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Abstract. In this study, silver nanowires (AgNWs) were prepared by the polyol method using silver nitrate (AgNO3) as
the silver source and polyvinylpyrrolidone (PVP) as the structure-directing agent under different reaction conditions. In
order to obtain AgNWs with good uniformity and electrical conductivity, the orthogonal experiment method was adopted
to design an experimental scheme. The scanning electron microscope, energy-dispersive X-ray spectrometer, X-ray
diffraction, UV-2550 UV–Visible spectrophotometer, transmission electron microscope, Fourier transform infrared and
Raman spectra were combined to characterize synthesized AgNWs. It can be concluded from experimental data that when
the reaction temperature is 150°C, the ratio of AgNO3 to PVP is 1:3, the drop rate of PVP is 65 ml h–1, with the existence
of ferric chloride (FeCl3), and the AgNWs exhibit optimal morphology with the diameter ranging from 60 to 200 nm. The
results in this study will provide experimental guide for controllable formation of AgNWs.
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Introduction

Silver nanowires (AgNWs) are one-dimensional (1D) metal
nanomaterials that combine the common characteristics of
metallic silver materials and nanomaterials. In recent years,
AgNWs have attracted wide attention due to their excellent
properties such as high specific surface area, thermal conductivity, electrical conductivity, light transmission, ductility, mechanical strength and flexibility [1]. It has huge
application prospects in various fields, such as optical
devices [2,3], flexible sensors [4,5] and catalysts [6]. Wei
et al [4] used a simple dip coating method to attach AgNWs
onto cotton fabric and prepared a flexible pressure sensor,
which has high sensitivity. A transparent two-dimensional
network of AgNWs can form a transparent conductive
electrode, which gives an advantage over some other electrode-used materials with specific colour. Furthermore, this
AgNW network has lower sheet resistance and higher
optical transmittance than the 80 nm thick indium tin oxide
layer sputtered on glass [7].
There are various synthetic methods of AgNWs, which
can be mainly divided into physical and chemical methods.
The chemical method is widely used due to its simple
process and convenient operation. Chemical synthesis
method is consisting of template method [8–10], microwave-assisted synthesis method [11–13], gas-phase

synthesis method [14], polyol method [15,16], solvothermal
method [17,18] and so on. The template method can be
further divided into soft [19] and hard template methods
[20].
Although there are different methods to synthesize
AgNWs, the size, surface smoothness and crystallinity of
AgNWs prepared by different methods are not same, which
will finally affect the properties of AgNWs. Korte et al [21]
used CuCl2 as a nucleation control agent and found that
CuCl2 can promote the growth of AgNWs. During the
reaction, they found that both Cu2? and Cl– are necessary
for the growth of AgNWs. Cu2? can remove oxygen atoms
on the surface of silver seeds; thereby, prevent oxygen
atoms from blocking the growth of AgNWs. Then
Ashkarran and Derakhshi [16] found that Fe3? had the same
effect and explored the effects of different concentrations of
Fe3? on the growth of AgNWs. Different concentrations of
ferric chloride (FeCl3) were used to control the morphology
and shape of the original silver seeds. Lin et al [10] filled
the silver nitrate (AgNO3) solution in the pores of an anodic-aluminium-oxide (AAO) membrane and produced
AgNWs by photoreduction of the dried AgNO3 AAO film
using excimer laser radiation. By changing the thickness
and pore size of the AAO membrane, the surface morphology and size of the resulting nanowires can be finely
adjusted. This method of preparing AgNWs has relatively
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low requirements on the surrounding environment and can
be carried out at room temperature. It is suitable for nanowires that are grown accurately. However, removing the
template requires a complicated process, which may damage the nanowires. Furthermore, the output of AgNWs via
this method is very low, which is not suitable for industrial
production.
In order to obtain the optimal experimental conditions for
the preparation of AgNWs, the orthogonal experiment
method was adopted to design the experimental
scheme after a large number of preliminary experiments.
This method can greatly and efficiently reduce necessary
experiment amount to quickly obtain optimum experimental
parameters. The effect of reaction temperature, ratio of
AgNO3 to polyvinylpyrrolidone (PVP), acceleration of PVP
drop and nucleation control agent on morphology and performance of AgNWs were systematically considered in this
research.

