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Abstract: Silver nanowires (AgNWs) represent an excellent material for many advanced applica-
tions due to their thermal and electrical properties. However, synthesising materials with the de-
sired characteristics requires knowledge of the parameters affecting their size and an appropriate
fabrication method. This paper presents a study on the synthesis of silver nanowires using the pol-
yol process by conventional and microwave heating. Various polyols (1,2-ethanediol, 1,3-propane-
diol, 1,3-butanediol, 1,4-butanediol, 1,5-pentanediol) with different viscosities and dielectric prop-
erties were used as reductants. It resulted in nanowires with an average diameter of 119-198 nm. It
was found that, in contrast to the viscosity and dielectric constant of the alcohol used, the heating
method had a limited effect on the average diameter and length value of the final product. The
performed studies indicate an optimal strategy for fabricating one-dimensional silver nanostruc-
tures using the polyol method.
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1. Introduction

Silver nanowires (AgNWs), defined as nanostructures with an average diameter of
10-200 nm and length of 5-100 um [1], are intensively investigated regarding their appli-
cation and fabrication methods. This results from their unique electrical [2], optical [3]
and bactericidal properties [4], which are applied in optoelectronics [5] and advanced mi-
croelectronic solutions [6], as well as separation processes [7]. The fabrication of the struc-
tures under discussion is based on hard and soft templates [8] or methods of direct chem-
ical synthesis [9]. Silver nanowires are, in most cases, synthesised in the so-called polyol
process, in which multi-hydroxyl alcohol plays the roles of both solvent and reductant of
the nanomaterial precursor [10]. Other authors have adapted and developed the polyol
process to fabricate silver nanowires in heterogeneous [11] or homogeneous nucleation
conditions [12]. In most cases, the reductant is 1,2-ethanediol, whereas the data pertinent
to using other polyols are limited to 1,2-propanediol [13,14] or glycerol [15]. Because of
their high values of loss tangent tg(0) (Table S1 —Supplementary Materials), polyols are
characterised by an ability to absorb and transform microwave radiation into thermal en-
ergy. That is why they constitute an excellent environment for managing syntheses sup-
ported by microwave irradiation. One can notice a growing number of works related to
the effective fabrication of AgNWs in processes in which dielectric heating is utilised [16].

The growth model of silver nanowires, reported in the open literature, results from
the expansion of the {111} walls of five-fold-twinned decahedra seeds generated in the
nucleation process [17]. The growth of opposite walls of twinned seeds leads to the crea-
tion of one-dimensional objects, such as nanowires or, more seldomly, V-shape nanorods
[18]. Fabrication of the aforementioned seeds with the smallest possible sizes and prevent-
ing their lateral growth are believed to be the main factors determining the possibility of

Appl. Sci. 2023, 13, 4963. https://doi.org/10.3390/app13084963

www.mdpi.com/journal/applsci



Appl. Sci. 2023, 13, 4963

2 of 14

obtaining long nanowires with thin diameters [19]. This is possible by tuning down the
reduction kinetics and using an appropriate stabilising agent.

The anisotropic growth of the nanostructures under consideration is permitted by
the use of polyvinylpyrrolidone (PVP) as a capping agent. Polyvinylpyrrolidone is ad-
sorbed selectively on high surface energy planes of {100} due to an interaction between
the oxygen from the PVP carboxyl group and silver. This effect promotes the extension of
{111} walls with relatively lower surface energy [20].

The synthesis herein referred to is very often carried out with the presence of a me-
diating agent [21,22], which, with the silver ions occurring in the reaction environment,
forms sparsely soluble compounds, e.g., chlorides [23], bromides [24], sulphides [20] and
carbonates [25]. The addition of mediating agents provides electrostatic stabilisation of
the newly formed nuclei. It reduces the concentration of free silver ions due to buffer for-
mation that controls the rate of Ag(I) ions release and enhances oxidative digestion of the
nuclei [13]. The synthesis can be intensified by conducting the polyol process in the pres-
ence of metal ions with various degrees of oxidation, e.g., Cu(I)/Cu(II) [26] or Fe(II)/Fe(III)
[27]. As a result of the oxidation-reduction reactions taking place with metal ions, atomic
oxygen adsorbed on the walls of nanostructures is scavenged. The presence of oxygen
hinders the access of silver monomers to the expanded walls of nanostructures, particu-
larly to the planes of {111}, whose expansion determines the growth of one-dimensional
objects [22].

