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Abstract: A synthetic method was developed to produce silver nanowires. The method utilized
TBAC (tetrabutylammonium chloride) instead of conventional metal halides as crystal seed additives
to obtain purer silver nanowires. Our synthesis strategy relies on accelerating the rate of seed—wire
conversion. The method allows for the control of the nanowire aspect ratio by tuning the ratio of
Ag" ions to polyvinylpyrrolidone (PVP) monomer units and the molar mass of TBAC. The observed
synthesis improvements meet the basic requirements of current industrial manufacturing.
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1. Introduction

At present, in many practical applications, it is necessary to attach electronic devices
to the surface of organisms to detect movement or their physical condition, such as flexible
displays, flexible supercapacitors, electronic skin, and so on [1-19]. In recent years, silver
nanowires (AgNWs) have attracted much attention as a one-dimensional (1D) metal nanos-
tructured material and have shown a potential trend to replace conventional electronic
materials [20-33]. AgNWs combine high electrical conductivity with low optical extinction
in the visible spectrum, making them a flexible component of transparent conductive
layers [34—40], strain and pressure sensors [41-43], temperature sensors [44], substrates for
surface-enhanced Raman spectroscopy [45,46], and conductive layers in photoelectrodes
for solar water splitting [47,48].

AgNWs can be synthesized by various techniques, such as the ultraviolet radiation
method, the hydrothermal method, and solution-based synthesis [49-51]. Zhou et al. [52]
prepared AgNWs by ultraviolet irradiation. Silver nanowires with a length of 350 nm
were obtained by exposing the mixed solution of AgNO3 and PVA to ultraviolet light
for 48 h. The most commonly used method for the preparation of AgNWs is the polyol
method. The polyol method uses hot ethylene glycol (EG) to reduce Ag* in the pres-
ence of polyvinylpyrrolidone (PVP). EG is also the solvent and sometimes contains small
amounts of metal halide ions, such as CI~ or Br™. This method is popular due to the use of
environmentally friendly reactants and relatively mild reaction conditions compared to
other pyrolysis methods [53]. This method usually involves a 1-2 h reaction at 170 °C or
higher [53-56]. This causes the overall solution to acidify and etch the silver particles at
various stages, which leads to the generation of silver nanoparticles. These nanoparticles
degrade the electrical and optical properties of AgNW-based devices and must be elimi-
nated by multiple purification steps [35,57-59]. In addition, in order to achieve industrial
scale production, a simple synthesis method with fast reaction time is needed to reduce
production costs.

According to Matteo Parente et al. [60], it was shown that silver nanowires degrade
slowly after their generation as the reaction time increases. The real reducing agents in
the reaction system are acetaldehyde and ethanol aldehyde formed by the decomposition
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of ethylene glycol via a high temperature. When acetaldehyde and ethanol aldehyde are
in the reaction solution at the same time, the free silver ions in the system are reduced to
silver atoms [61,62].

HOCH,CH,0OH — HOCH,CHO + 2H" +2¢~ 1)

HOCH,CHO — OCHCHO + 2H" +2¢~ )

According to Equations (1) and (2), the generation of both reducing agents is accom-
panied by the acidification of the overall solution, which can lead to the re-etching of the
AgNWs to be grown in the grown-up phase into irregularly shaped Ag nanoparticles. It
is well known that the synthesis of AgNWs with a low byproduct content depends on a
slower nucleation rate as well as a faster seed-wire conversion rate [63]. We speculate that
there may be multiple acid etching processes during the reaction.

Figure 1 shows a schematic diagram of the reaction process of silver nanowires. With
increasing reaction time, the possibility of fivefold twin seeds being etched rises gradually.
In this paper, unlike in previous studies in which metal chlorides were added, the growth
step of the reaction process can be accelerated by the addition of TBAC. The acceleration of
this step not only makes the twin seeds less susceptible to etching but also accelerates the
growth of the twin seeds toward AgNWs.
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Figure 1. Schematic diagram of the growth mechanism of AgNWs.

The synthesis of AgNWs with the addition of metal halide additives such as NaCl was
analyzed by Yamamoto et al. [64] Little has been said about the comparison of the AgNW
growth process with organic halide additives and the growth process with metal halide
additives. Herein, we present a simple method for the synthesis of AgNWs with dimensions
suitable for various applications. In combination with the key factors affecting the polyol
method, AgNWs with narrow size distribution and high purity were prepared using the
addition of an organic halide. In summary, we propose the use of TBAC to accelerate the
rate of seed—wire conversion so that the possibility of the re-etching of AgNWs is greatly
reduced. At the initial stage of the reaction, the crystal seeds in the reaction solution using
the TBAC additive change to filaments faster. This preparation method meets the basic
requirements of current industrial manufacturing,.