2.
2.1

temperature, the ratio of AgNO3 to PVP, the acceleration of
PVP drop and the nucleation control agent. Three levels are,
respectively, set as 145, 150 155°C; 1:2, 1:3, 1:4, 25, 45 and
65 ml h–1; FeCl3, NaCl and no nucleation control agent. A
total of nine experiments were designed in this study.
Among them, AgNWs could not be prepared under two
experimental conditions. One of these conditions is, at the
temperature of 145°C, the ratio of AgNO3 to PVP was 1:3,
and the drop rate of PVP was 45 ml h–1 and NaCl was used
as the nucleation control agent. The other set of conditions
is at the temperature of 145°C, the ratio of AgNO3 to PVP
is 1:4, the drop rate of PVP is 65 ml h–1, without the
nucleation control agent.
2.2b Preparation of AgNWs: Polyol method was used to
prepare AgNWs in this study. AgNWs were synthesized by
reducing AgNO3 with EG in the presence of PVP. Next, we
take experiment no. 5 (as shown in table 1) as an example to
demonstrate the experiment process in detail. A 50 ml EG
solution was first added to a three-necked flask and heated
at 150°C for 1 h. Then a 2-ml EG solution of 0.004 M FeCl3
was added to the three-necked flask and a 15-ml EG
solution of 0.5 M AgNO3 was put into the three-necked
flask after 15 min. Finally, a 45-ml EG solution of 0.6 M
PVP was added to the mixed solution drop by drop through
an injection pump and the dropping acceleration was 65 ml
h–1. The heating process was stopped after 2 h, followed by
natural cooling to room temperature (25°C), centrifugal
purification and drying. The preparation process is
illustrated in figure 1.

Experimental
Material

Silver nitrate (AgNO3, 99.9%), ethylene glycol (EG) and
ferric chloride (FeCl3) were purchased from Sinopharm
Chemical Reagent Co. Ltd. Poly(N-vinylpyrrolidone) (PVP
K88-96, Mw&1,300,000) and sodium chloride (NaCl) were
purchased from Aladdin. Oil bath was obtained from
Gongyi Yuhua Instrument Co. Ltd. Injection pump was
obtained from Jianyuan Medical Co. Ltd. High-speed centrifuge was bought from Shanghai Xiangfan Instrument Co.
Ltd. Syringe was bought from Shanghai Mishawa Medical
Industry Co. Ltd. All chemicals were of analytical grade
and were used without further purification.

2.2

2.3

2.2a Formulation of orthogonal experiment table: We
designed four factors and three-level orthogonal experiment
form, as listed in table 1. Four factors are the reaction
Four factor and three-level orthogonal experiment form.

Experiment number
1
2
3
4
5
6
7
8
9

Characterization

The surface topography was observed by scanning electron
microscopy (SEM; S4800, HITACHI, Japan). The dried
AgNWs sample was firstly pasted onto the electron
microscope stage with a conductive adhesive, then sprayed
with gold particles for 90 s and finally scanned for photography at a voltage of 3 kV.
Surface element analysis of AgNWs was measured
by energy-dispersive X-ray spectrometer (EDS;

Preparation

Table 1.
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Reaction temperature (°C)

AgNO3:PVP

Acceleration (ml h–1)

Nucleation control agent

145
145
145
150
150
150
155
155
155

1:2
1:3
1:4
1:2
1:3
1:4
1:2
1:3
1:4

25
45
65
45
65
25
65
25
45

FeCl3
NaCl
—
—
FeCl3
NaCl
NaCl
—
FeCl3
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Preparation process of silver nanowires.

TM3030-SwiftED3000, HITACHI, Japan). The dried
AgNWs sample was pasted onto the electron microscope
stage with a conductive adhesive, then put it into a
tabletop SEM and analyse the distribution of surface
elements using an energy spectrometer at a voltage of
3 kV.
The surface property of AgNWs is investigated by transmission electron microscope (TEM; HT7700, HITACHI,
Japan). Disperse the AgNWs in anhydrous ethanol solution
by ultrasonic vibration, then drip the solution onto the copper
mesh and observe it at a voltage of 120 kV after drying.
A UV-2550 UV–Visible spectrophotometer (resolution
of 0.1 nm, Shimadzu Company, Japan) was used to record
the absorbance at room temperature with quartz cuvettes.
Disperse the AgNWs in anhydrous ethanol solution by
ultrasonic vibration, then place it in a quartz cuvette and
test its absorption spectrum using an ultraviolet–visible
spectrophotometer.
The phase structure was determined by X-ray diffraction
(XRD; X’Pert PRO MPD, Malvern Panalytical, Holland) in
the 2h range from 5° to 90°. Grind the dried AgNWs sample
into a powder, and place it in the sample tank to test with
copper-excited a-rays at a voltage of 40 kV.
Raman spectrum was measured with LabRAM HR
Evolution made by Orient KOJI Instrument Co. Ltd. The
sample is flattened and adhered to the slide glass. The
Raman test is carried out using a 532 nm wavelength laser.
Fourier transform infrared (FT-IR) spectrum was tested
by Nicolet 5700, taking a little of samples and potassium
bromide, mixing them and grinding them together with a
tablet press for tableting, and then performing infrared
testing.