An effect of the viscosity of applied polyol on the shape, size and granulometric size
distribution of the prepared nanoparticles is indicated in a few works [28,29]. Park noticed
a decrease in the average size of synthesised silver nanoparticles concerning the increased
viscosity of the reaction environment [30]. There are few references dealing with the effect
of the viscosity of the reaction environment upon the properties of fabricated nanowires
[31]. The viscosity is believed to affect the shape of obtained nanomaterials [32]. A synthe-
sis occurring in a low-viscosity medium guarantees a sufficiently high diffusion rate of
monomers supplied to the nanocrystal walls with both high and low surface energy. In
the case of high-viscosity mediums, as a priority, monomers are added to high-energy
facets to minimise the free surface energy.

Another factor influencing nanostructure nucleation and growth is the dielectric con-
stant of the solvent used in the synthesis [33]. On the one hand, applying solvents with
high dielectric constant values guarantees the stabilisation of the precursor ions and facil-
itates the digestion of fine nanoparticles already present in the solution [34]. On the other
hand, in a solvent with a low dielectric constant, nanoparticle monomers are stabilised at
high concentrations. A large number of monomers favours the formation of fine nano-
crystals, which is crucial because of the growth of objects with high-aspect-ratio values
[34,35].

Irrespective of viscosity, the reducing power of the applied polyol also influences the
growth of nanoparticles. Any analysis of the latter effect is impeded [30], which is related
to the problems inherent in separating the two said effects. Some information regarding
the effect of the reducing power on the product size can be found in work on the synthesis
of copper nanoparticles [36]. An analysis of the nucleation phenomena and the growth of
nanoparticles led to a conclusion that large-sized objects should be expected for both high
and low reduction rates of the precursor. It has also been ascertained that small water
quantities may influence the output and growth rate of silver one-dimensional nanostruc-
tures [15].

A survey of the published reports on the polyol synthesis of AgNWs provides limited
data on the impact of the viscosity and dielectric properties of the reaction environment
on the final size of the nanostructures under consideration. To the best of our knowledge,
there are no reports concerning the simultaneous impact of these parameters in the polyol
synthesis of silver nanowires. Detailed studies have been carried out to address this defi-
ciency using five polyols differing in viscosity, dielectric constant and structure. The syn-
theses were performed in batch mode, under conventional and microwave heating.
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2. Materials and Methods
2.1. Chemicals

Silver nanowires were synthesised using polyols with different molecular weights
and lengths of aliphatic chains: 1,2-ethanediol p.a. (Chempur); 1,3-propanediol 99% (Alfa
Aesar); 1,5-pentanediol, 97% (Alfa Aesar); 1,4-butanediol, +99% (Acros Organics); and 1,3-
butanediol, 99% (Acros Organics). AgNOs, p.a., (POCH), polyvinylpyrrolidone (PVP) K30
MW 40 kDa pure (Carl Roth GmbH) and CuCl2-2H20 p.a. (POCH) were used as a precur-
sor, capping agent and mediating agent, respectively. All chemicals were used without
additional purification. Figure S1 (Supplementary Materials) presents a graphical rela-
tionship between dynamic viscosity and temperature for each applied polyol. The data
required for drawing the graphs were prepared using an Arrhenius-type equation from
the commercially available software ChemCAD™:

n= exp(A+?+Cln(T)] (1)

whereby A, B and C are individual constants dependent on the polyol used and T- tem-
perature. It can be noticed that the viscosity of polyols depends on the molecular weight,
length of the aliphatic chain and its structure. Table S1 (Supplementary Materials) shows
the dielectric constant values for the applied multi-hydroxyl alcohols.

2.2. Methods

Silver nanowires were synthesised in a bath process with conventional and dielectric
heating. Experiments with conventional heating were carried out in a 250 cm? Erlenmeyer
flask heated up on a magnetic stirrer (Heidolph MR, Schwabach, Germany) at a stirring
intensity of 150 1/min. The microwave-assisted synthesis was performed in a laboratory
installation shown in Figure 1, which is a modification of the previously used single-mode
microwave system [28].
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Figure 1. Single-mode laboratory setup for microwave-assisted synthesis of AgNWs.

