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A solution-phase approach has been demonstrated for the large-scale synthesis of silver
nanowires with diameters in the range of 30-40 nm, and lengths up to ∼50 µm. The first
step of this process involved the formation of Pt (or Ag) nanoparticles by reducing PtCl2 (or
AgNO3) with ethylene glycol (EG) heated to ∼160 °C. These Pt (or Ag) nanoparticles could
serve as seeds for the heterogeneous nucleation and growth of silver (formed by reducing
AgNO3 with EG) because of their close match in crystal structure and lattice constants. In
the presence of poly(vinyl pyrrolidone) (PVP), the growth of silver could be directed into a
highly anisotropic mode to form uniform nanowires with aspect ratios as high as ∼1000.
UV-visible spectroscopy, SEM, TEM, XRD, and electron diffraction were used to characterize
these silver nanowires, indicating the formation of a highly pure phase, as well as a uniform
diameter and bicrystalline structure. Both morphology and aspect ratios of these silver
nanostructures could be varied from nanoparticles and nanorods to long nanowires by
adjusting the reaction conditions, including the ratio of PVP to silver nitrate, reaction
temperature, and seeding conditions. Measurements of the transport properties at room
temperature indicated that these silver nanowires were electrically continuous with a
conductivity (∼0.8 × 105 S/cm) approaching that of bulk silver.

Introduction

One-dimensional (1D) nanostructures (wires, rods,
and tubes) are expected to play an important role in
fabricating nanoscale devices. There are many applica-
tions where nanowires could be exploited to greatly
enhance the functionality or performance of a material,
including nanoelectronics, nanophotonics, formation of
superstrong and tough composites, and fabrication of
novel scanning probes.1-3 As a result, the synthesis and
characterization of nanowires have recently attracted
attention from a broad range of researchers.4 In par-
ticular, much effort has been devoted to the controlled
synthesis of 1D nanostructures from metallic conductors
because of their potential use as interconnects or active

components in fabricating nanoscale devices.5 Metallic
nanowires may also provide a unique model system to
experimentally probe physical phenomena such as
quantized conductance and localization effects.6

Silver nanowires with well-defined dimensions rep-
resent a particular class of interesting nanostructures
to synthesize and study because bulk silver exhibits the
highest electrical and thermal conductivity among all
metals. Silver is also an important material that has
been used in a rich variety of commercial applications,
and the performance of silver in these applications could
be potentially enhanced by processing silver into 1D
nanostructures (rather than as zero-dimensional (0D)
nanoparticles) with controllable dimensions and aspect
ratios. For example, the loading of silver in polymeric
composites could be greatly reduced if nanoparticles
were replaced by nanowires having higher aspect ra-
tios.7

Although a number of approaches (such as those
based on vapor-solid and vapor-liquid-solid processes)
have been successfully developed for generating nanow-
ires from semiconductors to dielectrics,8-10 the most
widely used method for generating metallic nanowires
is still template-directed synthesis that involves either
chemical or electrochemical depositions. A rich variety
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of templates have already been demonstrated for use
with such synthesis, including those made of both “hard”
and “soft” materials. Typically, “hard” templates include
channels contained in membrane of alumina11 or track-
etched polycarbonate;12 pores within zeolite13 or meso-
porous silca;14 carbon nanotubes;15 and steps or edges
supported on solid substrates.16 Although these tem-
plates were effective in fabricating nanowires with
uniform and controllable dimensions, many of them
needed to be selectively dissolved under harsh condi-
tions in order to harvest the nanowires. On the other
hand, a range of “soft” templates have been demon-
strated for use in the synthesis of metallic nanowires.
Notable examples include polymer film of poly(vinyl
alcohol) (PVA);17 DNA chains;18 mesostructures self-
assembled from diblock copolymers;19 rod-shaped mi-
celles of cetyltrimethylammonium bromide (CTAB);20

liquid crystalline phases of oleate21 or sodium bis(2-
ethylhexyl) sulfosuccinate (AOT)/p-xylene/water;22 and
arrays of calix[4]hydroquinone nanotubes.23 The silver
nanowires synthesized using these templates were often
in the form of aggregated bundles, and the templates
also needed to be removed in order to recover the
individual nanowires. To avoid the step of template
removal, several direct chemical and electrochemical
approaches have been explored recently. For example,
silver nanowires have been successfully synthesized by
reducing AgNO3 with a developer in the presence of
AgBr nanocrystallites,24 or by arc discharging between

two silver electrodes immersed in an aqueous NaNO3
solution.25 Silver nanorods have been produced by
irradiating an aqueous AgNO3 solution with ultraviolet
light in the presence of PVA,26 or by electroreduction of
AgNO3 in aqueous solution with poly(ethylene glycol)
(PEG).27 The products of these templateless methods
were, however, often characterized by problems such as
relatively low yields, irregular morphologies, polycrys-
tallinity, and low aspect ratios.

