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Machinable Long PVP-Stabilized Silver Nanowires

Peng Jiang,*'*" ‘! Shun-Yu Li," Si-Shen Xie,** ¥ Yan Gao,'¥ and Li Song!'"!

Abstract: PVP-capped silver nanowires
with a diameter range from 150 to
200 nm and a length range from 50 to
100 um have been synthesized in large
quantity by wusing a soft-template
liquid-phase method. The so-obtained
longer and thicker metallic nanowires
exhibit fivefold-twinned structures

facets. X-ray photoelectron spectrosco-
py (XPS) investigations show that a
strong interaction exists between the
carboxyl oxygen atom (C=0) of PVP
and the Ag core interface. The PVP-
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capped Ag nanowires can either self-
assemble into ordered raft structures or
form a complicated network, depend-
ing on the dispersive solvent employed.
In addition, the Ag nanowires can also
be specifically bent into various angles,
demonstrating their excellent mechani-
cal stability.

bound by five {100} wall-planes and

. ) synthesis
two spearlike ends around five {111}

Introduction

Rapidly shrinking micro-integration of electronic units re-
quires the ability to manufacture and manipulate of nano-
meter-scaled materials.? Wiring techniques might be one
of the most difficult steps down to nanometer regime. The
process first requires the excellent conductivity of used ma-
terial, and then machinability in the nanometer range. Al-
though some alternatives in existing microelectronic systems
are still being considered, few would hesitate to agree that
there are tough obstacles completely along this route.*! In
contrast, some new strategies, that is, nano- or atomic-scaled
manipulation techniques, based on scanning probe microsco-
py,”) and self-assembly methods, based on nanometer-scaled
basic building blocks,™ are becoming the main focus of re-
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search for solving the conundrum. In particular, self-assem-
bly approaches are attracting increasing attention due to
recent successful arrangement of semiconductor nanowires
and carbon nanotubes.” However, as far as nanowiring is
concerned, the assembly of metallic nanowires is still at the
edge of success, partly because of the difficulty of synthesiz-
ing them with high aspect ratios in large numbers and shap-
ing them. Although carbon nanotubes with diameters of sev-
eral nanometers exhibit good electrical conductive proper-
ties, their machinability is still a problem. Thus, it becomes
more and more urgent to find a method to make metallic
nanowires with high aspect ratios and further to explore
their machinable properties.

Bulk silver exhibits the highest electrical and thermal con-
ductivity in all metals. From the view of this point, Ag nano-
wires may be one of the most suitable nanowiring materials.
Up to now, many techniques, for example, electrochemical
deposition” and chemical reduction in an inorganic or
polymeric matrix,'''*l have been successfully developed for
the synthesis of Ag nanowires. Various one-dimensional
templates, for example, microchannels in alumina or poly-
mer membranes, mesoporous materials, carbon nanotubes,
and so forth, play important roles in these approaches. The
physical templates can limit the growth of Ag only in the
micropores, thus providing a good morphology and length
control. However, an intrinsic number of the microchannels
confines the quantity of obtained product. Recently, a soft-
template method was suggested for the preparation of PVP-
capped Ag nanowires, in which the Ag nanowires were pro-
duced by reducing silver nitrate (AgNOs;) in ethylene glycol
(EG) with the addition of poly(vinyl pyrrolidone) (PVP).l"!
The so-synthesized Ag nanowires are usually capped by
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PVP molecules. They have two spearlike ends and exhibit fi-
vefold-twinned crystal structures with pentagonal-shaped
cross sections.’>!*! The solution-phase approach was exten-
sively applied to the synthesis of Ag nanoparticles, with EG
serving as both reducing agent and solvent. An advantage of
the technique is that Ag nanowires with a high aspect ratio
can be obtained on a large scale.

In this work, we describe the synthesis of PVP-capped
metallic Ag nanowires, with the length range from 50 to
100 um and the diameter range from 150 to 200 nm, in large
quantity. Characterization techniques such as X-ray diffrac-
tion (XRD) and scanning electron microscopy (SEM) were
employed to elucidate the structure of the Ag nanowires.
The surface chemical state of the Ag nanowires was also in-
vestigated by X-ray photoelectron spectroscopy (XPS).
Two-dimensional self-assembly and complex crossed ar-
rangements of Ag nanowires have been realized by selecting
different Ag nanowire suspensions. Furthermore, the me-
chanical properties of the Ag nanowires have been ex-
plored.