In this setup, AgNWs were prepared inside a 30 mm ID glass cylinder placed inside
a microwave applicator. The reaction mixture was mixed with a magnetic stirrer placed
in the lower part of the cylinder. In both experimental setups, the temperature was con-
trolled with an accuracy of +0.5 °C. During a typical synthesis, 0.892 g of PVP was dis-
solved in 90 cm? of polyol, subjected to extensive mixing and its temperature was 80 °C.
Then, 0.91 cm? of stock solution of 50 mM CuCl: was added and heated up to 170 °C.
When the preset temperature had been reached, 0.910 g of AgNOs in 0.5 cm? of deionised
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water was injected with a syringe into the reactor. Using a concentrated precursor solution
guaranteed identical conditions for starting the nucleation and the growth of nanostruc-
tures in the course of syntheses. Following the addition of the precursor, the reaction mix-
ture changed its colour to yellow, and with the progress of the reaction it became light
grey and non-transparent. At the final stage of the process, the reaction mixture became
grey with wispiness, which indicated the presence of one-dimensional nanostructures.
After 5 min, the synthesis was completed by cooling the reactor in the water at room tem-
perature. The final product was subjected to centrifugation at a rate of 20,000 1/min for 15
min. The supernatant was removed, and the remaining part was dispersed in DI water,
centrifuged three times at 5000 1/min and stored in isopropanol for further characterisa-
tion.

2.3. Characterisation of Materials

The morphology of fabricated materials was examined by an SEM microscope, TM
3000 (Hitachi, Tokyo, Japan), working at an accelerating voltage of 15 kV. A drop of the
suspension was placed on a plate, dried at room temperature and then visualised. The
diameter of AgNWs was determined using the image analysis software Image]J. The aver-
age diameter and length of investigated structures were determined based on an analysis
of 50 and 30 objects, respectively, with an aspect ratio greater than 10, observed in an SEM
image. For HRTEM analysis of the product, a JEOL JEM 3010 field emission microscope
working at an accelerating voltage of 300 kV was applied. The UV-Vis spectra of post-
reaction mixture samples were recorded with a U-2800A spectrophotometer (Hitachi, Ja-
pan) in a quartz cuvette. Investigations into the crystalline phase were performed using
X-ray diffractometry (XRD), with a X-Pert Pro device (Phillips, the Netherlands) and Cu
Ka radiation (A = 0.15418 nm). The results were analysed with the software Match! 3.1.
Energy dispersive spectroscopy (EDS) analyses were carried out in a Phenom ProX SEM
microscope (ThermoFisher Scientific, Waltham, MA, USA) to determine the atomic com-
position of selected samples of the synthesis product. The concentration of Ag(I) ions in
the post-reaction solution was determined with an Eag/S-01 ion-selective electrode (Hy-
dromet, Gdansk, Poland). The total conversion a was calculated from the equation:

Ci —Cf
o =—"—"1.100% @)

C.

1

where ¢;, ¢f stand for, respectively, the initial and final Ag(I) concentrations.

3. Results and Discussion

Figure 2 presents typical XRD spectra for products manufactured with 1,3-propane-
diol and 1,3-butanediol as reductants in syntheses accompanied by conventional and die-
lectric heating.
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Figure 2. XRD patterns of the silver structures prepared in the conventional heating process, reduct-

ant (a) 1,3-butanediol or (b) 1,3-propanediol, and a microwave-assisted process, reductant (c) 1,3-
butanediol or (d) 1,3-propanediol.