This article describes a soft (with temperatures <200
°C), solution-phase approach for the production of
bicrystalline nanowires of silver with uniform diameters
and in large quantities. The first step of this synthesis
involved the formation of Pt (or Ag) seeds by reducing
PtCl2 (or AgNO3) with ethylene glycol at ∼160 °C.
Subsequently, solutions of AgNO3 and poly(vinyl pyr-
rolidone) in ethylene glycol were added dropwise to this
hot solution that contained metal seeds. Silver nanow-
ires could nucleate and grow on these preformed seeds,
with the number and length of these nanowires increas-
ing over time. Like the so-called “polyol process”, eth-
ylene glycol served as both reducing agent and solvent
in this synthesis.28

Experimental Section

Chemicals and Materials. Anhydrous ethylene glycol (EG,
99.8%), platinum chloride (PtCl2, 99.99+%), silver nitrate
(AgNO3, 99+%), poly(vinyl pyrrolidone) (PVP, MW ≈ 55 000),
and acetone (HPLC grade) were purchased from Aldrich
(Milwaukee, WI). All chemicals were used without further
purification. Polished silicon (100) wafers (test grade, phos-
phorus-doped) were obtained from Silicon Sense (Nashua, NH).
Pre-cleaned glass slides (micro slides 2947) were purchased
from Corning Glass (Corning, NY). Either glass slides or silicon
wafers covered with thermal oxide were employed as the
substrates to fabricate gold electrodes for the conductivity test.

Preparation of Silver Nanowires. Silver nanowires were
synthesized by reducing AgNO3 with EG in the presence of Pt
(or Ag) seeds and PVP. In a typical synthesis, 0.5 mL of PtCl2

solution (1.5 × 10-4 M, in EG) was added to 5 mL of EG heated
at ∼160 °C in a round-bottom flask (equipped with a con-
denser, thermocontroller, and magnetic stirring bar). After 4
min, 2.5 mL of AgNO3 solution (0.12 M, in EG) and 5 mL of
PVP solution (0.36 M, in EG) were added dropwise (simulta-
neously) to the hot solution over a period of 6 min. The reaction
mixture was continued with heating at ∼160 °C until all
AgNO3 had been completely reduced. The growth of nanowires
was monitored by sampling small portions of the reaction
mixture at various reaction times, placing the samples on glass
slides, and observing them under an optical microscope (in the
dark-field mode). Vigorous stirring was maintained throughout
the entire process. The product could be purified by centrifuga-
tion. In this case, the reaction mixture was diluted with
acetone (5× by volume) and centrifuged at 2000 rpm for ∼20
min. The supernatant containing silver particles could be
easily removed using a pipet. This centrifugation procedure
could be repeated several times until the supernatant became
colorless (silver nanoparticles had a yellow tint due to the
surface plasmon resonance).

The simultaneous and dropwise addition of AgNO3 and PVP
solutions was critical to the formation of silver products with
wire-like morphologies. Only the aforementioned procedure
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could lead to the formation of silver nanowires with relatively
high aspect ratios and uniform diameters, and at relatively
high yields. The major products obtained under different
modes of solution addition are summarized in Table 1.

Instrumentation. The UV-visible extinction spectra were
taken at room temperature on a Hewlett-Packard 8452
spectrometer (Palo Alto, CA) using a quartz cuvette with a
1-cm optical path. All the solutions had been diluted 30× with
water before taking spectra. Optical images were captured
using a Leica DMLM optical microscope equipped with a
Polaroid digital camera (DMC-1, Boston, MA). The thermo-
gravimetric analysis (TGA) was performed using a Shimazu
TGA-50 thermobalance (Torrance, CA). The X-ray powder
diffraction (XRD) patterns were recorded using a Philips
PW1710 diffractometer with the Cu KR radiation (λ ) 1.54056
Å) at a scanning rate of 0.02 degrees per second in 2θ ranging
from 30° to 80°. The samples for XRD were supported on glass
substrates.

The scanning electron microscopic (SEM) measurements
were carried out with a field emission microscope (FSEM,
JEOL-6300F, Peabody, MA) at an acceleration voltage of 15
kV. In preparing the SEM samples, the reaction products were
diluted by ∼20× with water and then spotted on silicon
substrates as small droplets. Copper grids coated with amor-
phous carbon film for transmission electron microscopic (TEM)
studies were obtained from Ted Pella (Redding, CA). The TEM
samples were prepared by placing small droplets of the diluted
(by ∼100× with water) reaction solutions on copper grids. All
the TEM and SEM samples were allowed to dry at room
temperature in a desiccator connected to vacuum pump. TEM
images and electron diffraction patterns were taken using a
JEOL-1200EX II microscope operated at 80 kV and a Philips
EM-430 microscope operated at 200 kV. The diffraction pat-
terns were recorded through selected-area electron diffraction
on an individual nanowire (with a beam size of ∼100 nm).
High-resolution TEM (HRTEM) images were taken with a
TOPCON 002B microscope operated at 160 kV.

