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Abstract: The main purpose of this research is to synthesize stable silver nanoparticles in solution which could be used as
inkjet printing conductive ink. For this purpose, poly (acrylic acid) was used as a capping agent to protect and prevent
silver nanoparticles from agglomeration. In this study, we prepared silver nanoparticles in an aqueous solution or ethylene
glycol by reducing silver nitrate in the presence of a surface capping agent and a reducing agent, ethanolamine (mEA).
The obtained silver nanoparticles solution was characterized by using Ultraviolet-visible (UV-Vis) spectrophotometry,
X-ray diffraction (XRD) and Transmission electron microscopy (TEM). The surface plasmon resonance peak of the silver
colloidal solutions showed absorption peak from 410 to 420 nm. TEM images illustrated that the morphology and size
distribution of silver nanoparticles with the average sizes were 22 nm in water and 3 nm in ethylene glycol. The silver
colloidal solution was stable up to 10 wt% of silver nitrate and for at least three months. The synthesized silver
nanoparticle solution, which had good stability, unclogged and the highest possible concentration of silver nanoparticles

could be used for ink-jet conductive ink application.
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1. Introduction

In recent years, metallic nanoparticles have drawn attention due to their wide range of applications in

many different branches of science and technology. Among them, silver nanoparticles (AgNPs) are of great
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interest to scientists due to its applications such as catalysts [1,2], lithography and surface-enhanced Raman
spectroscopy [3,4], antibacterial activity [5], sensors, electronic devices, components in composite materials
[6], conductive inks [7,8], [9] and other applications [10-13]. It is important to develop synthesis processes
that give stable, non-agglomerated, uniform nanoparticles solution with spherically-shaped, a well-controlled
mean diameter and a narrow size distribution. Typically, the simple fabrication method has been performed
by reducing the precursor with reducing agents in the presence of capping agents. Polymers and surfactants
have been used as capping agents to prevent the irreversible aggregation of AgNPs. Moreover, different sizes
and shapes of AgNPs can also be controlled. The larger molecular weight of polymer is used, the more
difficult it is removed. An excess of polymer after centrifugation will directly affect the conductivity of
AgNPs-based ink. Therefore, using the suitable polymer to protect AgNPs, and easily be eliminated through
centrifugation is very important. Nowadays, among the common polymers, Poly (acrylic acid) (PAA)
exhibits some interesting characteristics, including stability, controlled particle size and easy - functionalized
ability. In addition, PAA with lower molecular weight can be easily removed or decomposed after

centrifuging and sintering.

In this study, we present a process of synthesizing AgNPs using poly (acrylic acid) as a surfactant,
ethanolamine as a reducing agent in aqueous solution or ethylene glycol. Some experiments to investigate
the influence of PAA concentrations, the volume of reducing agents, the effects of AgNPs synthesis in two
different media were performed and discussed. The entire fabrication process used the ultrasonic stirring
method, which had more advantages than magnetic stirring method. This is the first approach in synthesis of

silver nanoparticles-based conductive ink for printed electronics.

2. Materials and Methods

2.1. Materials

The chemicals were used as follows: Silver nitrate (AgNO;, 99.8%), Poly (acrylic acid) (PAA, Mw
1800 g mol-1), ethanolamine (mEA, 99%) were purchased from from Sigma-Aldrich. Ethylene glycol (EG)
was bought from China. All aqueous solutions were prepared using de-ionized (DI) water with a resistivity

of 18.2 MQ.cm.
2.2. Preparation of silver nanoparticles

Silver nitrate (0.1 and 1.12 mol/L) was first dissolved completely in DI water under vigorous stirring. A

5.25 ml of an aqueous solution containing poly (acrylic acid) (0.01 mol/L) and ethanolamine (2.02 g) was
112



