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Abstract. We report our investigation of roles of polyvinyl alcohol (PVA) as a high-performance
capping agent in synthesizing silver nanowires (AgNWs) using polyol method. For this purpose, we
varied the concentration of silver nitrate (AgNOs), from 0.3 M to 1.0 M, and molar ratios of
[PVA:AgNO;] from 2 to 6. The UV-vis spectra show the AgNWs growth optimally at a molar ratio
of 4.5 with the absorbance peaks of 378 nm and 380 nm. Meanwhile, from XRD patterns, it was
found that the crystal structure of the AgNWs can be identified as a face-centered cubic (fcc) with a
lattice constant according to the spacing distance between the {111} planes of 4.087 A. Finally,
scanning electron microscopy (SEM) and transmission electron microscopy TEM images show the
diameter and length of the AgNRs are 150 to 230 nm and 50 to 120 pum, respectively. These results
show that the AgNWs synthesized using PVA having a long size.

Introduction

Metal nanowires and nanorods have attracted much attention due to a high potential as a
transparent conductive material for producing solar cells, touch screens, and electronic components
[1,2]. Indium tin oxide (ITO) has long been used as a transparent conductive electrode for the
optoelectronic applications because of its high conductivity and transparency. However, the
intrinsic brittleness and low abundance are among the weak points of ITO [3-5]. Other alternative
promising materials for substitution of ITO have been synthesized including copper nanowires
(CuNWs), silver nanorods (AgNRs), and silver nanowires (AgNWs).

Some methods have been widely used to synthesize AgNWs and AgNRs including solvothermal
method [6,7,8], microwave irradiation [9], and polyol method [10—13] including its modification
[14]. Up to present, most AgNWs were synthesized using polyol method with a capping agent of
polyvinyl pyrrolidone (PVP) [15,16]. Compared to the other methods, the polyol is a simple in
process, low temperature, low cost, and high yield. For synthesizing AgNWs, typically the silver
nitrate (AgNQOs) is reduced by ethylene glycol (EG) to form neutral nanosilver and capped by a
water-soluble polymer of polyvinyl pyrrolidone (PVP) as a capping agent and a stabilizer. By using
this method, it has been reported that the multifaceted silver nanoparticle in {111} plane direction
grew due to lower free energy compared to {200}. For controlling this condition, the growing of the
diameter of nanowires can be made in tens nanometer [11,14,17].

For mass production, it is necessary to synthesize AgNWs by using an inexpensive capping agent
materials. For this purpose, polyvinyl alcohol (PVA) may be the best alternative materials as a
capping agent for synthesizing AgNWs. PVA is much cheaper and higher mechanical properties
compared to PVP [18-20]. PVA is a polymer composed of monomer N-vinyl alcohol (CH,-CH-
OH) that easily soluble in water and alcohol. Many advantages of PVA, such as non-toxicity, a
biocompatible, high mechanical strength, low membrane permeability, high dielectric constant, and

All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the written permission of Trans
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the ability to form a good film. The electrical conductivity of PVA reaches of 9.73 x 10° S.cm™ at a
temperature of 303 K. Non-toxic properties of PVA make these polymers are safe to use on a larger
scale [21].

This paper reports our investigation on employing the cheaper water-soluble polymer of PVA for
synthesizing AgNWs using polyol method with the focus on the effect of concentration and molar
ratio of [PVA:AgNO;s]. In this paper, we use the lightweight molecular of PVA instead of PVP to
improve the performance of the resulted nanowires. The temperature optimum when using PVA for
synthesizing AgNWs by a polyol method is about 140 °C [22]. By varying the molar ratio of
[PVA:AgNO;] on the synthesis of AgNWs, it may be beneficial to understand the physical
mechanism of AgNWs formation and furthermore for large-scale production in the future.