Electrical Measurements. An interdigital array of gold
electrodes (5-µm width and separated by 10 µm) was patterned
on a SiO2/Si wafer or glass slide using photolithography and
selective wet etching. In a typical procedure, thin films of
metals (300 nm of gold on the top of a 25-nm Ti/W adhesion
layer) were deposited using an MRC 822 Sputtersphere
(System Control Technology, Livermore, CA). Positive photo-
resist (AZ-1512, Clariant Corporation, Somerville, NJ) was
then spin-coated on the gold surface, and patterned by
exposure to UV light through an appropriate photomask. After
developing in AZ-351 solution (Clariant, 1:4 dilution with
water), the exposed regions of gold films were dissolved with
aqua regia (HNO3/HCl 1:3, in volume) and the unprotected
underlayer of Ti/W was removed using an aqueous solution of
hydrogen peroxide (30%). Caution: these two wet etchants
contain very strong oxidizing agents and should be handled
with extreme care. An individual silver nanowire was aligned
onto the gold electrodes by applying the diluted (by ∼100×)
aqueous dispersion of these nanowires to one edge of a poly-
(dimethylsiloxane) (PDMS) stamp whose surface had been

patterned with an array of channels. These channels were
oriented parallel to the gold electrodes. By chance, a silver
nanowire could be positioned against the edge of this stamp
as the solvent drained through the channels. After the solvent
had evaporated, the PDMS stamp was carefully peeled off from
the gold electrodes, and the presence of silver nanowire could
be confirmed using dark field optical microscopy. Silver epoxy
(Chemtronics, Kennesaw, GA) was used to connect the gold
pads with copper wires, which were subsequently connected
(as shown later in Figure 10) to a Keithley 485 Auto Picoam-
meter (Keithkey Instruments, Clevland, OH) and a tunable
DC power source (LL-9002-0V, Lamda Regulated Power Sup-
ply, Melville, NY). The electrical conductivity of this silver
nanowire (at room temperature) could be calculated from the
slope of its I-V curve.

Results and Discussion

Mechanism for the Formation of Silver Nanow-
ires. The formation of anisotropic silver nanostructures
involves at least two steps. Figure 1 shows a schematic
diagram outlining the plausible mechanism. In the first
step, Pt nanoparticles with diameters on the order of
∼5 nm were formed by reducing PtCl2 with ethylene
glycol.

In the second step, AgNO3 and PVP were added drop-
wise to the reaction system, allowing the nucleation and
growth of silver. Silver atoms (formed through the

Table 1. Products Obtained When the Reactants Were Added Using Different Proceduresa

sample no. procedure product

AG04 2.5 mL AgNO3 and 5 mL PVP solutions were simultaneously injected
using syringes within a period of ∼6 min (the standard procedure as
described in the Experimental Section)

a mixture of silver nanowires
(∼70%) and colloidal particles
(∼30%)

AG12 1 mL PVP solution was injected within 10 s before the addition of AgNO3,
and the AgNO3 (2.5 mL) and PVP (4 mL) solutions were simultaneously
injected in a period of 6 min

a mixture of silver nanorods
(∼10%) and particles (∼90%)

AG35 5 mL PVP solution was injected within 10 s, and 2.5 mL AgNO3 solution
was then injected in a period of 10 s

silver nanoparticles only

AG36 5 mL PVP solution was injected within 10 s, and 2.5 mL AgNO3 solution
was then injected in a period of 6 min

silver nanoparticles only

AG38 2.5 mL AgNO3 solution was injected in 10 s, and 5 mL PVP solution was
then injected in a period of 6 min

a mixture of silver nanowires
(∼70%) and colloidal particles
(∼30%)

a Concentrations of AgNO3 and PVP solutions were 0.12 and 0.36 M, respectively.

Figure 1. Schematic illustration of the experimental proce-
dure that generates silver nanowires through a Pt-seeded
polyol process.

2HOCH2-CH2OH f 2CH3CHO + 2H2O (1)

2CH3CHO + PtCl2 f CH3CO-COCH3 + Pt + 2HCl
(2)
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reduction of AgNO3 with EG) could nucleate through
two different paths: heterogeneous and homogeneous
nucleation. In the case of heterogeneous nucleation, the
pre-synthesized Pt nanoparticles served as nuclei for the
epitaxial growth of silver because their crystal struc-
tures and lattice parameters match closely. As a result
of this nucleation process, silver nanoparticles with
diameters of 20-30 nm were formed in the solution. At
the same time, most silver atoms nucleated through the
homogeneous nucleation process, yielding nanoparticles
with diameters in the range of 1-5 nm. These silver
nanoparticles were well-dispersed because of the pres-
ence of PVP, a polymeric surfactant that could chemi-
cally adsorb onto the surfaces of silver solid through
O-Ag bonding.29 It is well-known that the surface
energies of large particles are lower than those of
smaller ones. When this dispersion of bimodal silver
nanoparticles was continuously heated at high temper-
atures, the small nanoparticles progressively disap-
peared to the benefit of larger ones via a process known
as Ostwald ripening.30 This ripening process for colloidal
silver dispersions could take place with reasonable rates
at a temperature as low as ∼85 °C.31 The critical particle
radius (below which a particle is not stable and should
spontaneously dissolve) increased with temperature. As
the reaction continued, the small silver particles were
no longer stable in solution, and they started to dissolve
and contribute to the growth of larger ones. With the
assistance of PVP, some of the large nanoparticles were
able to grow into rod-shaped structures with lateral
dimensions in the range of 30-40 nm. The exact role of
PVP in this process is not clear at the moment. One
possible function for PVP is to kinetically control the
growth rates of different crystalline faces by interacting
with these faces through adsorption and desorption,
which agrees with the “poisoning” mechanism. In this
case, the “poison” adsorbed on some crystalline surfaces
could significantly decrease their growth rates and lead
to a highly anisotropic growth.32 In principle, the growth
process would continue until all the silver nanoparticles
with diameters <5 nm were completely consumed, and
only nanowires and the larger (more stable) nanopar-
ticles survived.

