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Abstract—Polyol synthesis of thin silver nanowires has been studied and their suitability for the formation of
transparent electrodes has been shown. The influence of stepwise heating of the reaction system on the posi-
tion and shape of the absorption band associated with the surface plasmon resonance of the formed silver
nanostructures has been determined. Using X-ray powder diffraction analysis, it has been found that the
material does not contain crystalline impurities and has a face-centered cubic lattice. According to the scan-
ning and transmission electron microscopy data, the main fraction is represented by elongated nanostruc-
tures with 10–15 μm length (however, there are also structures with length up to 20 μm) characteristic for sil-
ver nanowires of the arc-shaped type. It is shown that the Ag nanowires obtained are quite thin (diameter is
about 35–45 nm). In addition, some amount of microrods of 1–3 μm length is observed in the composition
of the material, the diameter of which grows from 70 to 150 nm with decreasing length. In smaller quantities
there is also an admixture of zero-dimensional particles, which are polyhedrons of various complexity. Atomic
force microscopy has been used to study the surface of the film based on the obtained silver nanowires and the
diameter of individual nanowire has been estimated. The optical properties and surface resistivity of the films
based on the obtained silver nanowires have been examined. It has been found that the increase in transmit-
tance at 550 nm from 73.9 to 90.3% is accompanied by an increase in the resistance value from 25 to 146 Ω/sq.
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INTRODUCTION
The dynamic development of modern microelec-

tronics devices [1, 2], photovoltaics [3, 4], alternative
energy [5, 6], optics [7, 8], biosensors [9, 10], and
medicine [11, 12] requires improvement of technolo-
gies for creating transparent electrodes capable of
exhibiting high UV-visible transmittance, low sheet
resistance and low roughness, thermal stability, and
mechanical f lexibility, which is important in the
development of f lexible and wearable devices. Cur-
rently, the most widely used transparent electrodes
based on the In2O3–SnO2 system (indium tin oxide,
ITO) have low surface resistance (~10 Ω/sq) and high
transmittance (>80%) in the visible range [13]. How-
ever, the high cost of indium, as well as the limited
resistance of ITO films to bending/unbending cycles,
which is reflected in cracking and a decrease in the
electrical conductivity of electrodes, reduce the pros-
pects for their further effective use in the creation of
commercially available f lexible electronic devices
[14]. As a worthy alternative to ITO-based electrodes,
silver nanowires (AgNWs) are increasingly being con-

sidered; they are extended nanostructures with a high
aspect ratio (up to several thousand [15]) and charac-
terized by low resistance (including ~2.5 Ω/sq [14]),
high optical transmittance (up to 91% [16]) and
mechanical f lexibility (~1000 bending/unbending
cycles [17]). Various research papers devoted to the
formation of transparent electrically conductive coat-
ings based on silver nanowires report that the factors
having a decisive influence on the optical and electro-
physical properties of the final electrodes are the
microstructure of AgNWs (aspect ratio, uniformity,
and roughness), their chemical purity and stability, as
well as uniform distribution of nanowires over the sur-
face of the substrate during film deposition [18–22].

One of the most popular and promising methods
for the synthesis of silver nanostructures with various
morphologies, including ones in the form of one-
dimensional nanoobjects, is the polyol method [23].
The advantages of this approach include the ability to
control the morphology and kinetics of the nanowire
formation process, achieving a high practical yield of
the target product in a relatively short synthesis time
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(usually less than 1 h), as well as proven efficiency in
terms of scaling and integration into industrial pro-
duction [17 , 24]. It was previously demonstrated [25–
27] that temperature is one of the key parameters of
polyol synthesis that affects the microstructural fea-
tures of its target products. This pattern is due to an
increase in the reducing ability of the polyhydric alco-
hols used in this case with increasing temperature of
the reaction system. It was shown [28] that when eth-
ylene glycol is used as a solvent, the process of its con-
version to glycol aldehyde, which is an active reducing
agent, occurs at elevated temperatures (>150°C).
Thus, in the temperature range of 130–150°C, the for-
mation of silver nanorods is often observed, and a
temperature of 170°C in some cases is considered opti-
mal for the formation of nanowires with a high aspect
ratio and significant practical yield. A further increase
in temperature (up to 190 and 200°C), as a rule, nega-
tively affects the formation of elongated Ag nanostruc-
tures, leading to a decrease in the aspect ratio and the
appearance of a significant number of zero-dimen-
sional particles. At a lower temperature (110°C), the
formation of silver particles with a close to spherical
shape is observed. The authors [29] observed a similar
dependence and hypothesized that the relatively low
processing temperature does not provide the system
with sufficient energy to activate the specific facets
required for the anisotropic growth of nanowires.
Despite the active study of the influence of the tem-
perature factor on the kinetics and mechanism of
polyol synthesis of AgNWs, the optimal temperature
ranges for the formation of silver nanowires with a
high aspect ratio differ significantly among different
teams of authors [28, 30–33], which indicates the rel-
evance of additional research.