Diffraction peaks occurring for 20 = 38.12, 44.31, 64.45, 77.41, 81.56, 97.90, 110.5 and
114.9° correspond with peaks which describe silver (ICSD sheet No. 01-071-6549). They
correspond with crystallographic planes (111), (200), (220), (311), (222), (400), (331) and
(420) of face-centred cubic Ag crystals. Low-intensity reflexes may be attributed to AgCl
residues. A high-ratio value of intensities of reflexes (111) to (200) amounts, respectively,
to 3.4 and 3.1 (Figure 2a,b) for conventional heating and 3.0 (Figure 2c,d) for microwave-
assisted syntheses, so it exceeds the theoretical value of 2.2 (ICSD sheet No. 01-071-6549).
It implies a considerable quantity of the {111} crystal planes in the samples examined and
a preferential direction of growth of one-dimensional silver nanostructures [37]. The crys-
tallite grain size was determined using the Williamson-Hall equation (f cos(®) = KA/d; +4¢
sin(0)) [38], whereby: d; is the average value of crystal grain size, A is the wavelength of
the X-rays, f§ is the total broadening of reflection due to crystallite size effect and lattice
strain, O is the diffraction angle of a particular reflection, ¢ is the lattice strain due to crys-
tal imperfection and the K constant equals 0.90. After linearisation of the Williamson—-Hall
equation in the fcos(©®) vs. sin(©) coordinates system (Figures 3 and 4), the average crys-
tallite size and lattice strain were determined based on the knowledge of the intersection
point of the straight and its slope found from the least squares method.
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Figure 3. Williamson-Hall plot for AgNWs synthesised using different reductants under conven-
tional heating conditions.
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Figure 4. Williamson-Hall plot for AgNWs synthesised using different reductants in a microwave-
assisted process.
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The average crystallite sizes for silver nanowires synthesised in a batch process using
1,3-butanediol and 1,3-propanediol as reductants are 25 and 38 nm, respectively (Figure
3). The crystallite sizes shown above are smaller than those determined for the products
synthesised using the same polyols in a microwave-assisted process. In the latter case, the
crystallite sizes are 53 and 65 nm (Figure 4). In both analysed cases the results correspond
with values obtained for silver nanoparticles [38,39]. The observed trend in crystallite size
changes for both heating methods corresponds to that reported herein for average nan-
owire diameters. The experimentally determined lattice strains for all cases range from
1.3-107 to 1.7-10 and they are consistent with the values reported in the literature [39].
The lattice constant, defined according to the XRD diffraction pattern, amounts to 0.4086
nm and corresponds well with the value specified for silver (ICSD card No. 01-071-6549).
Figure 5a presents a selected area electron diffraction (SAED) image recorded for silver
nanowires obtained in the microwave-assisted process, in which 1,3-propanediol was
used as a reducing agent. The SAED pattern contains more than two sets of diffraction
spots that correspond with the multiply twinned crystal structures in the synthesis prod-
uct. The EDS analysis for the same sample, shown in Figure 5b, proves that its main in-
gredient is silver. The EDS also contains a peak typical of chlorine presence whose source
may be the mediating agent used in the synthesis.

T 1 7
25642 o i S secorcs

Figure 5. Silver nanowires synthesised in the microwave-assisted process, 1,3-propanediol reducer:
(a) SAED pattern of AgNWs, (b) EDS spectrum for AgNWs,

Figures 6 and 7 portray SEM images, UV-Vis spectra, conversion coefficients, average
diameter, length and the diameter distribution of the product synthesised with
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conventional and dielectric heating. The presented results have been ordered in line with
the increasing viscosity and decreasing dielectric constant value of polyols applied. His-
tograms of the product diameter distribution show the presence of a prominent fraction
of nanowires with diameters between 40 and 200 nm and fractions of silver wires with
diameters up to 320 nm. Nanowires with diameters above 100 nm are considered to have
excellent mechanical stability at room temperature, which allows them to be easily ma-
chined to obtain a variety of electrically conductive circuits [40]. In addition, nanowires
with diameters in this range are the preferred material for fabricating the active layer of a
photovoltaic cell due to their effect on increasing optical haze. This effect increases light
scattering and trapping inside the layer [41].