A similar synthesis that involves AgNO3 and PVP has
also been extensively explored by Silvert et al., in which
no Pt seeds was used.31 In this case, silver nanoparticles
having diameters <5 nm were formed through the
homogeneous nucleation process; some large nanopar-
ticles with diameters of ∼20 nm (∼5% of total popula-
tion) were also formed at the early stage of this reaction.
Even though the initial product was a mixture of silver
nanoparticles similar to what we have observed in the
early stage of our synthesis, no anisotropic structures
were formed in their solution as the reactions proceeded.
This difference could be attributed to the high molar
ratios between the repeating unit of PVP and AgNO3

(>10) that were used by these authors. As shown in
their presented study, a heavy coverage of PVP on the
surfaces of large silver nanoparticles might result in an
isotropic growth for all different faces. In this regard,
the concentration of PVP during the initial stage seems
to play an important role in determining the morphol-
ogies of final products. Some evidence to support this
argument can be derived from the results obtained when
the reactants were added in different modes (Table 1).
For example, dropwise addition of PVP to the reaction
mixture was favorable for the formation of silver
nanowires with high aspect ratios, whereas the mor-
phology of the final products was not so sensitive to the
addition rate of AgNO3 (indicated by AG04 and AG38).
If PVP was introduced to the reaction system before
AgNO3 was added and reduced, the products were
predominated by nanoparticles (samples AG12, AG35,
and AG36).

Microscopic Studies on the Formation of Silver
Nanowires. The silver nanostructures at various stages
of the growth process were characterized using both
SEM and TEM. Figure 2 shows images of the samples
that were taken from the reaction mixture after silver
nitrate was added for 0, 10, 20, 40, 50, and 60 min.
These images clearly show the evolution of silver
nanostructures from 0D into 1D morphology over time
at ∼160 °C, and correlate well with the mechanism
sketched in Figure 1. Figure 2A gives a HRTEM image
of some Pt nanoparticles that were spherical in shape
with an average diameter of ∼5 nm. Their lattice fringes
were spaced 0.23 nm apart, which is in good agreement
with the d value for (111) planes of face-centered-cubic
(fcc) platinum (0.226 nm). These platinum nanoparticles
had a narrow distribution in size and could serve as
seeds for the growth of fcc silver because of their close
match in lattice constants. Once the solutions of AgNO3
and PVP had been introduced to the reaction system, a
bright yellow color immediately appeared, indicating the
formation of silver nanoparticles or clusters through the
reduction of AgNO3 by EG. Figure 2B shows the initial
product: a mixture of silver nanoparticles with two
distinctive sizes. The majority of these nanoparticles
had sizes <5 nm, and they were formed through
homogeneous nucleation. Some larger nanoparticles
(20-30 nm in diameter) were also present, which were
formed through heterogeneous nucleation on the Pt
seeds. When this colloidal dispersion was continued with
heating at ∼160 °C, the small nanoparticles of silver
spontaneously and slowly dissolved into the solution and
recrystallized on the larger ones (Ostwald ripening30).
After ∼20 min, the reaction mixture became opaque,
and rodlike structures could be seen in the sample under
an optical microscope (in the dark-field mode). As shown
in Figure 2C, some of the large silver nanoparticles had,
indeed, grown into rod-shaped anisotropic nanostruc-
tures with the assistance of PVP, while others kept
growing into larger particles having a more isotropic
morphology. In principle, this growth process should
continue until all silver nanoparticles with diameters
<5 nm had been completely consumed (Figure 2D, E,
and F). Both the length and number of silver nanowires
increased with the elongation of reaction (or growth)
time. In a typical synthesis, nanowires obtained at 40
min were very short with lengths <3 µm (Figure 2D),
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and they could grow up to 20-50 µm in length after
the reaction had proceeded for 60 min (Figure 2F).

Spectroscopic Monitoring of the Wire Growth
Process. The UV-visible spectroscopic method can also
be used to track the morphological evolution involved
in the growth process because silver nanostructures
having different shapes exhibit surface plasmon reso-
nance (SPR) bands at different frequencies.33 Figure 3
compares the UV-visible extinction spectra obtained
from solutions sampled at different reaction times (after
the addition of AgNO3 and PVP). Figure 3A shows the
variation of extinction spectra between silver nanorods
with low aspect ratios and silver nanoparticles. The
appearance of a weak plasmon peak at ∼410 nm (curve
a) indicated the formation of silver colloids with na-
nometer-sized dimensions. This peak exhibited a broad
full-width at half-maximum (fwhm) of ∼100 nm and the
tailing effect, indicating the existence of a broad distri-
bution in size and morphology for these silver nanopar-
ticles.34 As the reaction proceeded from 10 to 12 min,
the intensity of this peak decreased slightly and a new
peak at a longer wavelength (∼530 nm) appeared. This