3.
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Results and discussion
Characterization of AgNWs

Figure 2 shows SEM images of the AgNWs prepared under
different synthesis conditions. As figure 2a and b shows, the
average diameter of AgNWs is 151.73 nm, and its thickness

is uneven. At the same time, the length of AgNWs is relatively short and some silver nanoparticles can be easily
found in the field of vision. The surface morphologies of
AgNWs vary obviously with reaction conditions. The
AgNWs exhibit rod-like silver nanostructures, whose
average diameter is about 295.07 nm (see in figure 2c and
d). The diameter of AgNWs shown in figure 2k and l ranges
from 100 to 1000 nm, and its average diameter is up to 380
nm. The diameter of AgNWs (shown in figure 2g and h) is
the largest, up to 454.77 nm, and the diameter ranges from
200 to 1000 nm. It can be seen from figure 2e and f that the
diameter distribution of AgNWs synthesized under this
reaction condition is between 60 and 200 nm. Its average
diameter is the smallest, only 123.87 nm. The thickness is
relatively uniform, and there are no obvious silver
nanoparticles or AgNW rods. Another relatively uniform
AgNWs is shown in figure 2i and j. Although its average
diameter is about 143.63 nm and its diameter distribution is
uniform, it also contains a few silver nanoparticles. The
worst experimental condition is shown in figure 2m and n.
Its average diameter is 254.57 nm and contains a large
amount of silver nanoparticles.
In order to further explore the synthesis of AgNWs, a
UV–visible spectrophotometer was adopted since the size
and shape of the AgNW have a great relationship with the
ultraviolet absorption position. Figure 3 shows the UV–
visible absorption spectra of AgNWs synthesized with different reaction conditions. The characteristic absorption
peak of AgNWs locates at *350 nm. Noticeably, no
obvious absorption peaks appeared at both *420 and *380
nm, which may indicate the absence of AgNW particles and
silver nanorods.
The XRD pattern of AgNWs is shown in figure 4. There
are five distinct diffraction peaks, respectively, referring to
the diffraction angles of 38.14°, 44.32°, 64.51°, 77.48° and
81.63° in the spectrum. These are highly consistent with
the diffraction peaks of face-centred cubic Ag (JCPDS No.
04-0783) and respectively correspond to crystal plane of
{111}, {200}, {220}, {311} and {222}, which indicate
that prepared AgNWs have a face-centred cubic structure
[22]. The lattice constants calculated from these XRD

117

Page 4 of 8

Bull. Mater. Sci.

(2021) 44:117

Figure 2. SEM of AgNWs under different synthesis conditions and its histogram of diameter distribution: (a, b)
145°C, 1:2, 25 ml h–1, FeCl3; (c, d) 150°C, 1:2, 45 ml h–1, no nucleation control agent; (e, f) 150°C, 1:3, 65 ml h–1,
FeCl3; (g, h) 150°C, 1:4, 25 ml h–1, NaCl; (i, j) 155°C, 1:2, 65 ml h–1, NaCl; (k, l) 155°C, 1:3, 25 ml h–1, no nucleation
control agent; (m, n) 155°C, 1:4, 45 ml h–1, FeCl3.
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Continued.

patterns are 4.0858, 4.0827, 4.0890, 4.0827, 4.0916,
4.0828 and 4.0846 Å, which are close to the reported data
(a = 4.0862 Å, JCPDS File 04-0783). No other diffraction
peaks can be seen in the figure, proving that the synthesized substance is a single elemental silver. In these crystal
planes, diffraction peak of the {111} plane is the strongest,
indicating that more AgNWs are preferentially oriented to
crystal growth in the {111} direction. As the bonding
force between the N–C=O group in PVP and the crystalline Ag in the {100} plane is stronger than the {111}
plane, this promotes that crystalline silver can only grow
along the {111} plane of Ag.