Thus, the aim of this work is to study the process of
polyol synthesis of silver nanowires during stepwise
heating of the reaction system, as well as to evaluate
their suitability for the formation of electrodes with a
high level of optical transparency in the visible range
and low surface resistance.

EXPERIMENTAL
The synthesis of silver nanowires was carried out

using the polyol method with stepwise heating of the
reaction system. At the first stage, the following solu-
tions were prepared: polyvinylpyrrolidone (0.090 g) in
ethylene glycol (11 mL), silver nitrate (0.045 g) in eth-
ylene glycol (1.5 mL), a solution of ferric chloride in
ethylene glycol with a concentration of iron cations of
3 × 10–3 mol/L. Next, the polyvinylpyrrolidone solu-
tion was heated with stirring (the stirring intensity was
80 RPM) in an oil bath to 150°C and the ferric chlo-
ride solution (0.625 mL) was added to it as a source of
chloride anions. Then, by adding the silver nitrate
solution to the reaction system, the process of forma-
tion of primary silver nanoparticles was initiated; as a
result, the solution acquired a yellow tint. Then the
RUS
heat treatment of the system was continued for 30 min.
After this, the temperature of the reaction system was
increased to 160°C and maintained for 30 min. At the
next stage, the system was heated in a similar way to
170°C and heat treatment was also carried out for 30 min.

During the polyol synthesis, samples of 0.5 mL
were taken from the reaction system every 30 min and
the solid phase was separated from the mother solu-
tion by centrifugation. After removing the mother
liquor, the precipitate was dispersed in ethyl alcohol to
purify it from polyvinylpyrrolidone, followed by sepa-
ration of silver nanostructures. To homogenize the
sediment in ethyl alcohol, the system was processed
using a vortex. The procedure for purification of metal
particles was repeated three times.

To evaluate the optical characteristics of the
formed silver nanostructures, we used an SF-56 UV-
Vis spectrophotometer (OKB Spectr) to record
absorption spectra of samples diluted 50 times with
distilled water taken every 30 min of heat treatment of
the reaction system. The spectra were recorded in the
wavelength range 300–700 nm with a resolution of
1 nm using a 10 mm thick quartz cell.

Films based on the resulting silver nanowires were
deposited onto the surface of glass substrates 25 × 10 ×
1 mm in size by the drop-casting method using an
appropriate disperse system in ethyl alcohol (the mass
fraction of AgNWs was ~0.2%), varying the sample
volume in the range of 7–20 μL. The formed films
were dried at room temperature (22 ± 2°C) for 10 min.
The surface resistance of AgNWs-based films was
measured using a laboratory multimeter and a special-
ized cell.

The crystal structure of the film based on the
obtained silver nanowires was studied by X-ray powder
diffraction in the 2θ angle range of 20°–80° on a Bruker
D8 Advance diffractometer (CuKα radiation, λ =
1.5418 Å, a Ni filter, E = 40 keV, I = 40 mA) with a res-
olution of 0.02° and signal accumulation time at a
point of 0.3 s.

The features of the microstructure of the resulting
nanowires were studied using scanning electron micros-
copy (SEM; dual-beam scanning electron-ion micro-
scope FIB-SEM Tescan Amber, accelerating voltage
2 kV) and transmission electron microscopy (TEM;
Jeol Jem-1011 with an Orius Sc1000w digital camera).