red-shift in energy implies the formation of rodlike
structures, whose longitudinal plasmon resonance could
contribute to the appearance of a peak at wavelengths
longer than 410 nm.20a When the reaction had proceeded
for 20 min, more silver nitrate was reduced and the
silver nanorods continued to grow in length. The
longitudinal SPR mode for these nanorods was further
red-shifted from 530 to 570 nm (curves b-e), whereas
the peak around 410 nm was slightly blue-shifted from
413 to 404 nm. These results were consistent with
theoretical predictions: as the aspect ratio increases,
the longitudinal SPR band (λL) should be red-shifted
significantly, whereas the transverse SPR (λT) band
shifts only slightly to the blue side.35

Figure 3B shows the UV-visible spectra of solutions
sampled from the reaction mixture with the growth
times scattered around 30 min. (Note that different
scales of extinction intensity were used in panels A, B,
and C of Figure 3.) In the period from 20 to 28 min, the
longitudinal SPR band of nanorods did not exceed 570
nm even though their growth continued to proceed.
Between 28 and 29 min, this SPR peak was still
positioned around 570 nm, although a significant in-

(33) (a) Kerker, M. J. Colloid Interface Sci. 1985, 105, 297. (b)
Sarkar, D.; Halas, N. J. Phys. Rev. E 1997, 56, 1102.

(34) (a) Kreibig, U.; Genzel, L. Surf. Sci. 1985, 156, 678. (b)
Granqvist, C. G.; Buhrman, R. A. J. Appl. Phys. 1976, 47, 2200.

(35) (a) Link, S.; Mohamed, M. B.; El-Sayed, M. A. J. Phys. Chem.
B 1999, 103, 3073. (b) Ah, C. S.; Hong, S. D.; Jang, D.-J. J. Phys. Chem.
B 2001, 105, 7871.

Figure 2. (A) HRTEM image of platinum seeds with sizes of ∼5 nm. The lattice fringes are spaced 0.23 nm apart, which is in
agreement with the d value of the (111) planes of fcc platinum. (B, C) TEM and (D-F) SEM images of five samples, showing
different stages of growth for silver nanowires. These samples were prepared by taking a small portion from the reaction mixture
at (B) 10, (C) 20, (D) 40, (E) 50, and (F) 60 min. The concentrations of AgNO3, PVP, and PtCl2 were 0.12, 0.36, and 1.5 × 10-4 M,
respectively. The reaction temperature was controlled at 160 °C.
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crease in intensity was observed. This result indicated
that the silver nanorods increased in number without
apparent growth in length. As the reaction proceeded
from 29 to 30 min, the SPR peak at ∼570 nm decreased
in intensity and eventually disappeared from the visible
regime, indicating the formation of silver nanorods/
nanowires with aspect ratios greater than 5.35b At the
same time, the extinction intensity around 410 nm
abruptly increased by approximately 2-fold. This large
change in the optical spectra implied that the growth
rate of silver nanorods could be greatly accelerated once
a critical concentration of nanorods had been reached.

Moreover, the peak positioned at ∼410 nm slightly
shifted to the red, indicating an increase in size for both
silver nanorods and nanoparticles.36 The extinction peak
for λT would blue-shift from ∼410 to ∼380 nm as the
average length of the silver nanorods and nanowires
was increased.17,27 Therefore, the shoulder peak at ∼380
nm could be considered as the optical signature of
relatively long silver nanowires, which started to appear
in the reaction mixture after the reactants had been
added for ∼32 min. At this point, optical signatures
similar to those of bulk silver also began to appear, as
indicated by the shoulder peak around 350 nm.

Figure 3C shows the change in extinction spectra at
longer reaction times, characterized by the further
elongation of silver nanorods. As the length of these
nanorods increased with time, the two SPR peaks at
380 and 350 nm were further increased in intensity
relative to the peak positioned at ∼410 nm. Neverthe-
less, the peak at ∼410 nm (this peak shifted to the red
as the reaction proceeded) still existed even after the
reaction solution had been heated for 60 min or longer
(curve m in Figure 3C). This observation suggests that
the final product of our synthesis should be a mixture
of silver nanowires and colloidal particles, which is
consistent with our electron microscopic studies shown
in Figure 2F.