Synthesis of Silver Nanoparticles Using Poly(acrylic acid) as a Capping Agent for Conductive Ink in
Inkjet Printing Application

prepared. After that, the AgNOs; solution was added drop by drop into aqueous solution under ultrasonic
stirring (250 W, Sonic ruptor 250 Ultrasonic Homogenizer). Immediately, the color of the solution changed
from colorless to light yellow, then turned into dark brown and finally in yellowish black after continuously
stirring for 2 min. The prepared AgNPs were precipitated out using poor solvent such as ethanol. After
decanting the supernatant, the PAA-coated AgNPs were centrifuged at 10,000 rpm for 15 min. to further
concentrate the silver powder for storage and analysis. Similar experiments were carried out in ethylene
glycol instead of DI water to determine the effect of the solvent on the stability and control of the size of

AgNPs.
2.3. Characterization

Synthesized samples were analyzed by UV-Vis absorption spectroscopy with a double-beam
spectrophotometer (Cary 100, Varian, Australia) in the wavelength range from 190 to 1100 nm. The
morphology and size of AgNPs were characterized by transmission electron microscopy (TEM) (JEM-2100F,
JEOL, Japan). ImageJ software was used to calculate the average diameter and distribution of the AgNPs.

The crystallinity of the AgNPs was carried out using X-ray diffraction (XRD).

3. Results and Discussion

3.1. The formation of silver nanoparticles

The original solution, which included PAA and mEA in water/EG was colorless. When AgNO; was
added drop by drop into the solution, reduction of Ag* proceeded slowly. The color of the solution changed
gradually from light yellow to dark brown and yellowish black. It indicated the nucleation and development
of AgNPs [9]. When the nucleus occurred, some of the Ag® species were converted to nucleus, some of the
Ag" ions were continuously reduced to become Ag’, and the granulation step continued for a while time.
During the growth of AgNPs, the mixture gradually became dark and opaque because the big particles
reflected and dispersed more lightly than the small particles [9]. After 2 minutes, the color of the mixture

unchanged, indicating the end of granular growth and AgNPs solution were formed.
3.2. The influence of PAA concentration

To investigate the effects of the capping agent, various concentrations of PAA were used in this
experiment. Figure 1 shows the UV-Vis spectra of the AgNPs with varying PAA concentrations in agueous

solution. At the lowest amount of PAA (0.002 mol/L), the surface plasmon resonance (SPR) peak was not
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observed. When the PAA concentration increased up to 0.01 mol/L, the intensity of the SPR peak rised
rapidly (at 414 nm). Afterwards, with the increase in the concentration of the polymer, the intensity of the
maximum absorption peak decreased, which indicated that AgNPs were covered by PAA [14]. It could be
seen that when the PAA concentration increased, the SPR peak shifted toward the long wavelength region as
well as became wider. According to the Mie theory, the broadening of the SPR peak illustrates the existence
of a wider range of sizes in the solution [14-15]. Therefore, AQNPs would be unstable in water because of its

big size. In the next experiment, ethylene glycol (EG) would be used as solvent to reduce particle size.
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Fig. 1 The UV-Vis spectra of the AgNPs with varying PAA concentrations in aqueous solution

Organic solvents also play a major role in controlling size of AgNPs. EG solvent speeds up the
formation of nuclei leading to the formation of smaller particles. Besides, EG is a weak reducing agent
because of its hydroxyl groups (OH-). As shown in Figure 2, the intensity of SPR peak was higher than in
aqueous solution, which indicated that the particle density in the solution was increased [15]. SPR peak of
the samples with the PAA concentrations at 0.08 mol/L and 0.11 mol/L was narrower and sharper, it was
significant that the narrow size distribution of the AgNPs which were obtained in EG. In UV-Vis spectra
(Figure 2), the shift of the peak toward the shorter wavelength was accompanied by a decrease in the size of
the prepared AgNPs inversely proportional with the PAA concentration up to 0.11 mol/L. The narrow SPR
peak of the sample with PAA concentration at 0.08 mol/L was at 412 nm, which indicated the formation of

smaller particle size and more uniformity.
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Fig. 2 The UV-Vis spectra of the AgNPs with varying PAA concentrations in ethylene glycol