Atomic force microscopy (AFM) of the resulting
silver nanostructures deposited on an aluminum sub-
strate by the drop-casting method was carried out on a
Solver-Pro microscope (NT-MDT, Zelenograd, Rus-
sia). All measurements were performed in air in semi-
contact mode using an ETALON HA_HR series probe
with a tip rounding radius of <35 nm and a resonant fre-
quency of 210 kHz.
SIAN JOURNAL OF INORGANIC CHEMISTRY  2024
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Fig. 1. (a) UV-Vis absorption spectra of the reaction system after its stepwise heat treatment for 30 min at different temperatures
and (b) X-ray powder diffraction pattern of a film based on formed silver nanowires.
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RESULTS AND DISCUSSION
Due to the fact that silver nanostructures are char-

acterized by surface plasmon resonance (SPR), study-
ing the relationship between their microstructural and
optical properties is an important task in materials sci-
ence. Therefore, to monitor the formation of the cor-
responding nanoparticles and their microstructural
evolution, it is often convenient to use UV-Vis spec-
trophotometry. As can be seen from the absorption
spectra of samples taken during polyol synthesis (Fig. 1a),
stepwise heating of the reaction system accompanied
by holding for 30 min at the appropriate temperature
leads to noticeable changes in the position and shape
of the absorption band associated with the manifesta-
tion of SPR. Thus, for a sample obtained as a result of
heat treatment at 150°C for 30 min, an absorption
band with a maximum at 410 nm is observed associ-
ated with the surface plasmon resonance of primary
silver nanoparticles [34]. Further heating of the system
and its heat treatment for 30 min at 160°C lead to sig-
nificant changes in the shape of the absorption band,
as well as an increase in its intensity. In particular, the
maximum of the absorption band shifts to a shorter
wavelength region of the spectrum (up to 377 nm) and
a shoulder appears around 354 nm, which is charac-
teristic of fairly thin AgNWs and can be attributed to
the transverse SPR modes of nanowires with a pentag-
onal cross section. Thus, it can be assumed that at this
stage the active formation of silver nanowires begins.
Nevertheless, a signal is also observed in the spectrum
at a wavelength of >400 nm, indicating the preserva-
tion of a significant amount of primary silver nanopar-
ticles, which indicates the incompleteness of the pro-
cess of formation of silver nanowires. Increasing the
temperature to 170°C and additional heat treatment
lead to a minimization of the contribution from pri-
mary silver nanoparticles, a slight increase in the
RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  20
intensity of the main absorption band, and an even
more significant increase in the intensity of the shoul-
der around 354 nm. The shape of the absorption band
of the final reaction system suggests that the main pro-
cess of formation of AgNWs has been completed, and
an additional shift of the maximum to the short-wave-
length region of the spectrum (up to 376 nm) indicates
that rather thin nanowires with a diameter of <50 nm
were formed during the polyol synthesis [35].

The crystal structure of a film based on synthesized
AgNWs deposited on the surface of a glass substrate
(sample volume 20 μm) was studied using X-ray pow-
der diffraction (Fig. 1b). As a result, two reflections
were recorded for the formed film related to the crys-
tallographic planes (111) and (200) of the face-cen-
tered cubic silver lattice (space group Fm m, JCPDS
#99-0094). It should be noted that a wider range of
reflections is most common in the literature for these
materials. In this regard, the silver nanowires we
obtained appear to be characterized by some specific
crystal structures, when crystal growth along the
(220), (311), and (222) planes is limited. These results
indirectly indicate texturing of the material and the
formation of anisotropic nanostructures. This is also
indicated by the increased value of the ratio of signal
intensities (111) and (200), which amounted to 4.7
(compared to the theoretical value of 2.5). However,
X-ray powder diffraction results are not sufficient con-
firmation of the formation of particles with a certain
microstructure, and additional methods should be
used. Generally, silver nanowires undergo partial oxi-
dation during synthesis, storage and use, which can
lead to a deterioration in their electrical conductivity.
In our case, as can be seen from the X-ray powder dif-
fraction pattern, the silver oxide impurity is not detected,
and there are signals only from metal nanostructures.