Structural Characterization of the Silver Nanow-
ires. Although the final product of a typical synthesis
contained both silver nanowires and nanoparticles, this
mixture could be readily separated through centrifuga-
tion to obtain a pure sample of nanowires. Figure 4A
shows the UV-visible extinction spectra before and
after three cycles of centrifugation and separation of the
product obtained at 60 min. In this case, the precipitate
exhibited two SPR peaks (∼380 and ∼350 nm), and both
of them belong to the optical signatures of silver
nanowires. The supernatant, on the other hand, dis-
played a broad peak around 436 nm, which could be
attributed to the SPR band of silver nanoparticles.
Figure 4B shows the SEM image of silver nanowires
after purification, clearly indicating the removal of silver
nanoparticles from this sample. These nanowires had
a mean diameter of ∼38 nm, with a standard deviation
of ∼5 nm. The image also shows the straightness along
the longitudinal axis, the level of perfection, and the
copiousness in quantity that we could routinely achieve
using this synthetic approach. Figure 4C shows the
TEM image of several such nanowires, indicating the
uniformity in diameter along each individual wire. The
XRD pattern (Figure 4D) taken from a large quantity
of sample suggested that silver nanowires synthesized
using this solution-phase method existed purely in fcc
phase. The lattice constant calculated from this XRD
pattern was 4.092 Å, which is very close to the reported
data (a ) 4.0862 Å, JCPDS File 04-0783). It is worth
noting that the ratio of intensity between (111) and (200)
peaks exhibits a relatively high value of 3 (the theoreti-
cal ratio is 2.5), indicating the enrichment of {111}
crystalline planes in the silver nanowires.

The crystal structure of these silver nanowires was
further studied using TEM and electron diffraction.
Previous studies have suggested a low threshold for

(36) Bohren, C. F.; Huffman, D. R. Absorption and Scattering of
Light by Small Particles; Wiley: New York, 1983.

Figure 3. UV-visible extinction spectra of the reaction
mixture at various reaction times: (a) 10, (b) 12, (c) 14, (d)
16, (e) 20, (f) 25, (g) 28, (h) 29, (i) 30, (j) 32, (k) 40, (l) 50, and
(m) 60 min. All these solutions had been diluted by 30× with
highly purified water before taking spectra. The extinction
peaks at 350, 380, 410, and 570 nm could be attributed to the
surface plasmon resonance of silver with different origins: the
longitudinal mode of nanowires similar to that of bulk silver,
the transverse mode of nanowires, nanoparticles, and the
longitudinal mode of nanorods. Reaction conditions were the
same as those indicated in Figure 2.
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twining along {111} planes for fcc metals such as silver
and gold, especially when their 1D nanostructures have
relatively high aspect ratios.37 These nanostructures
tend to grow as bicrystals twined along the {111}
planes. Figure 5A shows a bright field TEM image of
the end of an individual silver nanowire with its twin
plane parallel to the longitudinal axis (as indicated by
an arrow). Figures 5B and 5C are dark field TEM
images illustrating the twin structure of this wire. The
dark field image shown in Figure 5B is formed from a
{111} diffracted beam showing one domain of the
bicrystal. When the electron beam was tilted to form
the image from {002t} spots, the dark field image shown
in Figure 5C illustrates the adjacent domain of this
bicrystal. It should be noted that in these images the
nanowire was illuminated by a highly convergent beam
which covered only the lower half of the wire. The
contrast present in these images can be attributed to
defect-induced strains. Thickness fringes are also visible
toward the end of this wire. Figure 5D shows the
corresponding selected-area diffraction pattern obtained
with the beam parallel to [110] axis. This pattern is
characteristic of reflection twins in an fcc metal. The
pattern displays reflection symmetry about the {111}-
type plane. The interpenetrating patterns correspond
to the crystals on either side of the twin (as indexed).

Influence of the Ratio between PVP and AgNO3.
The morphology and aspect ratio of the silver nanowires
strongly depended on the molar ratio between the repeat
unit of PVP and AgNO3. Figure 6A shows the TEM
image of a sample that was synthesized using a proce-

dure similar to the standard synthesis (shown in
Figures 2-5), except that the molar ratio of PVP to
AgNO3 increased from 6 to 18. In this case, silver
nanoparticles with an average size of ∼20 nm were
obtained as the major product. No nanorods or wires
were formed even after the solution had been heated at
160 °C for 5 h. The relatively high molar ratio of PVP
to AgNO3 might cause high coverage of PVP on all faces
of the seeds, leading to an isotropic growth mode. Figure
6B presents an SEM image of the product obtained
using a PVP/AgNO3 ratio of 1.5. The resultant nanow-
ires had a thicker average diameter (∼100 nm) than the
samples shown in Figures 2-5, as well as relatively
rougher surfaces. In this case, the low ratio of PVP to
AgNO3 caused a decrease in coverage not only for the
fast-growing end faces, but also for the side surfaces of
each nanowire. The incomplete coverage of PVP on side
surfaces could not effectively passivate these faces, and
the nanowires became thicker (due to lateral growth)
while they grew longer.

Influence of Reaction Temperature. Temperature
was also found to play an important role in the forma-
tion of silver nanowires. Figure 7 shows the SEM images
of silver products synthesized at different reaction
temperatures. When the reaction mixture was heated
at 100 °C for more than 20 h (Figure 7A), no nanowires
were formed. The reduced silver formed nanoparticles
with polydispersed sizes and shapes. It seemed that the
relatively low reaction temperature could not provide
enough energy required for the activation of specific
faces for the anisotropic growth of nanowires. Both the
dissolution of small silver nanoparticles and the diffu-
sion of silver atoms on the surface of silver nanorods or
nanowires should require a relatively high temperature.
Conversely, over-high temperatures seemed to favor the

(37) (a) Wang, Z. L.; Mohamed, M. B.; Link, S.; El-Sayed, M. A.
Surf. Sci. 1999, 440, L809. (b) Bögels, G.; Meekes, H.; Bennema, P.;
Bollen, D. J. Phys. Chem. B 1999, 103, 7577. (c) Link, S.; Wang, Z. L.;
El-Sayed, M. A. J. Phys. Chem. B 2000, 104, 7867.