Materials and Methods

The materials used for synthesizing of AgNWs through polyol method included silver nitrate
(AgNOs, 99%, Merck), polyvinyl alcohol (PVA, Sigma-Aldrich, Mw. 31.000-50.000 g/mol),
ethylene glycol (EG, 99%, Merck), and ethanol (EtOH, 98%, Merck). Using the same method
reported previously [22], two steps of the polyol method must be considered as follows. Firstly, a
20 mL of EG was heated in an Erlenmeyer flask at 150 °C and stirred at 350 rpm for 20 minutes.
Secondly, a 10 mL of AgNO3/EG solution and 10 ml of PVA/EG solution were injected into EG
solution drop by drop at 0.5 cc/min. The solution was kept for 2 hours at a constant temperature of
150 °C by the stirring process. The solution containing produced of AgNWs then cooled naturally to
room temperature. It was followed by being separated and washed with ethanol through several
times of centrifugation at a speed of 6000 rpm. Finally, the AgNWs were stored in an ethanol
solution for further characterization. For the investigation, the concentration of AgNO; was varied
as 0.3 M, 0.5 M, and 1.0 M. Furthermore, the molar ratio of [PVA:AgNO;] was varied as 2, 3, 4,
4.5, 5, and 6, respectively.

UV-vis spectrometer (Shimadzu, UV-1700) was used to measure the absorption spectrum of
AgNWs solution in the wavelength range of 300 to 600 nm. Meanwhile, clusters identification of
pure PVA, AgNWs, and AgNPs were observed using Fourier transform infrared spectroscopy
(Shimadzu, FTIR-8201 PC). Furthermore, the crystal structure of AgNWs was analyzed using XRD
(Shimadzu R6000) by CuKa (A = 1.54184 A) with a scanning 20 in the range of 30° to 90°. The
morphology and size of AgNWs were observed using scanning electron microscopy (JEOL, JSM-
6510) by accelerating voltage of 10 kV. Furthermore, the structure and electron diffraction patterns
were analyzed using transmission electron microscopy (JEOL, JEM-2010) by accelerating voltage
of 120 kV.

Results and Discussion

Temperature effect on the formation of AgNWs and AgNRs using polyol method was reported
[22]. The process of nanowires formation started as neutral silver nanoparticles (AgNPs) growing
into multi-twinned particles (MTPs) seeds and followed by AgNWs [25,26]. In this process, the
addition of PVA and EG was to modify and stabilize the MTPs prior to form nanowires. Therefore,
the different molar ratio of [PVA:AgNO;] might influence nanoparticles and nanowires structures.

We found that the strongest interaction was detected in AgNWs using FTIR which is due to the
hydroxide chain in PVA as shown in Fig. 1. Therefore, we suggest this chain might play a
significant role in capping the MTPs seeds before growing into AgNWs. Moreover, we also found
all wires have multi-twined edges suggesting that in the addition of PVA with correct concentration
and molar ratio. A different molar ratio of [PVA:AgNOs] resulted in changing nanostructures, such
as nanoparticles, nanorods, or nanowires. At a high molar ratio of [PVA:AgNOs], the PVA capped
the nanoparticles fully and produced MTPs. At the low molar ratio, the AgNPs can’t be stabilized
by the PVA so that agglomeration of MTPs. For the same concentration of AgNOs; (in molar), we
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found that the optimum for the molar ratio of [PVA:AgNO;] was between 4 to 5. Fortunately, this
optimum molar ratio is similar to by using PVP as the capping agent. The AgNWs in this process
was formed at a low concentration of Ag.

UV-vis Spectroscopy Analysis. The UV-vis spectra of AgNWs in ethanol solution for various
concentrations of AgNOs were shown in Fig. 1(a). For low concentration, the absorbance peaks due
to the present of AgNWs were observed at the wavelength of 378 nm and 380 nm. From the
literature, the absorbance peaks of AgNWs occurred at 350 to 380 nm [23,28]. Next, for a high
concentration of AgNO; (1 M), the absorbance peaks of AgNWs occurred at 410 nm and 450 nm.
When the vefry high concentration of AgNOs, It can be concluded that the process of transforming
MTPs to become nanorods or nanowires. At a high concentration of AgNOs, Ag atoms become
supersaturation. In such circumstances, the Ag atoms are experiencing agglomeration into MTPs
seeds by fluctuations [27].
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Figure 1. UV-vis spectra of AgNWs or AgNPs in ethanol solution synthesized with variation of (a)
silver nitrate concentration, (b) molar ratio of [PVA:AgNOs]; and (¢) FTIR spectra of pure PVA,
AgNWs, and AgNPs.