3
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Fig. 2. Microstructure of the resulting silver nanowires (according to SEM data).
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The microstructure of silver nanowires obtained by
the polyol method was studied by SEM. The micro-
graphs obtained (Fig. 2a) indicate the formation of
material with the target morphology. The main frac-
tion consists of extended nanostructures 10–15 μm
long with an arched shape characteristic of AgNWs,
which is in good agreement with the X-ray powder dif-
fraction results. In addition to silver nanowires,
nanorods 1–3 μm long are observed, which have an
increased diameter compared to nanowires (~80 nm),
as well as a small number of zero-dimensional parti-
cles. According to the results obtained (Fig. 2b), in
some cases, silver nanowires are connected by side
faces, which, during heat treatment of the reaction
system, can probably lead to their recrystallization and
the formation of one-dimensional structures of larger
diameter. This combination of AgNWs can be accom-
panied by the appearance of defects in the crystal
structure and, consequently, the appearance of
microstresses, resulting in the destruction of a large
nanowire. Therefore, apparently, impurities are
formed, which are microrods and zero-dimensional
particles 100–200 nm in size. At higher magnification,
it is clear that the resulting silver nanowires are very
RUS
thin (with a diameter of ~35–45 nm), which is in good
agreement with the results of UV-Vis spectrophotom-
etry (the position of the maximum of the main absorp-
tion band at 376 nm indicates the formation of thin
nanowires). It should be noted that the literature often
reports the need to complicate the composition of the
reaction system to form silver nanowires with a diam-
eter of <50 nm, which are preferable for obtaining
conductive films characterized by high electrical con-
ductivity and low absorption in the visible range of the
electromagnetic spectrum. In our case, the formation
of thin AgNWs can be explained by the peculiarities of
the heat treatment regime. Analysis of the surface of
the formed one-dimensional nanostructures indicates
that they have faceted side surfaces; this is most
noticeable for nanorods with a larger diameter. Thus,
the features of the microstructure of the material addi-
tionally indicate a well-formed crystal structure.

For a more detailed analysis of the microstructure
of the resulting material, TEM was used (Fig. 3). The
results obtained are in good agreement with SEM
data, in particular, the resulting silver nanowires have
an average length of ~10–15 μm, but longer structures
are also found (up to 20 μm long ). The material also
SIAN JOURNAL OF INORGANIC CHEMISTRY  2024
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Fig. 3. Microstructure of the resulting silver nanowires (according to TEM data).
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contains a number of microrods 1–3 μm long, the
diameter of which increases from 70 to 150 nm as the
length decreases (Figs. 3b, 3c). An admixture of zero-
dimensional particles, which are polyhedra of varying
complexity, is found in smaller quantities. These
impurity structures (microrods and zero-dimensional
particles) can be separated from the main part of silver
nanowires by fractionation in order to achieve higher
transparency of the corresponding conductive films.
The TEM results made it possible to determine more
accurately the diameter of the formed AgNWs (Fig. 3d).
It can be seen that the majority of one-dimensional
nanostructures are characterized by a diameter of 35–
45 nm; this is confirmed by SEM and UV-Vis spectro-
photometry data. In addition, the TEM results clearly
indicate that the AgNWs have faceted side surfaces, as
was observed when studying their microstructure
using the SEM method.

The surface of the film based on the resulting silver
nanowires was studied using AFM. The corresponding
topographic images (Figs. 4a–4c) confirm the nature
RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  20
of the microstructure of the material observed using
electron microscopy. The image of the surface area of
225 μm2 shows (Fig. 4a) that the film is a network of
3–5 layers of mutually intersecting one-dimensional
nanostructures ~10 μm long, and the maximum
height difference over the indicated area is ~450 nm,
which is comparable to the value of this parameter for
a pure substrate. Thus, the film under study is quite
thin and homogeneous. As shown before, in addition
to Ag nanowires, the material contains a certain
amount of microrods, as well as zero-dimensional
particles. Due to the capabilities of the method, which
consist in three-dimensional scanning of the surface
under study, the microstructural features of an indi-
vidual nanowire were studied (Fig. 4c) and a profile
along the cross section was constructed (Fig. 4d). It
can be seen that in this case there is an overestimated
value of the diameter (~200 nm) due to the geometric
characteristics of the probe used. The results of mea-
surements along axis z in this case are more correct;
they made it possible to estimate the diameter of an
24
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Fig. 4. (a–c) Microstructure of the resulting silver nanowires (according to AFM data) and (d) cross-sectional profile (high-
lighted by a white line in the corresponding topographic image) for a single nanowire.
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individual silver nanowire at a level of ~35 nm, which
corresponds to the value of this parameter determined
by SEM and TEM methods. It also follows from the
AFM data that, due to the sufficiently long length of
the AgNWs, relatively small defects in the substrate
relief can be compensated and will not have a signifi-
cant negative effect on the electrical properties of the
film formed.

