sets of diffraction share a common [220] diffraction, which is
the longitudinal direction of the nanocable. This result agrees well
with our previous study of pure silver nanowires that were
synthesized by simply reducing silver ions with glucose without
from the nanowire core marked by the arrow ‘‘B’’ in (A); and (C) HRTEM image

in (A).
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the assistance of surfactants or capping reagents [28]. In that case,
we proposed a cyclic penta-twinned crystal growth mechanism
for the 1D growth of the Ag nanowires. The silver nanowire core of
the as-prepared nanocable is also cyclic penta-twinned crystals
and as a consequence, follows the same cyclic penta-twinned
crystal growth mechanism as pure silver nanowires do. Fig. 4C is a
typical HRTEM image taken from the surface of silver nanocable.
Obviously, the inner shell is amorphous because no ordered lattice
can be observed, which reasonably accounts for the appearance of
a broad peak at 2y ¼ 251 in XRD characterization shown in Fig. 1A.
However, the outer shell clearly exhibits ordered fringes with
lattice spacing of 0.34 nm, which is in accordance with the
standard lattice spacing of graphitic carbon. Above results,
combining with the XRD pattern and elemental mapping results,
demonstrate unambiguously that the inner shell of the nanocable
is the product of polymerization of glucose while the outermost
shell has been completely carbonized into graphite.

To further investigate the mechanism of the formation of the
polymer and graphitic carbon shell, the products of the earlier
reaction stage are observed. Fig. 5 shows the products picked up
from the same reactant but with relatively short the reaction time
(for 12 h). It can be seen that the silver nanowires have been well
grown, but the surrounding sheaths cannot be clearly found
around silver nanowires. From this experiment, we can conclude
that the silver nanowires form first during the reaction, and then
polymerization of glucose occurs on the silver nanowires. Because
the reductant glucose molecules are able to adsorb on the
nanowire surfaces, they factually play the role of surfactants
during the growth of silver penta-twinned nanowires [28]. At the
same time, the adsorbed glucose on the Ag nanowires’ surface
might act as starting point for the polymerization of glucose. This
Fig. 5. SEM image of silver nanocables synthesized at 150 1C for 12 h.

Fig. 6. Schematic illustration of the growth mechanism of the three-layered nanocab

nanowires; (B) the adsorbed glucose molecules on the silver nanowire surfaces act as n

the silver nanowire surface; and (C) carbonization occurs and results in the formation
hypothesis could well explain the formation of the some cross-
linked cables shown in Fig. 1F because the growth of such cross-
linked cables can be thought as that the pre-formed nanowires
occasionally touch together, and then the shells uniformly grow
on them.

Combining all the information discussed above, a growth
mechanism of the Ag/polymer/carbon cable is proposed as shown
in the schematic diagram of Fig. 6. Firstly, silver ions released from
the AgCl particles are gradually reduced and grows into the silver
nanowires via a cyclic penta-twinned growth mechanism. Then
the adsorbed glucose molecules on the silver nanowire surfaces
act as nucleation sites for the glycosidation, resulting in the
formation of polymer layer on the silver nanowire surface. In the
final step, partial carbonization occurs and results in the formation
of the thin graphitic carbon layer on the nanocable surface.

The proposed formation mechanism of Ag/polymer/carbon in
this paper is different from previous proposed formation mechan-
ism that polymerization and carbonization of glucose occurred
with the development of silver nanowires simultaneously [16,24].
Reaction temperature is believed to be the crucial factor, which
has a great influence on the formation process of Ag nanowires
and polymer/carbon shell. Previous studies have demonstrated
that under the hydrothermal condition, it has been found that
polymerization of glucose (i.e. glycosidation) occurs at relatively
low temperature (�140 1C) while aromatization and carbonization
occurs at the temperature over 160 1C [24–27]. As typical
examples, Li’s group successfully prepared high-purity carbon
spheres and cylindrical silver nanocables with carbon shell by
controlling different reaction temperature from 160 to 180 1C
[25,26]. In our experiment, the reaction temperature is controlled
to 150 1C, a little higher than the reported critical temperature
(140 1C) of polymerization reaction and a little lower than the
reported critical temperature (160 1C) of carbonization reaction.
Therefore, it is reasonable to believe that carbonization occurs at
150 1C, but with very low reaction rate. Furthermore, the
carbonization should start from the surface of the glycosidation
layer because graphitic carbon only appears on the out-most layer
of the shell.
4. Conclusions

In conclusion, silver core/multishell nanocables, consisting of a
silver nanowire core, a polymer inner shell and a graphitic carbon
outer shell have been successfully synthesized via a simple one-
step hydrothermal reaction from the solution containing AgCl and
glucose. It is found that glycosidation easily occurs on the silver
nanowire surfaces, resulting in the formation of complicated
cross-linked cables. Furthermore, carbonization starts from outer
surface of the polymer layer, rather than from the surface of silver
nanowires, indicating that silver nanowires do not act as catalysts
during the carbonization.
les. (A) Silver ions release from the AgCl particles and are reduced to the silver

ucleation sites for the glycosidation, resulting in the formation of polymer layer on

of the thin graphitic carbon layer on the nanocable surface.
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