Figure 4. (A) UV-visible extinction spectra of the final product before and after three cycles of centrifugation and separation.
(B) SEM and (C) TEM images of a purified sample of silver nanowires. (D) XRD pattern of as-synthesized silver nanowires (∼40
nm diameter). All the peaks could be indexed to fcc silver. Reaction conditions were the same as those indicated in Figure 2.
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formation of silver nanowires with low aspect ratios.
Figure 7B shows the SEM image of silver nanorods that
were grown around 185 °C. These nanorods had a mean

diameter of 39 ( 3 nm, and an average length of 1.9 (
0.4 µm. The length of these nanorods had dramatically
decreased (by ∼90%) in comparison with the nanowires
synthesized at 160 °C. Electron diffraction patterns
obtained from these silver nanorods indicated that they
were also bicrystalline in structure.

Influence of Seeding Conditions. Because our
synthesis involves a heterogeneous nucleation process,
the seeding conditions are expected to influence the
dimensions of silver nanowires. Concentration, size
distribution, and crystalline structure of the platinum
seeds were all found to play certain roles. Figure 8A
shows a TEM image of the sample that was synthesized
using a procedure similar to that used in the standard
synthesis (Figures 2-5). In this case, however, the
initial concentration of PtCl2 was increased by ∼10
times. As a result, the diameter of silver nanowires was
reduced from ∼40 to ∼30 nm due to an increase in the
number of Pt seeds. The main reason was that the
source of small silver nanoparticles (with diameter <5
nm) was kept constant, leading to a decrease in the
average amount of material available for nanowire
growth. Electron diffraction patterns taken from indi-
vidual nanowires indicated that these thin nanowires
were also bicrystalline. The independence of crystalline
structure of silver nanowires regardless of their dimen-
sions implied that the bicrystalline structure was prob-
ably the most stable form for 1D nanostructures of
metals with fcc structure.

Figure 5. (A) Bright field TEM image of the end of an individual silver nanowire, showing the bicrystallinity that is characteristic
of nanowires synthesized using the present method. The (111) twin plane in the middle of this nanowire is indicated by an arrow.
(B, C) Dark field TEM images of the same nanowire imaged by tilting the electron beam parallel to the [110] axis. (D) The
corresponding convergent beam electron diffraction pattern. Indices without subscript refer to the left side of the nanowire shown
in (B), and indices with the subscript “t” refer to the right side. These two patterns have the reflection symmetry about the
{111}-type planes.

Figure 6. SEM images of two as-synthesized products,
showing the variation of morphology when the molar ratio
between PVP and AgNO3 was changed. (A) nPVP/nAgNO3 ) 18;
(B) nPVP/nAgNO3 ) 1.5. Other conditions were the same as those
indicated in Figure 2.
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Silver nanoparticles have also been used as seeds for
the growth of nanostructures from several elements,
e.g., copper nanoparticles and selenium nanorods.38,39

In the present synthesis, when preformed silver nano-
particles (instead of platinum) were used as the seeds,
the products were still obtained as mixtures of nano-
wires and nanoparticles. Figure 8B shows a typical SEM
image of the sample obtained from such a process. Silver
nanowires with a relatively high yield were obtained,
but the distribution of diameters seemed to be broader
than those obtained using Pt seeds. It is likely that the
Ag seeds formed in this reaction were not as uniform
as the Pt seeds. Procedures that involved no seeding
step were also studied in our experiments. These
reactions resemble a “self-seeding” process,40 in which
the silver nanoparticles formed at the very beginning
could serve as the seeds for the following growth process.
In this case, different morphologies were observed
depending on the injection rates of AgNO3 and PVP
solutions. For example, silver nanoparticles were the
only product when all the reactants were added within
0.5 min. If the injection rate was decreased, rod-shaped
nanoparticles were observed. Silver nanowires with the
highest aspect ratios (∼50) were obtained when the
solutions were added over a period of 10 min (shown in

Figure 8C). The length and number of the nanowires
would decrease if the injection rate was further lowered.
Figure 8C shows an SEM image of the sample obtained
without pre-seeding. Here the silver nanorods had an
average length of ∼2.1 µm and diameter of ∼45 nm.
Compared with the nanowires obtained with Pt seeds,
the diameter was slightly increased (by ∼7 nm), but the
average length was significantly decreased.

Compositional and Electrical Characterization
of the Silver Nanowires. To determine the actual
amount of PVP covered on the silver nanowires, TGA
measurements were performed on the purified samples
of silver nanowires under nitrogen gas flow. The ther-
mogravimetric (TG) curve showed a two-step weight-
decline pattern (Figure 9) with the inflexion points at
∼200 and 475 °C, respectively. The first change cor-
responded to the desorption of solvent molecules (eth-
ylene glycol), and the second one corresponded to the
degradation of PVP that probably formed a sheath
around each nanowire.41 Typically, we observed a
weight loss of ∼5.52% for EG and ∼3.44% for PVP. The
EG could have been trapped in the PVP sheaths.(38) Figlarz, M.; Ducamp-Sanguesa, C.; Fievet, F.; Lagier, J. P. Adv.