Figure 1(b) shows the UV-vis spectra for variation molar ratio of PVA and AgNOs. The AgNWs
can’t grow for the molar ratio of [PVA:AgNOs] less than 4 and more than 5. The AgNWs only grow
for the molar ratio of [PVA:AgNOs] of 4 to 5. In these conditions, the related the absorbance peaks
occurred at 380 nm for the molar ratio of 4 and at 378 nm for the molar ratio of 4.5. For high
concentrations of PVA, AgNPs may grow become AgNWs. Therefore, the molar ratio of
[PVA:AgNOs] as a capping agent and as a precursor shows a very significant impact on the shape
and size of Ag nanostructures.

FTIR Spectroscopy Analysis. Figure 1(c) shows the FTIR spectra of three samples, i.e. pure
PVA; AgNPs for the molar ratio of [PVA:AgNOs] of 5; and AgNWs for the molar ratio of
[PVA:AgNOs] of 4.5. From pure PVA, the absorption peak occurred at around 1273 cm™ indicates
a -CO- stretching vibration. Meanwhile, the absorption peaks occurred at around 1635 cm™ for the
carbonyl group (-C=0) stretching vibration and 2924 cm™ for -CH stretching vibration,
respectively. Additionally, there are broad peaks occurred at around 3448, 3749, and 3873 cm’!
indicates the hydroxyl group (OH) stretching vibration. The weak peaks at 2924 and 2862 cm™ are
the peak of CHj3 and -H,- stretching vibration, respectively.

FTIR spectra of AgNWs or AgNPs in ethanol solution show the sharp absorption peaks at around
1010 cm’l, which indicates -CO- stretching vibration. Meanwhile, the absorption peaks at around
1651 cm™ and 2947 cm™ indicate the existence of stretching vibration of the carbonyl group (-C=0)
and —CH, respectively. Moreover, a broad peak at around 3317 cm™ indicates the hydroxyl group
(OH) stretching vibration as the strongest peak. The weak peaks, on the other hand, at 2947 and
2831 cm™ show the occurrence of CHs and -Ho- stretching vibration, respectively.

The FTIR spectrum of AgNWs in ethanol solution shows a peak shift (red-shifted) for PVA from
1635 cm™ to 1620 cm™ for the carbonyl group (-C=0) stretching vibration. This condition indicates
that some oxygen atoms from carbonyl group interacted electronically with Ag atoms followed by
forming AgNWs. Similar to the polyol method using PVP, there is a specific interaction between
the AgNWs and PVA in the form of Ag-O bond [28,33].
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SEM Analysis. The morphology and size of the AgNWs with various concentrations were
observed using SEM. Figure 2(a) shows the SEM image of product synthesized using AgNO; with a
concentration of 0.3 M in which resulted in both nanowires and nanoparticles. The dominated
AgNWs product was obtained optimally when the concentration of AgNOs was 0.5 M (Fig 2(b)).
The average of diameter and length of AgNWs for this condition were ~200 nm and ~100 pm,
respectively. Finally, when the concentration of AgNO; was 0.5 M, the final products were
dominated by agglomerated AgNPs (see Fig 2(c).

SEL 10kV | | WD13mm ' §530 x2,000.~ 10pm

Figure 2. SEM images of product synthesized using different concentrations of silver nitrate i.e. (a)
0.3 M, (b) 0.5M, and (c) 1.0 M.

SEI

Figure 3. SEM images of product synthesized using for variation molar ratios of [PVA:AgNOs] at
(a) 2, (b) 3, (c) 4, (d) 4.5, (¢) 5, and (f) 6.