Results and Discussion

The PVP molecules can serve as protective molecules, based
on their structure character. As shown in Scheme 1, the
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Scheme 1. Formula of PVP repeated unit, with carbon atom numbering.

polymer has a polyvinyl skeleton with polar groups. The
lone pair of electrons from the nitrogen and oxygen atoms
in the polar groups of the PVP repeated unit may be donat-
ed into sp hybrid orbitals of Ag* ions to construct complex
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compounds; an sp hybrid usually forms a linear coordinative
bond. Thus, the two possible bonding styles, that is, PVP
molecule intra- and interchain interactions, may occur when
Ag* ions interact with PVP molecules [see Eq. (1) in
Scheme 2, showing how a repeated unit of PVP molecules
bonds with an Ag™* ion]. The two kind of coordinative types
can effectively decrease chemical potential and further
enable the PVP-bound Ag™" ions to be reduced more easily
[see Eq. (2) in Scheme 2] by EG. During the preparation
process of the Ag nanowires, it was found that the color of
the EG solution changed gradually from pale yellow, to
dark red, to gray-white with the decreasing concentration of
the reactant in EG; this implies the PVP-assisted evolution
process from the formation of Ag nuclei to their growth.
Noting that PVP-capped Ag particles always exist in final
product under whatever conditions, probably because differ-
ent coordination modes between the Ag* ions and the PVP
molecules induces different nucleation. The Ag particles
usually exhibit cubic, trianglular, or hexagonal morphology
and can be separated from the Ag nanowires by a step pre-
cipitation technique. Figure la illustrates a typical SEM
image of as-separated Ag nanowires with the diameter
range from 150 to 200 nm in high quantity. The longest Ag
nanowires can reach about 100 um, as shown in Figure 1b.
The longer Ag nanowires normally exhibit a slightly curved
character, while the shorter are very straight with two sharp
spearlike ends (see Figure 1c). The crystallite phase and
purity of as-synthesized Ag nanowires can be measured by
using X-ray diffraction (XRD) methods. Figure 1d shows
the XRD pattern of the Ag nanowires deposited on a glass
substrate. All diffraction peaks can be indexed as the face-
centered cubic phase of Ag. No peaks attributed to Ag
oxide were found. In our previous work,' we found that
Ag nanowires with narrower diameters have a fivefold-twin-
ned structure bounded by five {100} wall planes with a
(110) growth direction. We believe that the formation pro-
cess of the Ag nanowires was initiated from fivefold-twinned
Ag nanoparticle nuclei, and then preferential adsorption of
PVP molecules to {100} facets of the Ag nuclei might lead
to their anisotropic growth from both ends, resulting in oc-
currence of the Ag nanowires. Both ends of the Ag nano-
wires exhibit a sharp spear shape around five {111} facets.
In the present investigation, the Ag nanowires with larger
diameters were synthesized under different reaction condi-
tions. Figure 2 shows a typical SEM image of the sections of
as-obtained Ag nanowires, from which the pentagonal shape
can be clearly seen. It appears that the Ag nanowires retain
the same fivefold-twinned structure. The lateral increase of
the Ag nanowires implies that the growth of the Ag nano-
wires is not solely limited to the (100) direction.

To gain more information on oxidation state of the ob-
tained Ag nanowires, X-ray photoelectron spectroscopy
(XPS) techniques were employed to detect the composition
of the Ag nanowires. The top left panel in Figure 3 shows a
typical XPS spectrum of the Ag nanowires. The occurrence
of oxygen, nitrogen, and carbon signals confirm the presence
of PVP and possibly of EG molecules on the surface of the
Ag nanowires. Various Ag binding energy peaks were also
found. The other panels in Figure 3 show high-resolution
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Scheme 2. Possible coordination and reaction process for PVP and Ag™ ions.
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Figure 1. a) A typical SEM image of the PVP-capped Ag nanowires in
large quantity. b) A slightly curved PVP-capped Ag nanowire with the
length of approximately 100 um and diameter of about 150 nm on Cu
slice substrate. c) A representative straight PVP-capped Ag nanowire
with the length of approximately 50 um and diameter of about 150 nm on
an Si substrate. d) X-ray diffraction (XRD) pattern of the PVP-capped
Ag nanowires, showing the diffraction peaks indexed as face-centered
cubic phase of Ag. No peaks attributed to Ag oxide were found.

