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This paper describes a selective synthetic method of fabricating Ag nanowires by using a modified polyol
process. To synthesize the Ag nanowire, an ethylene glycolic solution of silver nitrate and an ethylene glycolic
solution of polyvinylpyrrolidone solution containing a small amount of organic oxidant, 1,4-benzoquinone,
were slowly added to a hot ethylene glycol medium at 160 oC for 8 min using a syringe pump. The reaction
mixtures were heated for an additional 45 min and cooled to room temperature. Finally, the silver nanomaterials
were isolated from the mixture by centrifugation. The crystal structure of the nanomaterials was investigated
by powder X-ray diffraction analyses, and their morphology was investigated by scanning electron microscopy.
A small amount of organic oxidant, 1,4-benzoquinone, played a significant role in controlling the morphology
during crystal growth. Consequently, Ag nanowires rather than Ag nanoparticles were selectively obtained.
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Introduction
Silver nanomaterials have been actively used in material
science, information, energy, and bioengineering fields, and
recently even in medical and pharmaceutical fields.1-4 The
characteristics and applications of silver nanomaterials
depend on their size, shape, composition, crystallinity, and
microstructure.4-9 There are an extensive number of methods
for synthesizing silver nanomaterials: mechanical, chemical,
and electrochemical methods. A number of nanomaterials
can be formed through various types of chemical reactions
in solutions, and the chemical methods include solution
reduction, hydrothermal, chemical precipitation, and polyol
methods.5,10-14
There have been various types of Ag nanomaterials synthesized via the application of the polyol method developed
by Fievet.12 In particular, Xia et al. reported the possibility of
controlling the morphology of nanomaterials by controlling
the reaction conditions, such as the molar ratio of the reactants, reaction temperature, reaction time, and the addition
of additives in ethylene glycol (EG).5,9,15-17 In the polyol
method, EG acts as a solvent and a reducing agent5, and
polyvinylpyrrolidone (PVP) acts as a capping agent and a
stabilizer.18,19
It is possible to synthesize silver nanomaterials with various morphologies, including nanocubes, nanowires, nanospheres, nanoplates, and nanobelts by controlling the interaction between PVP and each facet of the seed crystal during
crystal growth.9 Recent studies have tried to control the
morphology of nanostructures formed by controlling the
reaction with the addition of NaCl, CuCl/CuCl2, Na2S/
NaHS, and Fe(II)/Fe(III) species.9,15-17,20,21 By controlling
the reaction conditions, the crystal growth rates on each
facet of the seed crystal could be controlled. As a result, it
becomes possible to form uniquely shaped silver nano-