Figure 3(a) shows the SEM images of the product synthesized using a low concentration of PVA
(1 M) or when the molar ratio of [PVA:AgNOs3] was 2. In this experiment, a small amount of MTPs
was produced with the diameter range of 1 to 3 um. In this condition, AgNO; caused MTP seeds
broken before being capped by PVA. When the molar ratio of [PVA:AgNO;] was 3 (see Fig. 3(b)),
it was obtained MTPs in larger quantities. The mixed product of AgNWs and AgNPs started to form
in large amounts when the molar ratio of [PVA:AgNO;] was 4 (see Fig. 3(c)) with the estimated
diameters and lengths of AgNWs were about 100 to 200 nm and 30 to 60 um, respectively. The
AgNWs were optimally formed when the molar ratio of [PVA:AgNOs] of 4.5 as shown in Fig. 3(d).
The diameter and length of AgNWs are obtained to be 150 to 230 nm and 50 to 120 pm,
respectively.
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SEM images show that the AgNWs synthesized using PVA having a longer size than using PVP.
It was because both the bonds between Ag-O and the cap with hydroxyl of PVA became stronger.
Therefore, the amount of Ag particles formed the higher concentration of MTPs that subsequently
resulted in a higher concentration of nanorods. When the molar ratio of [PVA:AgNO;] was too
high, the AgNWs were very difficult to growth because the concentration of H' ions from the
hydroxyl group of alcohol was also too high. Fig. 3(e) and 3(f) show that MTPs seeds were
homogeneously formed with the diameter of 1 to 3 um. In this condition, only a small amount of
AgNWs were formed with the diameter of 300 to 800 nm and length of 5 to 10 um. When the
concentration of capping agent was high, the size of MTPs beceme bigger. It might cause the
diameter of AgNWs also became bigger [21].

TEM Analysis. Figure 4(a-b) shows the typical TEM image and the pattern of selected area
electron diffraction (SAED) recorded individually from AgNWs when the molar ratio
[PVA:AgNO;] was 4.5. We found that the diameters of AgNWs were in the range of 220 to
230 nm.
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Figure 4. (a-b) TEM images of silver nanowires and (c) XRD pattern of silver nanowires.

From the SAED pattern, all diffractions can be indexed with the face-centered-cubic (fcc). The
TEM images show the PVA as capping agent served as a soft template for the formation of
anisotropic AgNWs. Meanwhile, the PVA adsorbed on the {100} facets of the Ag crystal, and
subsequently, the anisotropic AgNWs grew in the {111} facets direction. The anisotropic growth of
AgNWs occurred selectively in {100} and {111} facets. The growth from PVA in {100} facets was
passive while that of {111} faces was more active. Therefore, the silver atoms were reduced to be
heading towards {111} facets. The interaction between PVA and silver atoms at {100} facets was
stronger than that of {111} facets in which during the nucleation of silver nanoparticles and a
capping agent (PVA), the {100} facets suppressed the growth orientation of AgNWs [29].
Furthermore, due to higher chemical stability and reactively, the silver atoms always chose to spread
to the ends of nanowires. Also, the Ag' coordinated immediately with the lone pair of the oxygen
atom of the carbonyl group of PVA and subsequently growth the AgNWs.

XRD Analysis. The XRD pattern of AgNWs is depicted in Fig. 4(c). The crystal structure of
AgNWs produced four diffraction peaks from XRD pattern analysis. All peaks can be indexed to
the cubic phase of Ag, which the angle of diffraction 20 was at 38.14° (111), 44.89° (200), 65.12°
(220), 77.07° (311) and 81.11° (222). The number in the parenthesis indicates the corresponding
crystal plane. According to the standard of JCPDS card of 04-0783 from ASTM, the XRD patterns
indicate that the AgNWs was crystallized. The crystalline of the AgNWs can be identified as a face-
centered cubic (fcc). The AgNWs synthesized in this study also showed a high aspect ratio where
the diffraction signal peak of XRD at (111) was larger about 2-fold than those at (200). The
calculated lattice constant according to the spacing distance (djy) of the {111} planes was 4.087 A.
It is very close to the literature value of 4.086 A [22,29].

Mechanical strength and low membrane permeability of the PVA resulted in AgNWs with a
longer size. It means that AgNWs were not be easily broken when synthesized at high temperature.
Furthermore, this condition makes AgNWs with a capping agent of PVA have a very large ratio of
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length and diameter (//d) AgNWs. The I/d from AgNWs affects the haze and conductivity of
AgNWs based thin films. The length of AgNWs is still crucial for improving the performance of
high transparent materials, and, therefore, some effort is still worth for such an improvement
[20,31,32].

Summary

In the polyol process using PVA and EG, the molar ratio of [PVA:AgNO;s] is a very important
factor that determines whether the product to become nanoparticles, nanorods, and nanowires of
silver. The low molar ratio of [PVA:AgNOs] will prevent the nanoparticles to form AgNWs. The
optimum results may be obtained by managing this ratio. At present, the optimum homogeneous
AgNWs of 200 nm in diameter and 100 um in length with fcc structures.
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