The observed lengths of the produced nanowires lie in the 2 to 26 pum range, while
the average values for the analysed nanomaterial range from 3.3 to 10 um. When compar-
ing the corresponding values (Figures 6 and 7), no significant effect of the heating method
on the average length can be observed. This leads to the conclusion that the determining
factor for the length of the nanowires may lie in the capping agent used, i.e., polyvinylpyr-
rolidone. The influence of the molecular weight of PVP on the length of AgNWs has been
noted by other authors [31].
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Figure 6. A summary of the properties of AgNWs produced in a batch process under conventional

heating conditions: d, | = average diameter, length, respectively; s = standard deviation, a = conver-
sion; scale bar 10 pm.
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Figure 7. A summary of the properties of AgNWs produced in a batch, microwave-assisted process:
d, I = average diameter, length, respectively; s = standard deviation; @ = conversion; scale bar 10 pm.

As SEM images show, the morphology and average diameter of the final product
considerably depends upon the type of polyol, which may be attributed to the simultane-
ous influence of viscosity and polarity of the solvent upon the nucleation process and the
growth of nanowires. It is also worth noting that for the respective polyol, the final prod-
uct has similar characteristics for the synthesis with conventional and dielectric heating.
Significant differences in the diameter of the product prepared with 1,2-ethanediol and
1,3-propanediol, respectively equal to 166 and 158 nm, can be discerned while analysing
the obtained results. In the latter case, the product is silver nanowires. In contrast, when
1,2-ethanediol is used, the product consists of structures with various shapes, confirmed
by UV-Vis spectra with multiple maximums (Figures 6a and 7a). It is worth stressing that
at the temperature at which the syntheses were carried out, the viscosity of the solvents is
similar (Figure S1, Supplementary Materials). A plausible explanation for the differences
observed in the final product characteristics may be some dissimilarities in the dielectric
constant values of the polyols applied (Table S1, Supplementary Materials). It is believed
that solvents having higher dielectric constant values can guarantee better stability of ions
present in the solution [34]. This observation is corroborated by a rather low degree of
conversion reached for both conventional (64%) and dielectric (72%) heating. It was also
observed that in the case of syntheses conducted for 15 min (in this case, the results have
not been shown), the conversion for both the heating methods exceeded 99%, and the
morphology of the final products did not exhibit considerable differences.

On the other hand, using a solvent with a low dielectric constant value leads to form-
ing a large number of nanoparticle monomers. This phenomenon accelerates the nuclea-
tion process and decreases the average size of the nuclei [42]. In the case under discussion,
this causes a reduction in the average diameters of the product, which is corroborated by
the results of synthesis with 1,3-propanediol (Figures 6b and 7b). Replacing the reductant
with a polyol with a higher viscosity and a lower dielectric constant value (1,3-butanediol)
led to further reduction in the diameter for both conventional and dielectric heating (Fig-
ures 6¢ and 7c). The tendency observed in the change in diameters confirms previous re-
marks on the effect of solvent polarity on the product size. In addition, an increase in
viscosity hinders the diffusion-controlled transport of monomers. Consequently, the
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formation of a larger quantity of smaller nuclei is promoted, which influences a diminu-
tion of the final product diameters [42]. The peaks visible in UV-Vis spectrograms (Figures
6c and 7c) for radiation wave lengths of 354 nm and 390-403 nm may be attributed to the
plasmon response of metallic silver and transverse plasmon mode of nanowires [43—45].

The use of 1,4-butanediol is a good illustration of the effect of the dielectric constant
value upon the average diameter of nanowires, which in this case is slightly higher than
when 1,3-propanediol (Table S1, Supplementary Materials) is used. Despite a higher vis-
cosity value which promotes a reduction in diameters, an increase in the product diameter
is observed (Figures 6d and 7d). Lower conversion values for conventional and dielectric
heating equal, respectively, 97 and 83% and can indicate a stabilisation of precursor ions.

As far as 1,5-pentanediol is concerned, despite its highest viscosity and lowest die-
lectric constant (Table S1, Supplementary Materials), nanowires are not the main product
(Figures 6e and 7e). It may be caused by suppressing the growth of multiply twinned
crystals in favour of single crystallite structures whose presence was observed by other
authors in the synthesis using 1,5-pentanediol [29]. Many polyhedral objects and struc-
tures with a high aspect ratio value are observed in the case under analysis. The presence
of objects with a low aspect ratio is confirmed by redshifted UV-Vis spectra (Figures 6e
and 7e), whose peaks are recorded for the wavelength of 530 nm [43,46]. An obtuse-course
spectrogram is observed for the 450-800 nm UV-Vis wavelength. The reason could be the
presence of single crystallite nanoparticles for which the absorbance peaks lie precisely in
the range of UV-Vis radiation [47]. Therefore, the observations of other authors are cor-
roborated [32], according to which, in high-viscosity mediums the growth of higher-en-
ergy facets is privileged.