structures based on the growth of selective crystals in a
specific direction.9
1,4-Hydroquinone (1,4-HQ) is used in the developing
solutions of AgBr-based photographic film.22 1,4-HQ is converted into 1,4-benzoquinone (1,4-BQ) after being oxidized
reversibly under acidic conditions.23 However, due to the
lower oxidation potential of 1,4-HQ, it is not possible to
reduce isolated silver ions.24 When light is irradiated onto a
AgBr-coated film by exposure, the photons reduce a small
amount of silver ions to form silver clusters on the surface of
the films, and then silver ions are reduced by 1,4-HQ during
photo development.24 Therefore, another reducing agent
should be used in order to use the 1,4-HQ for the reduction
of silver ions under solution conditions.
This paper describes a method for selective synthesis of
silver nanowires based on the modification of a control
polyol method by adding a small amount of 1,4-BQ. The
effect of the 1,4-BQ on the nanowire formation process is
also discussed. First, a gylcoaldehyde was formed through
the oxidation of EG, the reaction solvent, at a high temperature. Silver clusters were then generated by the reduction of
the silver ions by the gylcoaldehyde. Finally, Ag nanowires
were obtained predominantly by the selective growth of
silver on the surface of the clusters under the reversible 1,4BQ/1,4-HQ redox reaction system.
Experimental
Reagent. All chemicals were purchased from Sigma–
Aldrich Chemical Co.(MO, USA), Junsei Chemicals (Japan),
and Samchun Chemicals (Korea). All chemicals were of
reagent grade and used without further purification.
Synthesis of Silver Nanomaterials by Polyol Method.
The silver nanomaterials were synthesized by the similar
method reported by Xia et al.5 After 5 mL of EG was heated
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at 160 oC for 1 h, 3 mL of an ethylene glycolic solution of
0.250 M silver nitrate and 3 mL of another ethylene glycolic
solution of 0.375 M PVP containing a small amount of 1,4BQ (or without 1,4-BQ) were simultaneously injected into
the hot EG media at a rate of 0.375 mL/min for 8 min by
using a syringe pump. The reaction mixture was additionally
heated at 160 oC for 45 min. The reaction mixture was
cooled down to room temperature, washed three times with
distilled water and once with ethanol, and the product was
dried at room temperature.
The scale-up reactions were carried out under the same
conditions with ten times higher concentrations of each
reagent.
Physiochemical Analysis. The chemical composition of
the surface of the nanomaterials was analyzed by energy
dispersive spectrometry (EDS, Oxford, JEOL). The contents
of the organic matter on the surface were measured by
elemental analysis (EA, Thermo-Finnigan EA-1112) and
thermogravimetric analysis (TGA, Setaram). The morphology of the synthetic solid materials was analyzed by using a
scanning electron microscopes (SEM, Mini-SEM, SNE4000M, SEC). Powder X-ray diffraction (PXRD) patterns
were recorded on an X-ray diffractometer (Mini flex-II,
Rigaku) using Cu Kα radiation with a scan rate of 2θ = 4o/
min and a range of 2θ = 3-90o. The size of spherical nanoparticles was measured by using a particle size analyzer
(NanotracTM 150, Microtrac).
Results and Discussion
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although there were a few nanowires. The complete silver
nanocubes reported by Xia et al.5 were not observed in this
work. It was found that the particle sizes (data not shown) of
the quasi-spherical silver nanoparticles were between 100
and 500 nm. The most frequent value was 410 nm, which
accounted for approximately 41.8% of the particles.
Figure 1(b) shows the PXRD pattern of the silver nanomaterials synthesized without 1,4-BQ. Diffractions were
identified on the (111), (200), (220), (311), and (222) planes,
indicating that the crystals had a face-centered cubic (fcc)
crystal system (JCPDS card No. 04-0783).
Silver Nanomaterials Synthesized by Polyol Method
with 1,4-BQ. Figures 2(a)-(e) show the SEM images of
silver nanomaterials synthesized by the modified polyol
method with 1,4-BQ.
As can be observed in the SEM images, most of the
particles are nanowires ranging from 190 to 250 nm in width
and longer than 1 μm in length. It was observed that the
thickness of the nanowires depended on the amount of 1,4BQ: As the amount of 1,4-BQ increased, the thickness of the
nanowires increased. The PXRD pattern of one sample of
nanowires is shown in Figure 2(f). Like the PXRD pattern of
the silver nanoparticles synthesized with no 1,4-BQ (Figure
1(b)), diffractions were identified on the (111), (200), (220),
(311), and (222) planes, indicating a fcc crystal system.
Xia et al. proposed several possible mechanisms based on
the reaction conditions and roles of the materials involved in
the reaction, especially regarding the morphology control of
silver nanomaterials synthesized on the basis of the polyol

The silver nanomaterials were obtained with a high yield
of over 90%. On the basis of the composition analyses of the
silver nanomaterials, organic matter related to the PVP capping agent comprised only a small portion (~0.4%), whereas
silver comprised a major portion of the materials. According
to TGA (data not shown), the silver nanomaterials had a
weight loss of 0.4% up to 400 oC. This loss is thought to be
caused by the release of PVP.18,19 Detectable weight loss was
not observed at temperatures between 400 and 800 oC.
Silver Nanomaterials Synthesized by Polyol Method
without 1,4-BQ. Figure 1(a) shows the SEM image of the
silver nanomaterials synthesized in this work according to
the control polyol method without 1,4-BQ. As shown in the
figure, the silver nanoparticles were mainly of quasi-spherical,

Figure 1. (a) SEM image and (b) PXRD pattern of silver nanomaterial synthesized without 1,4-BQ. Reaction conditions: [AgNO3]
= 0.250 M; [PVP] = 0.375 M; injection time: 8 min; additional
heating: 45 min; reaction temperature of 160 oC. Scale bar: 3 µm.