2. Method
2.1. Chemicals

All the chemicals are used without any purification steps. KCl (>99%), NaCl (>99%),
TBAC (>99%), AgNO3 (>99%),polyvinylpyrrolidone (PVP, 58,000 MW), and ethylene glycol
(anhydrous, 99.8%) are purchased from Aladdin.

2.2. Preparation of AQNWs

In a typical synthetic procedure, 0.34 g PVP (40,000 MW) was dissolved into 20 mL
ethylene glycol in a 25 mL three-necked round bottom flask, heated to 160 °C, and stirred
at 800 rpm. After 10 min, 0.02 g TBAC (0.004 g NaCl, 0.006 g KCl) was added. The reaction
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was stirred at 160 °C at 800 rpm and small aliquots (<0.5 mL) were taken periodically,
diluted 100-fold in water, and analyzed by optical spectroscopy and electron microscopy.
The reaction solution was cooled to room temperature, poured into a centrifuge tube, and
diluted with an appropriate amount of acetone. After being completely dispersed, it was
centrifuged for 5 min using a bench-top high-speed centrifuge, which was set to 3000 r/min.
AgNWs were selected for characterization at different time points, from minute 8 to minute
24. The overall morphology produced significant changes from the twelfth minute onwards.
The optimum preparation time was the twenty-fifth minute of the reaction.

2.3. Structural Characterizations

In this paper, extinction spectra are applied as direct illustrations and scanning electron
microscope (SEM) analysis is applied as indirect illustrations. Size distributions and
yield analyses performed using SEM or TEM pictures are typically based on samples
sizes smaller than ~100 nanowires [37,65,66]. This means that, if the spectral information
can be correlated to the structure of the wires, a single UV-Vis spectrum measured on
a 100x-diluted AgNW solution contains as much information as ~10'° SEM or TEM
pictures [60].

Many unexpected images can be observed under the representation by high mag-
nification images. These, although also appearing on SEM substrates, are best used to
demonstrate the presence of morphology, but their use to illustrate the overall morphology
is worrying.

3. Results and Discussion

Figure 2a shows the extinction spectra with different crystal additives. This is indicated
by the appearance of a sharp peak at 377 nm, which corresponds to the transverse resonance
peak of the pentagonally twinned AgNWs. The solution of AgNWs with TBAC corresponds
to a relatively lower residual extinction and a narrower absorption peak, indicating that
the synthesis has the smallest amount of byproducts.
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Figure 2. (a) Comparison of the extinction spectra. (b—d) SEM images of the crystal additives KCl,
NaCl, and TBAC.

Moreover, the AgNW solution we used to test the extinction spectra was not cen-
trifuged to remove impurities but was made by diluting it 100 times with anhydrous
ethanol (analytically pure) immediately after the reaction was completed, so it is more
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indicative of the overall morphology. Figure 2b—d show SEM images of the AgNWs gen-
erated by the reaction involving KCl, NaCl, and TBAC. Compared with metal halides,
the AgNWs generated by TBAC as a crystal seed additive are better dispersed and have
fewer impurities.

Figure 3a,b show the extinction spectra of the AgNW solution with the addition of
the same concentration of TBAC and NaCl. For the synthesis at 160 °C, during the initial
8 min after the addition of AgNOj3 only Ag nanoparticles are formed, as indicated by the
symmetric plasmon resonance peak centered at around 404 nm. Under other identical
preparation conditions, the AgNW solution with the addition of TBAC only has the strong
transverse resonance peak of AgNWs at 377 nm and the shoulder peak at 350 nm at 12 min,
while the AgNW solution with the addition of NaCl at the same time remained as a broad
peak near 400 nm, indicating that the seed-wire transition of the AgNW solution with the
addition of TBAC was faster, which greatly reduced the seed number, thus reducing the
possibility of byproduct generation.
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Figure 3. UV extinction spectra of AgNWs prepared under the addition of NaCl (a), TBAC (b) and
KCl (c) with time. (c) The XPS spectra under the addition of NaCl, TBAC and KCl in the 10th minute.

The real reducing agents in the reaction system are acetaldehyde and ethanol aldehyde
formed by the decomposition of ethylene glycol via a high temperature. When acetaldehyde
and ethanol aldehyde are in the reaction solution at the same time, the free silver ions in the
system are reduced to silver atoms by the combined effect of these two factors. However,
according to Equations (1) and (2), the generation of both reducing agents is accompanied
by the acidification of the overall solution, which can lead to the re-etching of the AgNWs
to be grown in the grown-up phase into irregularly shaped Ag nanoparticles.
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Figure 3c shows the XPS spectra at the 10th minute of the reactions following the
addition of NaCl, TBAC and KCl. The average binding energy of Ag* is higher and the
stability is better after the addition of TBAC compared to NaCl and KCI. Since TBAC
is an ionic liquid composed of organic ammonium and halide ions, this ionic liquid can
effectively act as a soft template to induce the anisotropic growth of nanostructures due to
its unique self-assembled local structure [67,68].