As far as conventional heating is concerned, when 1,2-ethanediol and 1,5-pentanediol
are used in the synthesis, this leads to obtaining structures with the highest diameters
compared to the product generated when other reductants are used. An analogical ten-
dency was observed in microwave-assisted syntheses. It implies the complex effect of the
above-discussed factors influencing the size of the fabricated nanowires and the possibil-
ity of obtaining a final product with an optimal diameter and composition. It is worth
noticing that the occurrence of an optimum diameter was combined with the reduction
rate of the precursor of copper nanoparticles [36]. At this investigation stage, correlating
the reducing power of polyols used in syntheses to the average AgNW size is difficult.
The reason is that it is hard to separate the effects of other factors, viz., viscosity or polarity
of the solvent, which simultaneously influence the final product size and morphology. It
should also be emphasised that the available literature lacks detailed data characterising
the reactivity of multi-hydroxyl alcohols concerning synthesis in the polyol process.

In the case of syntheses carried out with 1,2-ethanediol, 1,3-propanediol, 1,3-butane-
diol and 1,4-butanediol used as reductants, one can observe a moderate effect exerted by
the heating procedure applied upon the average product diameter. A comparison of the
corresponding results obtained for conventional and dielectric heating shows that, in the
latter case, the average diameters of silver nanowires produced are higher or almost equal,
and the diameter distribution is shifted towards the fractions with higher diameter values.
Except for 1,2-ethanediol, for the set of polyols under analysis, one can notice a slight effect
of the heating procedure on the diameter standard deviation. These effects may be at-
tributed to the diversified structures of test systems used for syntheses and the method of
energy transfer. Dielectric heating provides uniform heating throughout the entire vol-
ume of the reaction medium, which promotes faster growth and a larger diameter of the
nanowires produced.

In turn, despite stirring, the temperature distribution inside the conventionally
heated reactor may not be uniform. Consequently, this diminishes the average growth
rate of nanowires and influences their smaller size.

In Figure 8, one may see more V-shaped nanostructures sporadically occurring in the
final product, formed during the reduction with 1,3-propanediol in the microwave-as-
sisted process. The V-shaped structures consist of at least two nanowires or nanorods of
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similar diameters. The angle between the respective units is obtuse or almost a straight
angle, as seen in Figure 8a—d. It suggests that the growth of observed nanowires occurs by
joining the ends of one-dimensional objects through the active planes {111}, which are
then expanded using silver atoms that are the product of the reduction reaction or the
dissolution of fine nanoparticles as a consequence of Ostwald ripening. A relatively small
number of so-formed objects indicates that this mechanism is not predominant.

Oi5Im|
e

Figure 8. Growth of the AgNWs due to mutual attachments of one-dimensional objects: (a,b,d)
different variants of nanowire-nanowire and nanowire-nanorod structures, (¢) V-shape junction.

4. Conclusions

This article presents the experimental results of synthesising AgNWs with conven-
tional and dielectric heating in the polyol process. The syntheses were carried out by ap-
plying polyols with different structures and properties. The effect of viscosity and the di-
electric constant of the solvent used upon the morphology and average diameter of the
final product was demonstrated, which permits optimisation of the final product param-
eters. It was observed that the heating procedure used for the laboratory system had a
limited effect on the average diameter and length of the final product obtained. It was also
ascertained that a different mechanism was responsible for the elongation of nanowires,
which consists of the reciprocal addition of smaller 1D units and leads to forming V-shape
structures. The obtained results can be used for planning the synthesis of AgNWs for ap-
plication in advanced microelectronic appliances.

Supplementary Materials: The following supporting information [48-51] can be downloaded at:
https://www.mdpi.com/article/10.3390/app13084963/s1, Figure S1: Temperature dependence of the
viscosity of applied polyols; Table S1: Properties of applied polyols at 20 °C.
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