Powder Metall. Partic. Mater. 1992, 1, 179.
(39) Lickes, J. P.; Dunont, F.; Buess-Herman, C. Colloids Surf.

1996, 118, 167.
(40) Sun, Y.; Xia, Y. Adv. Mater. 2002, 14, 833.

(41) Saravanan, P.; Jose, T. A.; Thomas, P. J.; Kulkarni, G. U. Bull.
Mater. Sci. 2001, 24, 515.

Figure 7. (A) SEM image of the product obtained after the
solution was heated at 100 °C for 20 h. (B) SEM image of the
product obtained when the solution was heated at 185 °C for
1 h. Other conditions were the same as those indicated in
Figure 2. Figure 8. (A) TEM image of the product obtained when the

concentration of PtCl2 was increased by 10 times to 1.5 × 10-3

M. (B) SEM image of silver nanowires formed when PtCl2 was
replaced by AgNO3 as the seeding source. (C) SEM image of
the product obtained without a separated pre-seeding process.
In this case, the solutions of AgNO3 and PVP were injected
into the reaction system over a period of 10 min. Other
conditions were the same as those indicated in Figure 2.
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The quest for nanometer-scale electronics has stimu-
lated an increasing effort in studying electron transport
in metallic nanowires. We have tested the electrical
continuity of these silver nanowires by measuring the
resistance of an individual nanowire at room tempera-
ture using the two-probe method. In this case, a silver
nanowire of ∼40 nm in diameter was aligned across two
gold electrodes that had been patterned on an insulating
layer of silicon oxide. Current was measured while a
range of DC potentials were applied to these gold
electrodes. The insert of Figure 10 shows the optical
microscopic image of a silver nanowire resting across
two gold electrodes and a schematic drawing of the
experimental design. A linear I-V curve, V (mV) ) 0.43
+ 0.974I (µA), was obtained (Figure 10) from which an
electrical conductivity of ∼0.8 × 105 S/cm was calcu-
lated. This value represents a reasonable number for
such a thin nanowire (the conductivity of bulk silver is
6.2 × 105 S/cm), and indicates that the bicrystalline
silver nanowires synthesized using our solution-phase
approach are electrically continuous, and they could
serve as interconnects in fabricating nanoelectronic
devices.

Conclusion
We have demonstrated a seed-assisted, solution-phase

route to the large-scale synthesis of bicrystalline silver
nanowires having uniform diameters in the range of
30-40 nm, and with controllable lengths up to ∼50 µm.
In this soft process, the evolution of silver into aniso-
tropic nanostructures within a highly isotropic medium
was mainly driven by two factors: (1) the pre-formation
of metal seeds in the solution that could serve as nuclei
for the subsequent growth of silver nanowires; and (2)
the use of an organic polymer that could kinetically
control the growth rates of various faces of fcc silver
through chemical surface modification. Control over the
lateral and longitudinal dimensions of these silver
nanowires could also be achieved by varying the reaction
conditions, including reaction temperature, seeding
conditions, and the ratio between PVP and AgNO3.
Raising the reaction temperature (from 160 to 185 °C)
led to the formation of short nanowires (or nanorods)
with relatively low aspect ratios. An increase in the
concentration of seeding solution slightly reduced the
diameter of resultant nanowires. Similar to other solu-
tion-based methods, the synthetic approach described
here exhibits a number of attractive features that
include high yield, low cost, environmentally benign
conditions with relatively low energy consumption, and
relatively low temperatures (<200 °C).

Because the present reaction was carried out at
ambient pressure, it can be readily scaled up for high-
volume production of silver nanowires. As we have
recently demonstrated, these silver nanowires could be
used as templates to form new nanostructures such as
uniform silica or gold nanotubes, and Ag@SiO2 coaxial
nanocables.42 We believe that the synthetic strategy
demonstrated here could also be extended to other
metals because the polyol process we used here has
already been applied to the synthesis of colloidal par-
ticles from a broad range of metals.43 The major
requirement seems to be the availability of appropriate
polymers that are capable of forming coordination
compounds with these metal ions and can selectively
adsorb onto various surfaces of these metals.
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Solid State Ionics 1996, 84, 259. (e) Carotenuto, G.; Pepe, G. P.;
Nicolais, L. Eur. Phys. J. B 2000, 16, 11.

Figure 9. TG curve of the purified samples of silver nanow-
ires. The vertical lines demarcate the regions of weight loss
corresponding to ethylene glycol (at ∼200 °C) and PVP (at
∼475 °C).

Figure 10. Electrical conductivity measurement on an indi-
vidual silver nanowire that was ∼40 nm in diameter. The I-V
curve measured on this silver nanowire could be fitted as V
(mV) ) 0.43 + 0.974I (µA). The insert shows an optical
micrograph detailing the alignment of the silver nanowire with
respect to the two parallel gold electrodes, as well as a
schematic illustration of the complete experimental setup.
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