Figure 4a,b can also show this phenomenon, thus illustrating more visually the acid-
ification during the reaction. This also illustrates the need to accelerate the seed-wire
conversion at the same time. Figure 4c shows the UV extinction spectra at 25 and 70 min.
The figure shows that the absorption peak located near 404 nm broadens and the resid-
ual extinction density increases when the solution reacts for up to 70 min, indicating
that the AgNWs are etched into irregular silver nanoparticles by continuous acidification.
The possibility of AgNWSs being re-etched with increasing reaction time is corroborated,
corresponding to what is expressed in Figure 1.

|

300 400 300 600 700 800

Wavelength

Figure 4. SEM images of AgNWs at 160 °C with TBAC as crystal seed additive at (a) 25 min and
(b) 70 min. (c) The extinction spectrum at the above times.

Figure 5 illustrates that the seed—wire conversion is roughly completed at about 12 min
under the influence of TBAC, which corresponds to the extinction spectrogram in Figure 3a.
In addition, the AgNWs prepared using TBAC as a crystal seed additive maintain a certain
degree of dispersion, as can be seen from the graph, which also facilitates the subsequent
process of the AgNWs.

The SEM images of the AgNWs with the NaCl addition (Figure 6) show that the seeds
grow into the structure of wire-like AgNWs at 16 min and at 12 min; although there are
similar wire-like structures, they are basically ungrown crystal seeds. Compared to AgNWs
with TBAC, the seed-wire conversion rate was slower and the possibility of generating
polymorphic silver particles was increased.
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Figure 5. SEM images of AgNWs at 160 °C with TBAC as crystal seed additive at (a) 8 min, (b) 10 min,
(c) 12 min, and (d) 14 min.

Figure 6. SEM images of AgNWs at 160 °C with NaCl as crystal seed additive at (a) 12 min, (b) 14 min,
(c) 16 min, and (d) 18 min.

The mechanism of the involvement of crystal seed additives in the reaction is the self-
assembly of surfactants with hydrophilic head groups and hydrophobic tail groups that
form wire-like micelles in an aqueous solution. The coordination of the metal ions on the
nanoparticle surface by the crystal seed additive inhibits the growth and aggregation of the
particles. Moreover, it is apparent that the organohalides control the massive aggregation of
twin seeds in the prereaction period, which achieves slow nucleation and fast growth, thus
reducing the possibility of silver nanoparticle generation. PVP also induces the anisotropic
growth of nanostructures by forming soft stencils [62].

Figure 7 illustrates the fivefold twin seeds structure of AgNWs during the growth
phase. Figure 7a shows a high-magnification TEM image of the AgNWs prepared by
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References

adding TBAC. After a simple centrifugal cleaning, the surface of AgNWSs was very clean
and no organic insulators were adsorbed. This indicates that the AgNWs did not generate
a surface coating layer that was difficult to remove after the addition of TBAC.

L7d(111) = 0.24%

<

7

Figure 7. (a) A selected transmission electron microscope image. (b) A SAED image of region (a).
(c) An image of a twinned crystal species in the prereaction period.

Figure 7c shows a high-resolution transmission electron microscopy (HRTEM) image
extracted from one side of the AgNWs that shows the single crystallinity of the unilateral
surface with two directions of stripe spacing corresponding to the (111) crystal plane,
indicating the growth direction in the [110] direction. The corresponding selected-area elec-
tron diffraction (SAED) pattern taken from an individual nanowire is shown in Figure 7b.
Each AgNW was a twin structure, and the twin face was the (111) plane. The results are
consistent with the reported articles [69].

4. Conclusions

In this work, AgNWs were prepared by a modified conventional polyol method, and
surface pure AgNWs were obtained with a simple post-treatment process. We discussed
the idea of adding TBAC to speed up the seed—wire conversion and reduce re-etching.
In summary, we propose the use of TBAC to accelerate the rate of seed-wire conversion
so that the possibility of the re-etching of AgNWs is greatly reduced. Compared to the
conventional polyol method, this method is additive, fast, and efficient in generating silver
nanowires, saving time and costs, and reducing the environmental impact of long prepara-
tion and postprocessing times, which is in line with the requirements of modern industrial
production. This provides a new idea for the subsequent industrial mass production
of AgNWs.
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