XPS regions of various elements for the Ag nanowires. For
clarity, XPS spectra of Cls and O1s have been fitted by
multiple Gaussians. Through
curve fitting it can be seen that
the Cl1s spectrum is composed
of four peaks. The binding en-
ergies of the peaks are deter-
mined to be at 285.0, 2854,
286.2 and 288.0 eV; these can
be attributed to carbon atoms
Cl to C4 for PVP molecule
(see Scheme 1), respectively,
depending on different chemi-
cal environments. The peak at
286.2 eV can also be assigned
to Cls in the EG molecule.
Curve fitting in the O 1s region
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Figure 2. A representative SEM image of the sections of thus-obtained
Ag nanowires, from which the pentagonal shape can be clearly observed.

tively. Relative to pure PVP, the O 1s peak from the carbox-
yl (C=0) oxygen atom shifts to higher binding energy, im-
plying the decrease of electron density, probably due to
both interaction between PVP and the Ag nanowire core
and hydrogen-bond formation between PVP and an EG
molecule. The N1s peak (399.6 eV) seems not to be influ-
enced by the Ag nanowire core. The Ag regions of the XPS
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Figure 3. XPS spectra of the PVP-capped Ag nanowires (top left) and Cls, O1s, N1s, and Ag3d regions.
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spectra of the Ag nanowires are very sensitive to the chemi-
cal environment around the Ag nanowire core, particularly
to the electron-donating ability of the polymeric ligand and
to the strength of the interaction between Ag and the poly-
meric ligand. The bottom right panel in Figure 3 shows two
peaks at 367.8 and 373.8 eV, resulting from Ag 3d5/2 and
Ag 3d3/2, respectively. The peaks positions are between
those for metal Ag (368.2 eV for Ag 3d5/2, 374.2 eV for Ag
3d3/2) and for Ag,O (367.5eV for Ag 3d5/2, 373.5eV for
Ag 3d3/2), indicating a strong interaction between the car-
boxyl (C=0) oxygen atom of PVP and the Ag core.
Understanding the structure and surface chemical state of
the Ag nanowires would be helpful for the investigation of
their other properties, for example, self-assembly, and elec-
tric and machinable properties. The following question we
want to address is the influence of the used suspension to
manipulate the Ag nanowires. We have found that the PVP-
capped Ag nanowires can self-assemble into an ordered raft
structure (see Figure 4a) when solutions of them in EG are

Figure 4. SEM images of a raft array and various networks constructed
by the PVP-capped Ag nanowires on a Cu grid substrate attached to con-
ductive double-sided tape. a) The raft array formed by employing ethyl-
ene glycol as a solvent. b), ¢), and d): Three kinds of networks construct-
ed by using ethanol as a solvent and by controlling the flow direction of
evaporating solvent, arrows indicate the directions of the solvent flow.

dropped onto various substrates (Si,"¥ Cu grids, etc.). The
exact reasons for this still need clarification; however, two
factors need to be considered at least. One is the PVP layer
that covers the Ag nanowire cores; this provides possible in-
teraction among the neighboring Ag nanowires. Another is
the nonvolatility and higher viscosity of EG. The raft can
not be obtained when using ethanol as dispersion solvent;
highly dispersed Ag nanowires are observed instead, due to
high volatility and rapid diffusion of ethanol molecules.
These phenomena indicate the EG molecules play a very
important role in attracting the Ag nanowires together
through hydrogen bonding, while ethanol molecules tend to
separate them from aggregation. Based on this fact, we can
expect to use the Ag-nanowire/ethanol suspension to ex-
plore the mechanical stability of the Ag nanowires. In addi-
tion, complex nets can even be constructed by careful selec-
tion of the suspension conditions. As shown in Figure 4b—d,
various crossed complex net structures of Ag nanowires can
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be built, by employing the technique of controlling the flow
directions of evaporating ethanol solvent in the suspension.
The result clearly demonstrates that the PVP-capped Ag
nanowires can be separately dispersed in ethanol.

In order to further evaluate the mechanical stability of
the Ag nanowires, a drop of a dilute solution of Ag nano-
wires in ethanol was placed on Cu grid substrate attached to
conductive double-sided adhesive tape. Under an optical mi-
croscope, we could see that the Ag nanowires rapidly dif-
fused along the direction of the solvent flow. By inclining
the substrate to force the evaporating solvent to flow down-
wards, the Ag nanowires were found to be bent into differ-
ent shapes after the solvent evaporated completely. Some of
them were attached to the tape, others were positioned on
the edge of the Cu grid. Figure 5a—c show the typical scan-

Figure 5. SEM images of various bent PVP-capped Ag nanowires and Ag
particles on a Cu substrate. Nanowires with a) an obtuse angle, b) a right
angle, c) an acute angle, d) and e) complicated shapes, and f) some Ag
particles with special morphologies.

ning electron microscope (SEM) images of the bent Ag
nanowires with three kinds of angles from acute to obtuse.
Figure 5d and e give much more complicated shapes of the
bent Ag nanowires. One can see that the nanowires can
even be bent back on itself, as shown in Figure 5d. It is
worth noting that we did not find bent Ag nanowires in
normal synthesis product. The heavily bent Ag nanowires
were formed very probably by extruding laterally hindered
Ag nanowires against obstacles in the transfer process with
the flowing solvent. Further insight into the bent angles of
the Ag nanowires demonstrates that they are very close to
60°, 90°, and 120°. The real reason why the Ag nanowires
can be bent into the special angles still remains unclear.
However, in our experiments, some Ag particles with special
morphologies, that is, cube, triangle, or hexagonal prisms,
were also observed in addition to the long Ag nanowires
(see Figure 5f). These Ag particles might serve as the obsta-
cles. A possible example is shown in Figure 6. In addition, a
rough Cu substrate may also play the role of the obstacles.
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Figure 6. An SEM image of the status of the PVP-capped Ag nanowires
flowing down along inclined Cu grid attached to conductive double-sided
tape, in which single Ag nanowire is bent into nearly a right angle
around a cubic Ag particle.