Figure 5a is the EDS spectrum of AgNWs. It can be seen
from the figure that it contains a large amount of Ag elements (89.545%), as well as a small amount of C (5.451%),
O (4.152%) and other elements. The elements C and O
come from the PVP with a thickness of 4.5 nm coated on
the surface of the AgNW (shown in figure 5b). Further, it
can also be observed that small amount of Cl and Fe elements exist in the AgNWs sample, which may originate
from uncleaned AgNWs. Figure 5c is the high-resolution
transmission electron microscopy image of AgNWs. The
observed crystal planes with a lattice spacing of 0.14 nm
correspond to the {220} interplanar distance of AgNWs.
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There are also obvious amorphous regions in the picture,
which is the PVP attached to the surface of the AgNWs.
Therefore, it can be concluded that elemental silver was
successfully prepared in this research.

3.2

Figure 3. UV–visible absorption spectra of AgNWs synthesized
with different reaction conditions.

Reaction mechanism

The preparation of AgNWs by the polyol method is
achieved by the method of reducing AgNO3 with a polyol.
In this study, EG is used as the reducing agent, AgNO3 is
the silver source, PVP is the attractant and FeCl3 (or NaCl)
is the nucleation control agent, and AgNO3 are reduced with
EG at a certain temperature. At a certain temperature, EG is
converted to acetaldehyde, which has a strong reducibility
to reduce silver ions to elemental silver. PVP is adopted as
an attractant and selectively adsorbs on the surface of silver’s multiple twin nanostructures to form a coordination

Figure 4.
area in a.

(a) XRD patterns of AgNWs synthesized with different reaction conditions and (b) an enlarged view of the selected

Figure 5.

(a) EDS spectrum of AgNWs; (b) TEM and (c) HRTEM images of AgNWs.
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A schematic illustration of the reaction mechanism of the synthesis of silver nanostructures.

(a) Raman spectra and (b) FT-IR of AgNWs covered with PVP and pure PVP.

compound with crystalline silver. The added metal ions can
remove the oxygen atoms on the surface of the silver seed
crystal, thereby preventing the oxygen atoms from blocking
the growth of the AgNWs. Cl– stabilizes silver seed particles through electrostatic interaction. At the same time, Cl–
also prevents the accumulation of high concentrations of
silver ions and silver seeds by forming insoluble AgCl, and
then slowly releasing of Ag to the solution in the subsequent
reaction (reaction mechanism diagram is shown in figure 6).
The reaction equation is as follows:
D

HOCH2 CH2 OH ! CH3 CHO þ H2 O
þ
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2Ag þ 2CH3 CHO ! 2CH3 COOH þ 2Ag

ð1Þ
ð2Þ

Raman and FT-IR spectra of AgNWs and pure PVP are
shown in figure 7. It can be seen from figure 7a that the
vibrational absorption peak of Ag–O appears at 237 cm–1. It
shows that silver has an interaction with oxygen group of
PVP. In addition, FT-IR spectra are shown in figure 7b. The
figure shows that there is a characteristic peak at 1688 cm–1,
which is ascribed to C=O of PVP. However, the peak
assigned to C=O of AgNWs shifts to 1654 cm–1, the reason
is that the Ag has interacted with the oxygen in C=O of
PVP. This phenomenon indicates that PVP molecules

coordinate to the Ag surface through the non-bonded electrons of oxygen atoms in the carbonyl group. Therefore,
PVP is firmly adsorbed on the crystalline silver surface
along the {100} crystal plane, so that AgNWs are finally
formed (figure 3b). It makes a further explanation for the
mechanism mentioned before.

4.

Conclusion

This study adopted orthogonal experiment method under
different experimental conditions to synthesize AgNWs,
which were then compared and characterized. It was found
that when the reaction temperature is 150°C, the ratio of
AgNO3 to PVP is 1:3, the drop rate of PVP is 65 ml h–1,
with the existence of ferric chloride (FeCl3), the diameter of
prepared AgNWs is uniform compared with other samples.
Furthermore, the formation mechanism of AgNWs was
illustrated to reveal the reaction process of complex mixture
and gradual growth of AgNW crystals. The results in this
research will provide a solid experimental foundation for
controllable preparation and potential application of
AgNWs.
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