The optical properties of films based on the result-
ing silver nanowires deposited by the drop-casting
method on the surface of glass substrates were studied
using UV-Vis spectrophotometry (Fig. 5a). For the
glass substrates used, as the radiation wavelength
decreases <350 nm, the absorption increases signifi-
cantly, which is typical for these materials. In this case,
the transmittance at 550 nm for a pure substrate is
91.3%. As can be seen from the spectra, for all films
based on AgNWs, a characteristic absorption band is
observed, which is related to the plasmon resonance of
RUS
the corresponding one-dimensional nanostructures.
As the volume of the disperse system used to form the
film increases, the transmission decreases over the
entire wavelength range under study. It should be
noted that the maximum of the main absorption band
with an increase in the used volume of dispersion
noticeably shifts towards longer wavelengths, from 352
(for a dispersion volume of 7 μL) to 358 nm (20 μL).
This also leads to a gradual decrease in transmittance at
550 nm: 90.3 (7 μL), 88.2 (10 μL), 81.3 (15 μL), and
73.9% (20 μL). For films based on silver nanowires
obtained in this way, the surface resistance (Rs) was
assessed. As can be seen from Fig. 5b, an increase in
transmittance at 550 nm (T550 nm) is accompanied by
an increase in the value of Rs according to a logarith-
mic law. Thus, at T550 nm = 73.9% (the volume of the
disperse system is 20 μL), the surface resistance value
is 25 Ω/sq. As the transmittance increases to 81.3%,
SIAN JOURNAL OF INORGANIC CHEMISTRY  2024
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Fig. 5. (a) UV-Vis transmission spectra for a glass substrate and films based on the obtained silver nanowires (after subtracting the
signal from the substrate) and (b) dependence of the transmission of films at 550 nm on the surface resistance.
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the Rs value also increases, but remains at a relative low
level (33 Ω/sq). For a film characterized by a transmit-
tance of 88.2%, the surface resistance increases to
56 Ω/sq, and at T550 nm = 90.3% this parameter is
146 Ω/sq. The indicated results on the relationship
between transparency and electrical conductivity of
films based on the obtained silver nanowires are in good
agreement with the literature data and indicate that these
characteristics meet the requirements for transparent con-
ductive films [36].

Thus, as a result of the study, the process of polyol
synthesis of thin silver nanowires with stepwise heat-
ing of the reaction system was studied, and their suit-
ability for the formation of transparent electrodes with
high transparency in the visible range and low surface
resistance was shown. To increase the transparency of
the resulting films, the silver nanowires used can be addi-
tionally purified from microrods and zero-dimensional
particles present in a certain amount by fractionation.

CONCLUSIONS
Here, we have studied the process of synthesizing

thin silver nanowires using the polyol method and
demonstrated their suitability for the formation of
transparent electrodes. It has been shown that stepwise
heating of the reaction system (150 → 160 → 170°C)
leads to noticeable changes in the position and shape
of the absorption band associated with the manifesta-
tion of surface plasmon resonance of the resulting sil-
ver nanostructures. Using X-ray diffraction, only two
reflections have been detected for the resulting silver
nanowires related to the crystallographic planes (111)
and (200) of the face-centered cubic lattice of silver. At
the same time, no crystalline impurities, including sil-
ver oxide, have been found in the composition of the
material. According to SEM data, the main fraction
RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  20
consists of extended nanostructures 10–15 μm long
with an arched shape characteristic of AgNWs. In
some cases, silver nanowires are connected by side
faces, which, during heat treatment of the reaction
system, can probably lead to their recrystallization and
the formation of one-dimensional structures of larger
diameter. It has been found that the resulting AgNWs
are very thin (diameter ~35–45 nm), which is in good
agreement with the results of UV-Vis spectrophotom-
etry. TEM results also indicate that the resulting silver
nanowires have an average length of ~10–15 μm, but
longer structures (up to 20 μm in length) are also
observed. The material also contains a number of
microrods 1–3 μm long, the diameter of which
increases from 70 to 150 nm as the length decreases.
An admixture of zero-dimensional particles, which are
polyhedra of varying complexity, is found in smaller
quantities. Using AFM, the surface of a film based on
the resulting silver nanowires has been studied and the
diameter of an individual silver nanowire has been
estimated to be ~35 nm. It also follows from the AFM
results that due to the sufficiently long length of the
AgNWs, relatively small defects in the substrate topog-
raphy can be compensated and will not have a signifi-
cant negative effect on the electrical properties of the
formed film. As part of the study, the optical proper-
ties and surface resistance of films based on the result-
ing silver nanowires have been studied. It has been
shown that an increase in transmittance at 550 nm from
73.9 to 90.3% is accompanied by an increase in Rs
from 25 to 146 Ω/sq. The results obtained on the rela-
tionship between transparency and electrical conduc-
tivity of the films are in good agreement with the liter-
ature and indicate that these characteristics meet the
requirements for transparent conductive films.
24
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