Anyway, the above results evidently demonstrate that the
long Ag nanowires exhibit good mechanical stability at
room temperature and can be shaped into various possible
structures, which might act as interconnects towards to fabri-
cating future nanoelectronic devices. Sun et. al'” reported a
method to prepare Ag nanobelts with the diameter of
10 nm. They found that the Ag nanobelts broke easily into
fragments due to thermal fluctuation, demonstrating weak
mechanical stability of the Ag nanobelts. In our case, the
PVP-capped Ag nanowires present excellent mechanical sta-
bility. It is unclear what causes the flexibility of the Ag
nanowires, but three elements need to be considered. The
first is the diameter of the Ag nanowires, because nanowires
tend to break when their lateral dimensions are decreased
down to certain critical value; the second might be the PVP
capping, which provides a protect sheath; and the third is
the structure of the Ag nanowires. In order to shed light on
the flexibility of the Ag nanowires in detail, further investi-
gation is in progress.

Conclusion

In summary, PVP-capped Ag nanowires with high aspect
ratios have been synthesized by soft-template solution-phase
methods under optimal experiment conditions. The as-pro-
duced Ag nanowires have a diameter range from 150 to
200 nm and a length range from 50 to 100 um. They usually
exhibit a fivefold-twinned structure bounded by five {100}
wall planes and two spearlike ends around five {111} facets.
XPS investigations show that carboxyl (C=0) oxygen atom
in PVP strongly coordinates to Ag core surface. More excit-
ingly, the nanowires not only can self-assemble themselves
into ordered raft structures, but also can be intentionally
constructed into various complex networks, depending on
the solvent used. In addition, they can also be intentionally
bent into various angles and shapes, demonstrating excellent
mechanical stability at room temperature. All these charac-
teristics indicate the preferential potential value of the Ag
nanowires in future nanoelectronic devices.
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Experimental Section

The longer Ag nanowires with high aspect ratios were synthesized by
means of a soft-template liquid-phase method. In the synthesis process,
EG (10 mL) was firstly refluxed in a three-necked round-bottom flask at
160°C for 2 h, and then solution of 0.1M AgNO; (99.8 %, Chameleon Re-
agent) in EG (5mL) and solution of 0.2M poly(vinyl pyrrolidone) (PVP,
M,,=55000, Aldrich) in EG (5 mL) were simultaneously injected into the
refluxing solvent, by using two syringes, drop by drop, at a rate of
0.2 mLmin". Once solutions of AgNO; and PVP in EG were added, the
whole refluxing solution immediately turned pale yellow. With further in-
jection of the reactants, the solution gradually became gray-white, imply-
ing the appearance of Ag nanowires. By controlling the dropping rate
under optimal reaction conditions, the diameter and length of the PVP-
capped Ag nanowires can be adjusted. The reaction continued at 160°C
for 60 min. When the reaction was finished, the supernatant was poured
away and the gray precipitate remained. The as-obtained gray-white re-
sidual material was then diluted with acetone (100 mL) and placed in a
refrigerator at 0°C for effective precipitation of the Ag nanowires. Part
of the precipitate was collected during a certain time period. The method
can effectively separate the Ag nanowires from Ag particles. The ob-
tained Ag nanowire aggregate was used for the other characterization ex-
periments. The samples for scanning electron microscope (SEM) meas-
urement were prepared on p-Si(100) or copper substrates. The SEM
images were obtained by using a field emmison SEM (JEOL, JSM-
6300F) operated at an accelaration voltage of 15 kV. The X-ray diffrac-
tion (XRD) pattern was recorded on a Rigaku X-ray diffractometer with
Cug, radiation (4=0.15405 nm). Scanning range was from 30° to 80° at a
scanning rate of 0.02°s™!. XPS analysis was performed on AXIS Shimad-
zu-Kartos spectrometer. The Mgy, (1253.6 eV) X-ray source was operat-
ed at 12kV and 10 mA current emission and at an electron take-off
angle of 90° relative to the surface substrate. All the binding energies
were calculated by reference to Au 4f;, peak at 84.0 eV.
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