Figure 2. SEM images of silver nanomaterials synthesized with
[1,4-BQ]/[Ag+] of (a) 0.030, (b) 0.060, (c) 0.10 (d) 0.13, (e) 0.15.
(f) PXRD pattern of sample (a). Reaction conditions: [AgNO3] =
0.250 M; [PVP] = 0.375 M; injection time: 8 min; additional
heating: 45 min; reaction temperature of 160 oC. Scale bar: 3 µm.
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method.9 Silver nanocubes were obtained as a major product
and nanowires were obtained as a minor product under the
reaction conditions used in this study: a reaction temperature
of 160 oC, the total number of moles of AgNO3 = 7.5 × 10-4
mol, the total number of moles of PVP repeating units =
1.125 × 10−3 mol, [number of moles of PVP repeating units]/
[number of moles of AgNO3] = 1.50, injection time of 8
min, and additional reaction time of 45 min.5 According to
the literature, some parts of the solvent EG were oxidized
into gylcoaldehyde by heating in air, which then reduced the
silver ions in the solution to form silver clusters or silver
nuclei.26 The seed crystals were grown by the subsequent
reduction of silver ions on the silver clusters.9 At the same
time, the seed crystals were etched in an anisotropic manner
by HNO3, which was generated as a side product. Therefore,
the rate of crystal growth decreased and the crystals grew in
a specific facet direction. As a result, cube-shaped crystalline nanomaterials could be obtained in the single crystal
seed.12,15 Also, owing to differences in the binding affinity
between the facets of the silver nanomaterials and PVP, the
rate of crystal growth differs between the {100} and {111}
facets of the polyhedral nuclei. Consequently, anisotropic
growth on the {111} facet with a high crystal growth rate
takes place in the nanocube.27
In order to synthesize nanowires based on the polyol
method reported by Xia et al., the concentration of silver
ions should be lowered to the conditions of [Ag+] < 0.1 M,
or [number of moles of PVP repeating units]/[number of
moles of AgNO3] ~ 1.50, or additional additives should be
used under the similar conditions.5,9,19,20,25,27 In this study,
however, we used an organic oxidant, 1,4-BQ, such that
[number of moles of 1,4-BQ]/[number of moles of AgNO3]
= 0.03-0.30 for the selective synthesis of nanowires. In the
initial step of the reaction, silver ions can be reduced to form
silver seed clusters by the gylcoaldehyde that is generated
from the oxidation of EG by heating. At the same time, the
1,4-BQ present in solution can also be reversibly reduced to
1,4-HQ by the gylcoaldehyde. Moreover, as H+ is consumed
in the 1,4-BQ reduction reaction, the etching reaction of the
initial nuclei by HNO3 is inhibited. Because the 1,4-HQ
might be bound only on the {111} facet of the multi-twinned
seed crystal and because it has a lower reducing power, the
crystal is grown selectively on the {111} facet where PVP is
weakly bound.12 It is thought that anisotropic crystal growth
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is preferred due to the influence of 1,4-BQ/1,4-HQ redox
system, as like Fe2+/Fe3+ redox system,21 and thus the silver
nanowires are formed.
With increasingly higher concentrations of 1,4-BQ, the
gylcoaldehyde is consumed faster. As a result, the formation
rate of the seed silver clusters decreases and the size of the
seeds increases as compared to the control synthesis case.
Moreover, the etching of seed silver is inhibited as the HNO3
generated by the reduction of silver ions is consumed by the
reduction of 1,4-BQ. Therefore, the anisotropic crystal growth
based on larger seeds results in thicker nanowires.
Figures 3(a)-(c) show the SEM images of silver nanomaterials that resulted from the reaction with the addition of
1,4-BQ after the control polyol method-based synthesis with
no 1,4-BQ added. The particle are mainly of quasi-spherical
with a few nanowires to the silver nanoparticls obtained by
the control polyol method. It was found that adding 1,4-BQ
after the complete formation of the silver nanoparticles had
no effect on the silver nanoparticle morphology.
Figures 4(a)-(b) show the SEM images of silver nanomaterials that resulted from reactions with ten times higher
concentrations of reactants.
As shown in Figure 4(a) in the case of the reaction without
1,4-BQ, the silver nanoparticles were mainly quasi-spherical,
with a few nanowires. The particle size of the quasi-spherical
silver nanoparticles was ca. 1 µm, which is much bigger
than that of nanoparticles obtained from the control polyol
method. As shown in Figure 4(b) in the case of the reaction
with 1,4-BQ, most of the obtained silver nanoparticles con-

Figure 4. SEM images of silver nanomaterials synthesized using
ten times higher concentrations of the reactants: [AgNO3] = 2.50
M; [PVP] = 3.75 M, injection time: 8 min; additional heating: 45
min; reaction temperature of 160 oC. (a) Silver nanomaterials
synthesized without 1,4-BQ. (b) Silver nanomaterials synthesized
with 1,4-BQ([1,4-BQ]/[Ag+] = 0.10). Scale bar: 3 µm.

Figure 3. SEM images of silver nanomaterials synthesized without 1,4-BQ, and then further heated with 1,4-BQ ([1,4-BQ]/[Ag+] = 0.10)
for (a) 30 min, (b) 45 min, and (c) 60 min. Reaction conditions: [AgNO3] = 0.250 M; [PVP] = 0.375 M; injection time: 8 min; additional
heating: 45 min; reaction temperature of 160 oC. Scale bar: 3 µm.
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sisted with nanowires. In other words, even when the reaction concentration increased ten times, nanowires were
obtained due to the effect of 1,4-BQ.
Conclusion
This study proposed a way of synthesizing silver nanomaterials by reducing silver ions with the addition of a small
amount of oxidant, 1,4-BQ, to the polyol method. It was
observed that the shape of the silver nanomaterials was
dependent on the addition of 1,4-BQ. The 1,4-BQ/1,4-HQ
system reduced the silver ions by a reversible redox reaction
under the reaction conditions, enabling crystal growth in one
specific direction of the seed crystal, resulting in the fabrication of nanowires. Moreover, in spite of scaling the reaction concentration up by a factor of ten, the structure, shape,
and size of nanomaterials remained almost unchanged,
indicating very good reproducibility. Therefore, the results
of this study will make a contribution to applications related
to the morphology control of silver nanoparticles.
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