It is remarkable that the more PAA concentration was added, the larger AgNPs were obtained. This
result can be observed through the extensibility of the SPR peak. PAA is a weak anionic polyelectrolyte and
degree of ionisation is dependent on pH of solution [16]. At low pH (less than 4.41), the PAA was not
deprotonated completely, the interaction between the carboxyl groups and Ag® was weak. Hence, the
formation of nuclear under ultrasound and heating in EG produced large amounts of nuclei in a short time
but it was not encapsulated by PAA molecules, leading to the mean size of AgNPs was large. In addition,
with electrostatic repulsion between negative polyacrylate anions in high concentration solution, the small

AgNPs would be unstable and then agglomerated to larger particles.
3.3. The influence of reducing agent

The ethanolamine (mEA) contains CH,OH group, which plays a role as reducing agent. In this part, the
effect of reducing agent on the formation of AgNPs was investigated. When ethanolamine was not used, the
reduction of AgNps could not occur, even though they were stirred for a long time. With the mEA volume
less than 1 ml (pH = 4), the mixture gelatinized and clotted rapidly. When pH of the solution was rised to 10
(VMEA = 2 ml), the reduction of Ag" occurred as well as the nucleation and growth rate of AgNPs

increased.

Figure 3 shows the maximum absorption peak with varying volume of mEA in two solvents, water and
EG. In general, volume of mEA increased to limit, the SPR peak of the samples shifted towards the short

wavelength, indicating a reduction of particle size [5]. But increasing until the excess of EA corresponding
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with EG (> 5 ml) and water (> 10 ml), the absorption peak of AgNPs tended to shift towards the long

wavelength, demonstrating the particle size increased again.
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Fig. 3 The maximum absorption peak with varying volume of ethanolamine in two solvents, water and

ethylene glycol

Some researchers have attributed a key role of amine in the Ag” reduction due to its decrease in the
potential of Ag*/Ag (EAg'/Ag) which promoted the reaction [16,17]. However, there has not been
substantial evidence that confirms this assumption. At higher pH, smaller AgNPs were achieved in

comparison to lower pH values. This difference can be attributed to the difference in the rate of reaction [17].
3.4. The results of XRD and TEM analysis

Figure 4 shows X-ray diffraction pattern of the AgNPs prepared in EG and water. For this analysis,
silver powders were sintered at 200°C in 2 hours. Four sharp peaks appeared at 20 = 38.5° 44.7°, 64.7°, and
77.6°, which could be assigned to the (111), (200), (220), and (311) planes of the face-centred cubic structure
of metallic silver, respectively [18]. According to Scherrer's equation D = kA/B cosf, when the XRD peak of
the nanoparticle was much narrower, indicating that the size of the nanoparticle was large. In contrast, the
particle diameter was small [19, 20]. Thus, it can be concluded that the size of AgNPs synthesized in water

was larger than in EG.
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Fig. 4 X-ray diffraction pattern of synthesized silver nanoparticles: (a) in ethylene glycol (b) in water

The morphology and size distribution of AgNPs was investigated by TEM images. Figure 5 shows TEM
images of AgNPs solutions with concentration of Ag” up to 10 wt%, [PAA])/[AgNO;] = 0.01 in EG and

water.
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Fig. 5 TEM image and size distribution of synthesized silver nanoparticles solution: (a) in ethylene glycol (b) in

water

According to the TEM image and chart of size distribution, the majority of spherical particles and large

size distribution with average size was in two ranges of 14 =2 nm and 22 =3 nm in aqueous solution and 3
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2 nm in EG. It was clear that the AgNPs in EG were much smaller than in water. These results were also

reasonable with the above XRD patterns. The synthesized AgNPs in EG were stable for about 3 months.

4. Conclusion

In this report, AgNPs were synthesized by chemical reduction method in EG and water using ultrasonic
probe. AgNPs were determined by the appearance of the surface plasmon resonance in the region of 410-420
nm. The general parameters affecting the particle size were the amount of poly(acrylic acid), pH of the
solution (volume of ethanolamine) and different solvents. The colloidal silvers were stable for more than 3
months. The XRD results showed characteristic peaks of the silver-structure influenced by drying process at
200<C in ambient atmosphere. The TEM results showed relatively particle size of about 14-22 nm in water
and 3 nm in EG. This study played an important role in synthesis of silver nanoparticles-based conductive

ink for printed electronics.
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